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1) Introduction

Les sciences chimiques ont conduit à une amélioration de la qualité de vie grâce à la production de connaissances et aux avancées technologiques résultantes. Pour ce faire, il a fallu mettre à jour de nouvelles réactions, exploiter des matières premières peu réactives et adopter des procédés moins sévères. Ces exigences ont conduit à la mise en place de la catalyse à la fois comme domaine technologique principal et comme sujet universitaire. Ainsi, la catalyse est présente dans environ 90 % des processus chimiques développés dans le monde ainsi que dans la production de 60 % des produits chimiques, tout en étant au coeur de nombreuses attributions du prix Nobel de chimie.

Les catalyseurs homogènes (catalyseurs qui se trouvent dans la même phase que les substrats; généralement en solution) sont reconnus pour leurs hautes activités et sélectivités, et leurs conditions de réaction modérées. En particulier, les catalyseurs à base de métaux de transition des deuxième et troisième rangées du tableau périodique tels que le palladium, le rhodium, l'iridium ou le ruthénium sont devenus les enfants chéris de l'industrie chimique.

Cependant, les préoccupations croissantes de la société quant à la toxicité de ces métaux, leur prix et leur disponibilité (Fig. 1) ont conduit à une renaissance de la chimie des métaux de transition de la couche 3d. 

Résumé 11

Ainsi, il est attendu des catalyseurs à base de métal 3d qu'ils agissent comme des substituts abondants et bon marché de leurs congénères à base de métaux rares. En outre, des réactivités nouvelles sont attendues de l'exploitation de leur réactivité intrinsèque.

Ce récent intérêt pour l'utilisation de métaux de transition 3d en catalyse a engendré une ré-exploration de la réactivité du nickel. Parmi la variété d'applications désormais décrites avec ce dernier, l'essor de la fonctionnalisation catalytique de liaisons C-H est notable. En particulier, une des familles de molécules ayant le plus bénéficié de ce nouveau paradigme synthétique est celle des azoles qui se caractérise par des hétérocycles à 5 membres comportant un atome d'azote et au moins un autre hétéroatome (O, S), et qu'on trouve dans de nombreux produits naturels, molécules synthétiques biologiquement actives, et matériaux pour l'énergie. Ainsi, la catalyse au nickel a marqué de son empreinte ce sous-domaine avec des méthodologies originales pour la fonctionnalisation des liaisons C( 2)-H de ces derniers avec une vaste gamme de substrats. De façon intéressante, au contraire de nombreuses autres transformations, les ligands carbènes N-hétérocycliques (NHC) sont rarement associés au nickel dans ces réactions, et les ligands les plus fréquemment utilisés sont des ligands chélates pnictogène de type 𝜅 2 -N,N ou P,P. Les hautes performances observées avec ces derniers nous ont incité à évaluer l'influence de ligands NHC bidentates de type 𝜅 2 -C,C pour la fonctionnalisation directe d'azoles.

En 2010, notre groupe a décrit la formation d'un complexe demi-sandwich nickel(II)-NHC cyanométhyle résultant de l'activation C-H assistée par une base d'un ligand acétonitrile (Schéma 1). A la suite de ce premier exemple, cette réactivité a été étendue à l'activation d'autres liaisons Csp3-H en α d'un groupe fonctionnel nitrile ou cétone. Ces activations C-H ont formé le berceau pour l'emploi de ces espèces comme pré-catalyseurs de réactions de couplage Csp3-H/Csp2-X. préparés par réaction directe du nickelocène avec les sels d'imidazolium portant un bras cyanoalkyle à l'échelle de plusieurs grammes (Schéma 4). Lors de l'étape de cyclométallation par activation de la liaison C-H en position alpha du groupe nitrile, la substitution de la base originalement employée (KOt-Bu -cf. Schéma 2) par une solution de KHMDS a permis une Résumé 13 augmentation significative des rendements des métallacycles à 6 membres, 1c et 1d. Les métallacycles à 5 membres 1a et 1b sont quant à eux obtenus avec des rendements plus faibles (25%), mais de façon parfaitement reproductible, mettant ainsi en évidence l'importance de la taille de la chaine alkyle lors de la formation des métallacycles. Enfin lors de l'acidolyse du ligand Cp, le refroidissement du milieu réactionnel à 0 °C a permis d'améliorer la reproductibilité de la réaction. Dans ces conditions, la réaction est quasi-quantitative et peut être aisément réalisée à l'échelle de plusieurs centaines de milligrammes (Schéma 4). La comparaison des fréquences vibrationnelles calculées pour ces structures avec les spectres IR expérimentaux a permis d'exclure la coordination 𝜋 du groupement C≡N de la chaine alkyle du fait de l'absence de bande 𝜈(C≡N) entre 2030 et 2040 cm -1 (Fig. 3). Ainsi, les complexes 2a-d existent très probablement sous forme de rares espèces de nickel (II) tri-coordinées à 14 électrons de structure T. 

Réactivité des nickelacycles 2 en conditions stoechiométriques

Le comportement des nickelacycles 2 a, dans un premier temps, été étudié dans des réactions de substitution du ligand NCMe par des ligands phosphines, souvent utilisés dans des réactions catalytiques. Pour ce faire, le nickelacycle 2c a été traité avec PPh3, un ligand volumineux et avec une liaison M-P relativement faible, et PMe3, un ligand avec une plus forte liaison M-P et une empreinte stérique plus faible (Schéma 5). Dans les deux cas, les complexes attendus dans lesquels le ligand acétonitrile a été substitué par la phosphine utilisée ont été obtenus avec d'excellents rendements (3c -PPh3, 85%; 4c -PMe3, 97%). Schéma 5. Synthèse des complexes avec des ligands phosphine 3c et 4c.

De façon surprenante, alors que les spectres RMN 1 H (CD3CN) de 3c et 4c à température ambiante (TA) montrent clairement la présence des ligands phosphines sous forme des signaux larges, les spectres RMN [START_REF] Griffith | [END_REF] P ne révèlent que des signaux très faibles.

L'étude par RMN [START_REF] Griffith | [END_REF] P d'une solution de 3c dans CD3CN à laquelle on a progressivement ajouté de la PPh3 a montré l'augmentation de l'intensité du signal de 3c et son déplacement progressif vers le déplacement chimique de PPh3 libre, ce qui suggère un échange rapide à l'échelle de temps de la RMN du ligand PPh3 de 3c avec le solvant. Par ailleurs, des études RMN 1 L'analyse du spectre RMN 1 H (CDCl3) du produit a révélé la formation de deux nouveaux nickelacyles avec l'apparition concomitante de deux nouveaux signaux à -5.34 et -5.60 ppm dont les déplacements chimiques étaient cohérents avec la présence possible de ligands cyanométhyle. Cependant, l'intégration relative de ces signaux était de un au lieu de deux attendus pour des unités méthylènes. Une étude de diffraction des rayons X sur monocristal a permis d'établir l'identité du complexe synthétisé (Fig. 4), comme étant celle d'un dimère de nickel(II) avec deux ligands hydroxyles pontants, [Ni(𝜇-OH) Schéma 10. Synthèse du complexe 10.

De façon décevante, l'activité catalytique du nouveau complexe 10 pour l'alkylation du benzothiazole avec le 1-iododecane (44% de rendement), s'est révélée être du même ordre que celle de 6, le ligand 4,[START_REF]Supercritical Fluids and Organometallic Compounds From Recovery of Trace Metals to Synthesis of Nanostructured Materials[END_REF] Me2NHC-Mes2 n'apportant donc pas d'amélioration significative.

3) Conclusion générale

En 1). Apart from a slogan that permeated culture, it reflects the improvement in quality of life by the knowledge production and technological outputs of the chemical sciences. To accomplish this, novel reactions had to be unlocked, less reactive chemical feedstocks had to be tapped into, and milder processes had to be adopted. These demands led to the establishment of catalysis as both a main technological domain and an academic subject. Indeed, catalysis accounts for 90% of the world's chemical processes and the production of 60% of chemical products, 1 More precisely, catalysis is the process by which a reaction's rate is increased without modifying the overall standard Gibbs energy, by action of an exogenous substance termed 'catalyst' that is both reagent and product of the reaction (Figure 2). 4 As a corollary by choosing the appropriate catalyst, key steps can be controlled and the selectivity of the reaction dictated.

Homogenous catalysts (catalysts that react with the substrates in the same phase, usually in solution) have gained fame for performing with high activities, selectivity's and mild reaction conditions. [START_REF]Supercritical Fluids and Organometallic Compounds From Recovery of Trace Metals to Synthesis of Nanostructured Materials[END_REF] In particular, catalysts based on rare second and third row transition metals such as palladium, rhodium, iridium or ruthenium have emerged as darlings of the chemical industry. [START_REF][END_REF] However, growing societal concerns over the toxicity of these metals, [START_REF] Anastas | Green Chemistry: Theory and Practice[END_REF] their price and availability (Figure 3) 8 and researchers' need to find new hot topics to secure financing has led to a renaissance of first row transition metal chemistry. By acting as surrogates to their heavier congeners' reactivity, 3d metal based catalysts were expected to overcome these problems. Moreover, these are important trace elements in biological systems and they offer their own unique intrinsic reactivity to be exploited as novel homogeneous catalysts. 9 The late transition metal subgroup for first row metalsiron, cobalt, nickel and copper makes up a privileged choice as prospective homogeneous catalysts; having already found use at the industrial level. [START_REF][END_REF] As the lighter counterpart of palladium -"the metal of the 21 st century" 10nickel has drawn interest in several domains due to its particular reactivity. 11,12 Works by Paul Sabatier using it as an heterogeneous catalyst for the hydrogenation of olefins awarded him the co-attribution of the Nobel Prize in Chemistry in 1912 (Scheme 1, A). 13,14 More recently, its role in enzymes has begun to be unveiled (Scheme 1, B). 15,[START_REF]The reaction mixture was then cooled to r. t., and ethyl acetate (50 cm 3 ) was added to precipitate a tan paste, that was then stirred for 1 h. A white powder precipitated; the solution was filtered off and the powder washed again with ethyl acetate (5 × 50 cm 3 ) until the washings came out colorless. The white powder was then dried under vacuum at r. t. to give the title compound (2.70 g, 9.41 mmol, 43%)[END_REF] Notable applications as a homogeneous catalyst include the production of acetic and propionic acids, the production of adiponitrile, or the Shell higher olefin process (SHOP). 17 There are also successes mimicking palladium catalyzed cross-coupling reactions (C), that have since given way to innovative coupling reactions. 12,18 Scheme 1. Notable examples of nickel catalyst systems: heterogeneousethylene hydrogenation (A); 13,14 enzymatic -[NiFe] hydrogenase active site of Desulfovibrio vulgaris (B); 19 homogeneouscross-coupling reaction using aryl chlorides (C). 20,21 This last point has received considerable attention, bestowing upon nickel a reputation as a "poor man's palladium" given its high availability, low cost 12 and higher toxicity limit * (2-3 times higher than for palladium). 22,[START_REF] Residues | [END_REF] However, nickel shines brightest not as a stand-in for palladium but as a partner with complementary reactivity. 11,12 Nickel's less electronegative character was found to facilitate oxidative addition, making traditionally less reactive phenol based coupling partners (i. e.: triflates, carbamates, tosylates, esters, ethers) exploitable. Its smaller size and harder nature [START_REF] Pearson | [END_REF] disfavor β-H eliminationwhich has historically limited the use of coupling partners in Pd-catalyzed cross-coupling reactions.

Further, its ability to adopt many oxidation states (0, +1, +2, +3, +4) including odd electron ones, allows for radical type reactivity and single-electron transfer (SET) reactions. These have * The reader should be aware that beyond regulatory limits, the determination of the toxicity of metals remains a complex unresolved problem. Despite the often invoked link between the biological role of transition metals and toxicity, no clear trend has been established ranking transition metal row and toxicity. 353,354 Introduction: from the periodic table to nickel-N-heterocyclic carbene catalysts 33 in more recent years been highlighted in photo-catalyzed cross-coupling systems (Figure 4). 25,26 Figure 4. Simultaneous reports of photocatalytic nickel cross-coupling from the groups of Molander (A) and MacMillan (B). Images adapted from refs 25,26 .

A downside to this less explored reactivity is that the mechanisms by which many nickel-catalyzed transformations are carried out are not altogether clear at this point (Table 1). 12 In part due to the relative infancy of the field, and to the expedient spillover of palladium's well-established mechanisms. Nickel's high reactivity often leads to the formation of many intermediates 27 and off-cycle species 28 that can be difficult to observe, identify and isolate. Two aggravating factors are the high catalytic charges often used (5-20 mol%) and the ferro-(for metallic nickel) or paramagnetic nature of the nickel species present. The first suggests inefficient catalyst generation and therefore a low concentration of the active catalyst and a high concentration of off-cycle products, hindering the identification of the active species.

Also, spectroscopic analysis is made more complex by the possibility of both paramagnetic and diamagnetic species silent to NMR or EPR spectroscopic analysis, respectively. These open questions are a bottleneck to the rational and efficient design of nickel homogeneous catalysts that merit more dedicated study. Control of a metal's reactivity is exerted by the effect its ligands play in modulating the stereoelectronic environment of the coordination sphere. This has caused the development of powerful theoretical models such as the crystal field theory 29,[START_REF] Crabtree | The Organometallic Chemistry of the Transition Metals[END_REF] and its subsequent incorporation of molecular orbital theory to develop ligand field theory [START_REF] Crabtree | The Organometallic Chemistry of the Transition Metals[END_REF][START_REF] Griffith | [END_REF] as powerful tools to the design and understanding of this dance. With these models and empirical observations, ligand design became an established practice in the field of homogeneous catalysis as the manner by which high activity, durability, recyclability and selectivity are controlled. Thus, ligand design and synthesis can be a critical and high resource consuming task with the ligands being at times the most expensive part of the catalyst. [START_REF]Applied Homogeneous Catalysis[END_REF]33 Among these, N-heterocyclic carbenes (NHCs) make up a highly impactful group.

First observed as ligands in organometallic compounds in the late 1960's (Scheme 2, A and B), [START_REF] Wanzlick | [END_REF]35 the isolation of the first free NHC had to wait until the early 1990's 36 (Scheme 2, D) shortly after the first isolation of a free carbene 37 (Scheme 2, C). The first carbene to be isolated was an acyclic phosphinocarbene (i-Pr2N)2P-C-SiMe3 (Scheme 2, C) that found little subsequent application. 37 In contrast, 𝛼-heteroatom stabilized carbenes found widespread use with the successful isolation of the first 'bottleable' carbene Amongst the highlighted results, high turnover numbers (TON) at very low catalyst loadings could be achieved by the direct addition of the free NHC and a source of palladium (0) to the reaction mixture. 38 The authors strongly emphasized the benefits of the new ligand; the stoichiometric ligand charge (vs. metal), and the high thermal stability of the resulting catalytic species, even at high temperatures for prolonged reaction times. 38 This first example was called by the authors "a new structural principle for catalysts in homogeneous catalysis", a bold declaration that would be confirmed over the following decades. 38 Thus, for instance, the most well-known success story of metal-NHC (M-NHC) catalyst systems is that of the Grubbs 2 nd generation olefin metathesis catalyst (Scheme 4, B), 40 now commercially available. [START_REF]Applied Homogeneous Catalysis[END_REF] From the first ruthenium systems [Ru(PR3)2Cl2(=CHPh)] (Scheme 4, A), a phosphine ligand was replaced with a NHC ligand to give complexes not only with higher activities but more air and moisture stable than the state-of-the-art at the time. 40,41 The development of such These examples are only the seminal and most successful cases of M-NHC catalyst systems out of a large number described as attested by the reviews, book chapters and books compiled on this topic. [43][44][45][START_REF] Kubiak | Comprehensive Organometallic Chemistry III[END_REF][START_REF] Díez-González | [END_REF] 

II.2. Metal-N-heterocyclic carbene (M-NHC) bond

In order to be able to predict the effect of NHC ligands in chemical reactions, theoretical models had to be developed that could explain the M-NHC bond. For this, a description of the electronic structure of the NHC will be first exposed. N-Heterocyclic carbenes considered here are largely derived from the imidazol-2-ylidene family (Figure 5) and can be defined as:

Heterocyclic species containing a carbene carbon (CNHC) and at least one vicinal nitrogen atom within the ring structure. 48 
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Steric influence from: In these scaffolds, the carbene carbon atom is found in a trigonal geometry with its lone-pair filling one of the coordination positions, which is imposed by the rigidity of the ring. In view of this geometry the frontier molecular orbitals (FMO) 49 can be described as being a
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Highest Occupied Molecular Orbital (HOMO) in the form of a non-bonding sp 2 hybridized orbital hosting the CNHC's lone pair and a Lowest Unoccupied Molecular Orbital (LUMO) in the form of the corresponding vacant p orbital (Figure 6). This arrangement gives a large HOMO-LUMO gap that favors a singlet spin state, which is experimentally observed in NMR spectroscopy measurements. The adjacent nitrogen atoms provide further electronic stabilization by inductively draining electronic density away from the carbon via the 𝜎-bonds. At the same time, they participate in mesomeric 𝜋-donation from the nitrogen lone pairs to the unoccupied p orbital of the carbon atom. As a consequence of the latter, a curved bond over the resonating atoms is often drawn in the literature to indicate the partial double bond character of these bonds. Electronic effects can be further tuned by the choice of substituents on the heterocycle's backbone and by the substituents at the nitrogen atoms. This last module plays a large role in stabilizing the carbene by imposing a kinetic barrier to access the divalent atom and, most notably disfavoring dimerization to the corresponding olefin (also known as Wanzlick dimer). 50,51 Figure 6. Electronic environment of the CNHC.

Combining the above description with a metal fragment, M-NHC bonding can be interpreted in light of the models established for well-known singlet (Fischer) 52 and triplet (Schrock) 53 modes of metal-carbene bonding (Figure 7). [START_REF] Crabtree | The Organometallic Chemistry of the Transition Metals[END_REF] Fischer type carbenes bear 𝜋-donor substituents, carry a 𝛿 + charge on the CNHC, have an electrophilic character and act as neutral 2-electron donors (A). Opposite, in Schrock type carbenes, the CNHC bears non-𝜋-donating substituents, carry a 𝛿 -charge and shows a nucleophilic character (B). These traits can be used to reference two extremes of singlet (Fischer type) and triplet (Schrock) carbene-metal bonding. From the above, the M-NHC bond is best described as a type of singlet (Fischer) carbene. It should then be noted that like phosphines they are not pure 𝜎-electron donors and the 𝜋-acceptor character of the NHC can influence the M-NHC bond. Indeed, quantum chemical calculations employing methods from density functional theory (DFT) [START_REF] Parr | Density-functional theory of atoms and molecules[END_REF] have quantified a non-negligible 𝜋-orbital component of the bonding in some cases. [START_REF] Nemcsok | [END_REF] As such, depending on the metal/NHC combination, more or less of this bonding can be added or removed.

In light of these theoretical descriptions of NHCs and M-NHC bonding, tools have been developed to rank NHC's electronic and steric ligand properties. These descriptors have recently been extensively reviewed and are summarily mentioned here to give the reader an overview of the methods used to rank NHC ligand properties. [57][58][59][START_REF] Falivene | N-Heterocyclic Carbenes[END_REF] Methods based on reactivity or spectroscopic studies have been used to rank NHCs. Reactivity methods have measured pKa values [START_REF] Alder | [END_REF] and nucleophilicity parameters (N) on NHCs. 62,63 Electrochemical studies on the redox potential of M-NHC complexes 64 have been utilized to measure the Lever electronic parameter (LEP) 65,66 . Spectroscopic measurements include: IR -Tolman electronic parameter (TEP) 67 values based on M-NHC complexes; 68, C shifts of the CNHC of Pd and Au complexes, 70,71 p-block element ( 31 P, 77 Se) shifts for carbene-phosphinidene adducts 72 and selenoureas 73 and coupling constants of the latter ( 1 JSe-C NHC ); 74 X-ray diffraction studies on selenoureas were also used to develop an electrostatic map. 75 Good correlations amongst some of these scales ( 13 C-31 P-77 Se) and complementary information from others ( 31 P scale offers a measure of π-acceptor strength that explains some unexpected observations on the TEP scale) can thus be used to rank the electronic properties of NHCs.

With the importance of the N-substituent groups in stabilizing the NHC, they also make up a key aspect of the M-NHC bond and their subsequent reactivity. The N-substituents point towards the metal center (Figure 8, A) and not away from it as they do with phosphines, (Figure 8, B), which imposes a larger steric footprint and can increase stability of certain intermediate species or enact selectivity on the conformations they adopt. Two major tools exist to quantify the NHC steric footprint: the percent buried volume (%Vbur) and the steric map (Figure 9). The percent buried volume 76 indicates how much of a sphere centered at the metal nuclei will be occupied by the ligand (A), and can be complemented by a steric map 77 that defines the calculated space occupied by the ligand, which will actually cause more steric interactions (B). However both these methods start from atomic coordinates obtained by X-ray diffraction structures or computational modeling and are 'limited' to one conformation. It presents therefore a concern in the case the initial coordinates are incorrect, but more so that a rigidified structure is used that does not accurately represent reality. This becausein particular with flexible ligandsthe solid state structure might be imposed by interactions present in the packing and in the case of calculated structures a lowest energy structure found might not be as important as another accessible conformation. With tools to rank NHC stereo-electronic parameters giving complementary information, it is desirable that in the future more systematic approaches in line with the design of experiment (DoE) 78 principles should be followed. The use of these descriptors in the principle component analysis (PCA) 79 can be a big-data farming strategy to obtain information on how NHCs modulate chemical reactivity.

A final note on the M-NHC bond pertains to its fame as a strong metal-ligand bond.

These bonds have been considered strong due to the inherent lower stability of a free divalent carbon and the thermal robustness observed in M-NHC complexes. However, recent studies have disproven the universality of this claim. For instance, platinum group complexes bearing NHC ligands were found to undergo decomposition under basic conditions typically found in catalytic reactions, most acutely with Pd and Pt (Figure 10). 80,81 However, decomposition products and the mechanisms it undertook depended on the metal and conditions employed.

In particular, homoleptic bis-NHC nickel(II) complexes where found to decompose in common solvents in the presence of water. 82 III. Nickel-N-heterocyclic carbene (Ni-NHC) in homogeneous catalysis: C-H bond functionalization (2015-2018) The conjunction of this attractive metal/ligand pair has made Ni-NHC catalytic systems an increasingly popular strategy for organic synthesis. Recent reviews have extensively covered nickel-NHC chemistry and its catalytic applications [83][84][85] The inherent advantages of using a nigh universal chemical function and, at the same time producing minimal waste are unquestionable; however such elegant synthetic processes must overcome limitations in reactivity and selectivity. This is a challenge our group has decided to accept in the latter years 86,87 and the founding framework for this study.

The first example of Ni-catalyzed C-H bond functionalization goes back to Ichikawa's accidental construction of a new C-Si bond as a side product of a desired SiMe3/Ph terminal alkyne isomerization (Scheme 5, A). 88 Li and co-workers reported the Csp-H bond functionalization of alkynes by a Sonogashira 92 alkylation, using a well-defined CNHC,N,N-Ni(II) complex with a pincer ligand (Scheme 6). 93 Using this Ni(II) complex (5 mol%), CuI (5 mol%) and Cs2CO3, a number or of acetylenes were successfully alkylated using iodides, bromides or chlorides (the latter two in the presence of NaI) (23 examples, 44-95% yield). The authors noted by a control experiment that CuI alone did not produce the coupling products.

In efforts to understand the reaction mechanism, the authors synthetized a catalytically competent (5 mol%, 93% yield) Ni(II)-phenylacetylide complex (Scheme 7, B). They studied this complex by cyclic voltammetry in which it displayed a reversible redox behavior with an oxidation wave at E1/2 = 0.21 V vs. Fc/Fc + assigned to [Ni(C≡C-Ph)] +2/+3 . This allowed the authors to rule out the intermediacy of a Ni(IV) species in this reaction. In addition, a control experiment using a free radical as a trapping agent (TEMPO, 5 mol%) did not show any meaningful loss of yield (95%). Finally, the authors reacted the complex with phenylacetylene, CuI and Cs2CO3 (1:1:1.5 equiv.) (Scheme Jamison and co-workers used an aldehyde, olefin, silane three-component coupling reaction, that undergoes a formal C-H cross-coupling, to benchmark the effectiveness of new Ni(II)-NHC pre-catalysts (Scheme 10). 96 The authors envisioned their new cyclometallated 𝜅 2 -carbon,pnictogen Ni(II) complexes (A) would be air-stable but easily activated in reaction conditions, by facile reductive elimination of the chelating ligand and generation of an active Ni(0)-NHC catalyst, a strategy previously used in Pd precatalysts. 97 Screening the new complexes (30 mol%) in the presence of P(OPh)3 (0.45 equiv.) and NEt3 (6 equiv.) Zimmerman improved the Ni(0)-catalyzed hydroarylations of alkynes using C6F5H or heterocycles. 105 In this mechanism an off-cycle intermediate that resulted from a series of 𝛽-hydride elimination/migratory insertion events (chain walking) was identified. The authors then reasoned that a similar structure that would be unable to generate such a stable unproductive species would be a better catalyst. As such, they tested a [Ni 0 (NHC-Mes2) (1,5-hexadiene)] complex 106 in the reaction above that afforded an excellent yield (93%) at r. t. (Scheme 15), whereas the original catalyst system was essentially unreactive (8% yield). Beyond C6F5H a series of heterocycles were found to be accessible substrates (6 examples, 51-99% yield).

A

The small difference in the activation energy (4. In an effort to probe the reaction mechanism, the authors attempted to synthetize a putative Ni(0)-aNHC complex but instead isolated a cyclonickelated Ni(II)-(𝜂 3 -cyclooctalyl)-aNHC complex (Scheme 22, A → B). The latter was generated via an isomerization of 1,5-cyclooctadiene to 1,3-cyclooctadiene, and, presumably addition of a phenyl C-H bond onto it. This Ni(II) complex (B) proved to be a competent precatalyst (92% yield) and was proposed to be the resting state of the catalyst that would generate the active species, Ni In a stoichiometric NMR experiment between complex (B) and benzoxazole, the authors did make several major observations, consistent with their formulation of an The authors utilized C(2)-D labelled N-heterocycles in their catalytic reaction, to seek to explain the role of the base in controlling the selectivity of the end product. When the reaction was run in the absence of base, the allylated products were obtained, with deuterium incorporation (78-89%) at the olefinic position. However, when base was added to the reaction mixture (NaOt-Bu, 1 equiv.) the alkenylated product was obtained with a lower deuterium content (56%) and distributed unselectively (1:1 ratio) across the double bond of the olefin. A subsequent isomerization study showed that, in the absence of the catalyst system, but in the presence of 1 equiv. of NaOt-Bu, when heated in toluene at 100 °C the allylated product would isomerize to the more stable alkene, whereas the alkene product would not react. As such they proposed the base's role would be to isomerize the allylated product, after the nickel-catalyzed transformation, to the more stable alkene.

Nakao and collaborators made use of cooperative nickel/aluminum catalysis to functionalize anilides (Scheme 25). 115 By using a mixture of [Ni 0 (COD)2]/ 4,5 Me2NHC-DIPP2

(1:1 ratio, 10 mol%) in the presence of 1 equiv. of an aluminum Lewis acid (MAD), 116,117 in toluene at 100 °C, selected anilides and olefins were selectively coupled in the meta-position in low to moderate yields (5 examples, 26-67% yield, 83-95% selectivity, Scheme 25, A).

Selectivity in the arene position could be modulated by using ortho-susbtituted anilides in the presence of the bulkier (NHC-DIPP** OMe 2) and substoichiometric amount of MAD, in mesitylene at 120 °C (Scheme 25, B). The authors went on to run a series of mechanistic tests to explain the insertion of pyridine at a remote position from the double-bond (Scheme 26, B). When allylbenzene was subject to catalytic reaction conditions in the absence of pyridine, trans-𝛽-methylstyrene was quantitatively formed (GC yield) in only 30 min. The addition of pyridine to this reaction mixture affords, in 60 min, the desired product in good yield (89%). This indicated that a first rapid isomerization step converts allylbenzene to trans-𝛽-methylstyrene that then reacts with pyridine. Curiously, the authors make no remark on the short reaction time (1.5 h total) the reaction took to complete in this mechanistic study, in contrast with the long reaction times in their standard catalytic procedure (18 h). Further studies using isotope labeling using pyridine-d5 showed a great extent of hydrogen/deuterium scrambling (22-64% deuterium remaining on the pyridine moiety, 3-32% deuterium incorporation into the allylbenzene moiety) making it difficult to obtain further insight from these results. Ghosh and coworkers reported a 'base-free asymmetric Michael addition' 120,121 of 𝛼-methyl cyano esters to electron poor olefins (Scheme 28). 122 The authors designed

III.2.2.B. Formal C-H addition of carbonyl substrates to olefins

well-defined neutral cis-bisNHC-Ni(II) complexes of the type cis-[Ni II (R 1 -NHC-CH2C(O)NR 2 )2]
bearing chiral N-substituents, that would adopt structures with chiral pockets near the metal center, enabling the catalyst to perform asymmetric catalysis. This strategy proved partially successful with a menthol derived complex inducing enantiomeric excesses of up to 75% when This divide in modus operandi -[Ni 0 (COD)2]/L mixture vs. well-defined (pre)catalystseems to be a strategic one in fact, with both methodologies having a set of advantages and drawbacks (Table 2). The use of [Ni 0 (COD)2]/L mixtures allows for the rapid screening of reaction conditions and ligands libraries. However, this scenario requires the use of pyrophoric [Ni 0 (COD)2] that must be handled in an inert atmosphere. The inefficient in situ generation of the active species pollutes the reaction medium with chemicals that do not take part in the reaction: this can lead to competing reactivity pathways or lead to catalyst deactivation, at the same time making mechanistic understanding much more of a guessing game. On the other hand, the precise structural control built into well-defined (pre)catalysts allows for a better mapping of the structure-reactivity relationships. At the same time, well-defined (pre)catalysts have a preorganized structure that can better resemble the active catalyst and allow for a more efficient activation of the catalyst, leading to lower catalyst loadings. The larger downside to

Introduction: from the periodic table to nickel-N-heterocyclic carbene catalysts 59 this scenario remains the time consuming task of synthesizing and purifying batches of complexes at each structural change that might be wasted if the particular structural niche is unreactive for the reaction at play. Well-defined (pre-)catalyst Our group has for some years now developed a research axis focusing on Ni-NHC systems for catalytic applications. 123,124 In this axis, two main branches cover: the synthesis of 87,[125][126][127][128][129][130][131][132][133] and their applications as catalysts in cross-coupling reactions (Suzuki-Miyaura coupling 87,124,125,130 and C-H bond functionalization 86,87,133 ) 84 and reduction reactions (hydrosilylation of C-heteroatom multiple bonds and hydroboration of C=C double bonds). 132,134,135 During these studies we reported that half-sandwich nickel(II)-NHC complexes could be used as efficient precatalysts for the Suzuki-Miyaura cross-coupling reaction of haloarenes and phenylboronic acid. 124 In that report, it was divulged that the catalyst was initially very active in the first minutes of the reaction but quickly became deactivated. As a strategy to prolong catalyst lifetime, a second NHC ligand was incorporated, giving

Advantages

[Ni II X(Cp)(NHC)] complexes
complexes of the type [Ni II (Cp)(NHC-R 1 2)(Me-NHC-R 2 )
] + X -that were prepared by reaction of a cationic [Ni II (Cp)(MeCN)(NHC-R 1 2)]PF6 complex with the corresponding free carbene.

However, these proved disappointingly inert in this reaction (Scheme 29). 125 The synthesis of these bis-NHC complexes was however limited by the steric bulk of the NHCs. Indeed the reaction between [Ni II (Cp)(NCMe)(NHC-Mes2)]PF6 and the free carbene These negative results revealed nonetheless an important link between structural features and reactivity in these complexes. The labile ligands (halogen, MeCN) present in the original complexes 124 were of the utmost importance for an active catalyst, likely for allowing an easy access to the metal center. On the basis of this hypothesis, the Ni-C bonds could be too strong to dissociate and not allow reagents to approach the metal's coordination sphere.

To tiptoe this balancing act of chemical designrobust species for practicality, yet highly reactive for performanceour group devised a deceivingly simplistic solution; the opening of coordination positions via acidolysis of the cyclopentadienyl ligand. 131 Despite the apparent simplicity of the reaction, its surprising selectivity must be stressedin a molecule where all metal-carbon bonds were constructed by deprotonation of the corresponding organic moieties (CCp, CNHC, Calkyl), only the M-CCp bond was cleaved (Scheme 33). It also constituted the first known example of Cp removal in an 18 valence electron complex.

Cyclopentadienyl ligand removal afforded a cationic solvent adduct that could be successfully trapped with an anionic acetylacetonate (acac) ligand (Scheme 33). And whereas this neutral derivative was fully characterized, the acetonitrile adduct, in contrast, remained ill-characterized (with only 1 H, 13 C NMR and IR spectroscopic characterization reported). 131 As it so happens, this cationic complex was the most attractive of the two as a potential (pre)catalyst. The labile acetonitrile ligands could easily be displaced to allow reagents access to the metal center. However, despite the elegant synthetic strategy, the cationic complexes were poorly amenable to crystallization deterring detailed structural characterization and purification. The questions, opportunities and challenges that arose with the full characterization of these cationic chelated complexes form the project that propelled the work developed in this chapter. Compound 2 had been previously described 145 and the authors remarked that lower yields were obtained for this, as well as for other imidazolium salts with an N-bound ethyl chain The reported procedure for the iodo complex 5 gave much lower yields than originally described (reported 64%, 128 obtained 20%), but could be improved by running the reaction in refluxing toluene for two days instead of DME to give 5 in 48% yield after purification.

II. Results and discussion

Characteristic changes to the 1 H NMR spectra (see Figure 12, for a representative spectrum of 7) when compared to the corresponding imidazolium salt are the disappearance of the imidazolium acidic proton signal concurrent with the appearance of a singlet corresponding to the Cp group (5.5-4.5 ppm, 5H). It is noteworthy that integration of this signal is at times deficient in protons (4.6-4.8 protons observed), possibly due to slower relaxation of the HCp nuclei. When larger halogens (bromide, iodide) were present (5, 6) their size hindered the rotation of the N-substituent groups near the metal atom. This caused a broadening of o-Me peaks in 6, as previously observed for related compounds. 123,148 In 5, iodide interacts with the N-methylene protons in such a way as to induce diastereotopy and a much more 3). Crystals suitable for X-ray diffraction studies were grown for 9 and 10. The two structures with selected bond lengths and angles are shown in Figure 14 3, complex B). 128 Apart from the bite angle (vide supra), the most remarkable geometrical feature in the structures of these five-membered nickelacycles is these structures' is the coplanarity found between the atoms in both the nickelacycle and the imidazole core. A correlation can be found between the chemical shift of the Calkyl and the nickelacycle's bite angle (CNHC-Ni-Calkyl, °) (Table 3). This suggests that metallacycle exerts a particularly great influence on the electron density of the Calkyl, but it is worth noting that the acyclic complex [Ni II (CH2CN)(Cp)(NHC-Mes2)] 127 does not follow this trend. Despite this difference in electron density observed by NMR spectroscopy, the corresponding Ni-Calkyl bond lengths (1.970-1.980 Å) show no appreciable difference.

The C≡N stretch in the IR (ATR) spectra of 9-12 is very different to that of the acyclic complexes 5-8 and of the imidazolium salts 1-4 (Table 4). This vibration that had become very weak and difficult to observe for 5-8 is the dominant feature of the spectra of 9-12, appearing as a strong band at 2151-2185 cm -1 , considerably red-shifted (~ -80 cm -1 ) when compared to its precursors 1-8. This shift to a lower wavenumber is consistent with an increased electron density at the triple bond populating an antibonding orbital of the nitrile fragment, while the increased intensity of this band, might be caused by an increase in this bonds polarization.

When comparing the distances d(C≡N) of the structurally characterized pairs 5/9 and 7/11, the former shows no statistically significant change while the latter suffers a small elongation 78 (+0.045 Å) consistent with a weaker bond. No correlation between the wavenumber or intensity of 𝜈(C≡N) and with the size of the metallacycle was observed. Compound family Average 𝜈(C≡N) Chapter 2 -Synthesis and characterization of new 𝜅 2 -CNHC,Calkyl-nickelacycles 81

(cm -1 ) [R-NHC-(CH2)nCH2CN]•HX 1-4 2247 (m) [Ni II X(Cp)(R-NHC-(CH2)nCH2CN)] 5 
The 13 C { 1 H} NMR spectra of 13-16 confirmed the departure of the cyclopentadienyl ligand and showed a considerable broadening (Figure 17) and significant shifts for the CNHC and Calkyl peaks (Table 5). Comparison between the 13 C { 1 H} NMR spectra of the parent half-sandwich nickelacycles 9-12 and the acetonitrile adducts 13-16 bore striking differences. §

The CNHC peak of 13-16 becomes less intense and is upfield shifted by ~17 ppm (average The IR (ATR) spectrum of each complex 13-16 shows a broad intense band at 823-834 cm -1 and a sharp intense peak at 555-557 cm -1 assignable to the P-F stretching modes of the PF6 -counteranion. 151 Despite the intensity and width of these peaks dwarfing most of the spectrum, a characteristic 𝜈(C≡N) is still observable (Table 6). This broad band appears at 2233-2243 cm -1 , and has suffered a blue shift of ~70 cm -1 compared to the 𝜈(C≡N) of 9-12. This band can be attributed to: the new acetonitrile ligand(s), the nickelacyclic nitrile group or a combination of both. If this band does contain a significant contribution from the nickelacyclic nitrile, the higher wavenumber and lower intensity are consistent with the removal of the electron-rich Cp ligand, leading to an electron-impoverished metal center and less available electron density for the empty antibonding orbitals of the nitrile.

𝛿(CNHC) =
Table 6. Average wavenumbers (𝜈 ̃) and relative intensity of for 𝜈(C≡N) (cm -1 ) for the imidazolium salts 1-4, the half-sandwich Ni(II)-NHC complexes 5-8, the nickelacycles 9-12 and cationic complexes 13-16.

Compound family

Average 𝜈(C≡N) 18). The HRMS spectrum showed no other significant peaks as was the case for 16. However, in the case of 13 and 14, the two-acetonitrile-ligand species was observed as a minor peak. This led to a more careful re-reading of the 1 H NMR spectra of these complexes that showed varying amounts of free acetonitrile, underscoring the difficulty in obtaining consistent and meaningful values for the integration of the acetonitrile peak. Thus, thorough drying for 1 to 2 days in a warm bath at 40 °C under high vacuum was required for stable and coherent integration for all complexes that would account for 3 protons, that is -one acetonitrile per molecule.

(cm -1 ) [R-NHC-(CH2)nCH2CN]•HX 1-4 2247 (m) [Ni II X(Cp)(R-NHC-(CH2)nCH2CN)] 5-8 2249 (w) [Ni II (Cp){R-NHC-(CH2)nCH(CN)}] 9-12 2168 (s) [Ni II {R-NHC-(CH2)nCH(CN)}(MeCN)m]
Nevertheless conclusions made on the basis of these analyses (NMR, HRMS) must be cautious. In HRMS-ESI the high energy state of the molecule can induce fragmentation of one acetonitrile ligand and make the resulting fragment the dominant ion. Likewise, in 1 H NMR spectra, in a regime of chemical exchange with the solvent, kinetics on the NMR timescale could mask the amount of natural acetonitrile originating from the analyte.

To solve these ambiguities a first approach was to quantify the ligated solvent by 1 H NMR spectroscopy by means of eliminating the chemical exchange. However, hydrocarbons (toluene, benzene) failed to dissolve the complex, even when boiled. Low polarity halogenated solvents were also inadequate (1,2-dichlorobenzene, chloroform) or led to immediate decomposition (dichloromethane, 1,2-dichloroethane) even at low temperatures (-40 to 0 °C). Slightly polar organic ether solvents (THF, 1,4-dioxane) were also found to be inadequate. Polar, coordinating organic solvents (acetone, DMSO, DMF, MeOH, MeNO2) readily dissolved the samples, but degraded it as quickly. Water was also ineffective at dissolving the compound. Only two solvents were found to be fit for analysis: the nitrogen Lewis bases, acetonitrile and pyridine.

NMR analysis of a sample of 15 in pyridine-d5 gave a 1 H spectrum with small changes of the chemical shifts when compared to the spectra in MeCN-d3 (Figure 19). A singlet peak at An analogous situation was observed for both 14 and 16, but not for 13. For this complex, no peaks attributable to free acetonitrile were observed. Instead, peaks attributed to acetonitrile were identified at slightly shifted chemical shifts in 1 H and 13 C { 1 H} spectra (compared to those of free MeCN), indicating that the least hindered cation does not release MeCN in these conditions (Figure 20). This observation was surprising as one would expect the least hindered complex to be able to accommodate multiple solvent (py-d5) molecules. One possible explanation may lie with the stronger electron-donating character of N,N'-bis-alkyl ** Pyridine-d5 is an uncommon NMR solvent, as such, we independently registered the 1 H and 13 C NMR spectra of acetonitrile in pyridine-d5, calibrated the spectra to the residual C5HD4N signal and used these as reference, see Figures S1 andS2, Annex. This increased sharpness of these signals suggests that the solvent exchange is slower (or absent) in pyridine. The sole exception is 13 for which the Calkyl signal remains broad (Figure 20). Free acetonitrile is observed in the pyridine-d5 solution.

Finally, elemental analyses of 13-16 confirmed the formulation with only one acetonitrile ligand in the solid state. The most direct answer to this question would be characterization by single crystal X-ray diffraction studies. However, the complexes show very restricted solubility (vide supra), being only adequately soluble in nitriles and pyridine, in which they are extremely soluble. Thus attempts at crystallization by common techniques 152 and using a series of solvent systems (acetonitrile, n-propionitrile, n-butyronytrile, benzonitrile, pyridine, Et2O, THF, tetrahydropyrane, benzene, toluene, n-hexane) were all unsuccessful. The system would in general crash out as an oil or an amorphous solid. On occasion, if air entered the system, the mixture would turn to a pasty green with purple crystals over the course of weeks. The crystals could be collected and identified by X-ray diffraction studies as [Ni II (NCMe)6](PF6)2 (see Experimental section). Exchanging the counter-anion PF6 -for other weakly-coordinating anions (BF4 -, BPh4 -) showed no noticeable change in the solubility of the cationic complexes nor did it allow the growth of suitable crystals.

The difficulty in obtaining crystals when acetonitrile acts both as a solvent and a ligand has been recently noted for a related CNHC,Ccycloheptatrienyl-palladacycle acetonitrile adduct, 153 that was isolated as an oligomer bound by bridging bromide ligands. 153,154 However, in our case, the PF6 -anion is weakly coordinating and unsuitable for this role. Furthermore, few well-characterized structures are known with MeCN acting as a bridging ligand. [155][156][157][158][159][160][161][162][163][164][165][166][167][168][169][170] In fact,

only three examples report crystal structures of nickel complexes with bridging MeCN ligands.

In these species, 𝜇 2 ,𝜂 1 ,𝜂 2 -acetonitrile ligands are side-on bonded to a nickel(0) atom and endon bonded to a second one in multimetallic enviroments. [171][172][173] Beyond these rare examples of side-on bound bridging MeCN, several examples are known of monomeric Ni( 0) with a sideon bound nitrile ligand acting as a side-on 2 electron-donor (Figure 23). [174][175][176][177][178][179] We are unaware of any example of 4 electron-donor side-on nitrile coordinated to a nickel species.

Figure 23. Examples of side-on bound Ni(0)-benzonitrile complexes. 175,178,179 Nitrile side-on bonding can be observed by IR spectrsocopy where a characteristic lowering of the 𝜈(C≡N) band's wavenumber places it in the 1700 cm -1 region, 171,[180][181][182] even if this band is at times weak 159,168,180,181 so much so that it is at times unobservable. [182][183][184][185][186] The IR (ATR) spectra of complexes 13-16 show no band in this region to support a side-on bound MeCN. Thus, the most common case of end-on coordination could be expected for the systems studied. In this case, the IR 𝜈(C≡N) is expected between 2200 and 2300 cm -1 . 187 This is in agreement with the medium intensity peaks observed between 2233 and 2243 cm -1 in the spectra of 13-16. This is however the same region where the equivalent signal for the pending nitrile arm of the metallacycle is expected. Interestingly, a shoulder that might originate from combinations of these bands is observed at 2195-2200 cm -1 , but no definitive affirmations could be made on this point.

Given the lack of success growing single crystals and the ambiguity of spectral data, The 16-electron two-acetonitrile cations 13A and 15A were calculated as being the most stable (and so the referenced as 0 kcal mol -1 ), which is consistent with the expected formulation of the compounds in solution. The energy balance in 13B-C and 15B-C differs by virtue of the size of the metallacycle. The five-membered model 13B was found at +12 kcal mol -1 adopting a T-shaped structure with the acetonitrile ligand arranged trans to the NHC, whereas the pseudo-square planar isomer 13C with a side-on bound dangling nitrile was found at +17 kcal mol -1 . Analogous structures were found for 15B-C, but here by virtue of the flexibility of the nickelacycle, the pseudo-square planar structure 15C is slightly more stable +7 kcal mol -1 ) than the T-shaped isomer 15B (+9 kcal mol -1 ). Of note, no side-on bound acetonitrile isomer could be optimized, allowing us to rule out this hypothesis. At this point we decided to probe the energetic feasibility of a multimetallic species by DFT calculations. The most stable dimeric structure optimized is that of a doubly charged cation with a "naked" nickelacycle and one nickelacycle bearing one end-on MeCN linked together by a bridging 𝜇 2 ,𝜂 1 ,𝜂 1 -acetonitrile ligand bound exclusively at the nitrogen atom.

However, the high energy cost vis-à-vis the monomeric cation 15C (+11 kcal mol -1 ) lead us to consider multimetallic arrangements very unlikely (Scheme 42).

These results show that the loss of an acetonitrile ligand is thermodynamically feasible, even if endothermic. The reaction profile from 15A to 15C was traced (Figure 26). From 15A a transition state (TS) could be found at a cost of 14 kcal mol Comparing with the calculated spectrum for 15A (blue) we would expect a strengthening of this shoulder, but although this is a better match than 15C it has been experimentally verified not to be a correct description of these complexes in the solid state.

Interestingly, these calculations afford an explanation of the broad profile of the 𝜈(C≡N) band in 13-16 as combination of vibrational modes pertaining to both nitrile functions of the complexes (coordinated acetonitrile and dangling nitrile) and suggested that the higher intensity band corresponded to the acetonitrile moiety, while the shoulder at circa 2200 cm -1

Chapter 2 -Synthesis and characterization of new 𝜅 2 -CNHC,Calkyl-nickelacycles 93 originates from the dangling nitrile's 𝜈(C≡N). The same behavior was observed for the comparison between 13 and 13A-C (Figure S3, Annex), and given that the IR (ATR) spectroscopic profile is similar for all complexes 13-16, we can infer that the behavior is similar for all these complexes.

As a final consideration we re-analyzed the 400-800 cm -1 region of the IR (ATR) spectra of 13-16 for bands attributable to coordination of by the PF6 -counter anion. [193][194][195][196] However, no bands could be distinctively attributed to such an interaction.

This combined experimental and theoretical characterization approach allows us to assign the structure of these complexes as most probably adopting a T-shaped geometry. A consequence follows that these molecules count formally 14 valence electrons. Examples of such unsaturated Ni(II) are rare, [197][198][199][200][201][202][203][204] and of this small pool, many have been found to be intermediates in organic transformations 197,[201][202][203] in which such species are theoretically predicted to intervene (Figure 28). 205 This came as a surprise as phosphine ligands are make stronger M-L bonds than acetonitrile and should thus substitute it easily. To attempt to rationalize these observations the following was put forward: PPh3 does not form a strong enough M-P bond to sufficiently stabilize the metal center and its large steric bulk hinders the possibility of a mixed NCMe + PPh3 species (similar to the proposed mixed pyridine/acetonitrile species for 13, Scheme 41) in solution.

Assuming this equilibrium to be strongly influenced by the steric footprint of PPh3 we envisioned a smaller alkyl phosphine would be less prone to exchange with MeCN in solution.

Thus, PMe3 was envisioned as a suitable replacement, with an additional advantage of being a stronger ligand that would be less prone to isomerization (Figure 29). 207,208 (B) In agreement, in the 13 C { 1 H} NMR of this compound a small, broad peak can be attributed to the PMe3 ligand (11.8 ppm). This contrasts however with the reported trend for nickel(II) ligated PMe3 to appear as a sharp doublet instead. 209 Furthermore, all three aliphatic carbon atoms of the metallacycle are unusually small and broad, and the Ni-bound Calkyl peak in particular is almost unobservable (at -3.4 ppm). On the 31 P { 1 H} spectrum a small, broad but clearly observable peak was found at -11.9 ppm.

(C) (D) (E)
With all three nuclei analyzed showing broad peaks typical of dynamic systems we carried out a set of variable temperature NMR experiments. We began by analyzing the The analysis of the 31 P nucleus under the same conditions shows a mirror effect (Figure 32). At -40 °C two clear signals appear at -10.0 and -15.1 ppm, with the first being much more intense than the second one. Heating causes both peaks to move to lower chemical shifts together with the broadening of the major peak and the disappearance of the second. The minor peak disappears at -10 °C while the major peak is weak but still observable at 70 °C. Unlike with PPh3 (Figure 28), the small peak does not correspond to the oxide (O)PMe3 (36 ppm). 206 The analysis of both the 1 H and 31 P { 1 H} NMR spectra suggest a splitting of the PMe3 signals.

To test this hypothesis a 1 H-31 P HMQC heteronuclear correlation experiment was carried out (Figure 32). The major and minor peaks correlate amongst themselves as was expected, allowing us to attribute the two unassigned protons that appear at the same chemical shift, at -40 °C, as one β-N-methylene proton and two protons of the PMe3 moiety. A complementary NOESY experiment (at -10 °C) confirmed the exchange between these peaks (Figure 33). In the case of the former by the relative weakness of the M-PPh3 bond and in the case of the latter by the steric bulk of its phenyl substituents. Indeed, this is consistent with the difficulty in observing the phosphorus nuclei's signal on [START_REF] Griffith | [END_REF] P NMR and excess exogenous PPh3 appearing as an average signal that tended to the chemical shift of free PPh3 with increasing concentration of the latter. On the other hand, when PMe3 is used, the reverse happens: Unfortunately, phosphine ligated 17 and 18 showed the same limited solubility as 13-16

and an additional heightened sensitivity to oxygen and temperature. Thus, satisfactory elemental analyses of the complex were impossible to obtain. Moreover as noted before, thorough drying of complexes 13-18 requires drying for 1-2 days under high vacuum at 40 °C.

However, when applied to 17 or 18 phosphine derivative, heating leads to the appearance of peaks both in 1 H and [START_REF] Griffith | [END_REF] This reaction posed one big question however: what is the origin of oxygen in this reaction. Mass balance would point to the alkoxide as the unlikely source of oxygen. We decided to screen reaction solvents to assess if trace oxygen or water would originate from these and be the source of oxygen. Consistently, the only identifiable reaction product was 20, with CH2Cl2 giving the cleanest reactions (Scheme 50). Furthermore, trying alternative t-butoxides (Li, Na, K) or KHMDS as a base showed no difference, discouraging the hypothesis of the alkoxide as the oxygen source. Interestingly, the reaction did not progress with pure KOH in CH2Cl2. Even after thorough degassing and drying of the solvents together with subliming the bases and carrying out the reaction in a glovebox the reaction successfully took place, despite there being no expected source of oxygen. At this point we cannot determine the source of oxygen in 20. Unfortunately, the complex proved difficult to isolate analytically pure and HRMS-ESI analysis of the complex was unsuccessful, with high fragmentation and no peak corresponding to the dimer being observable. Characterization of 22 the 1 H NMR (MeCN-d3) shows a more complex aromatic region compared to the 1 H NMR spectrum of 15 due to the presence of the bipy ligand. The rest of the spectrum, shows no other interesting features. The IR (ATR) spectra of 22 shows a broad, weak (once again, the PF6 -anion dominates the spectra) band at 2193 cm -1 , which we assign As such we decided to study 15, 21 and 22 by cyclic voltammetry (CV), to evaluate the redox behavior of these complexes. In the CV of a solution of 15 (1 mM) in MeCN (Figure 36, A) a first oxidation can be seen at Ep,a = 0.77 V vs. Fc/Fc + (scan rate = 200 mV s -1 ) that we assign to a Ni(II)/Ni(III) one-electron oxidation. A reduction, we ascribe to a Ni(II)/Ni(I) reduction can be observed at Ep,c = -1.24 (V vs. Fc/Fc + , scan rate = 200 mV s -1 ).

The voltammogram of neutral complex 21 shows a similar profile (Figure 37). A first oxidation is observed at Ep,a = 0.72 V vs. Fc/Fc + (scan rate = 200 mV s -1 ), that we attribute to a Ni(II)/Ni(III) one-electron oxidation, suggesting that the anionic acac ligand does not significantly enrich the metal center. A second oxidation wave can then be seen at 1.04 V vs.

Fc/Fc + that we ascribe to oxidations centered on the acac ligand. A reduction can be faintly seen at -1.30 V vs. Fc/Fc + , that we attribute to a Ni(II)/Ni(I) reduction. Both proposed metalcentered electrochemical reactions are at potentials very close to those found for 15 and suggest indeed a weak effect of the acac ligand of 21 in the metal's electron-density. As for complex 21 none of the reverse half-reactions can be observed. When 21 is analyzed with varying scan rates, the same correlation between of increasing Ep,a with increasing scan rate. Finally, analysis of the bipy complex 22 by CV showed a much richer electrochemical response (Figure 38). Unfortunately, this response relates to reduction reactions, and is likely The original formula for the latter bearing two acetonitrile ligands in the solid state was corrected ( 1 H NMR, elemental analysis) to a formula with a single MeCN ligand. The complexes' limited solubility (nitriles, pyridine) and dynamic ligand exchange with the solvent made it impossible to grow crystals and resolve the structure by X-ray diffraction. As such a combined theoretical and spectroscopic study (DFT, IR) was carried out to reveal a T-shaped structure to be the most probable form adopted by these complexes in the solid state.

As a consequence of their structure, these are rare examples of Ni(II) 14 valence electron T-shaped complexes. In contrast with the few known complexes of this class, these complexes are stabilized in a C,C chelate and the NHC is not limited to NHC-DIPP2.

A study of their reactivity in ligand substitution reactions showed that they retained their particular solubility and dynamic solution behavior. Detailed NMR studies of phosphine substituted derivatives in solution in MeCN allowed us to better understand the dynamic processes at play and to propose that it consists of a cis/trans isomerization of the monodentate ligand, via an in-plane migration, possibly combined to an exchange with the solvent.

Attempts at reacting these cationic CNHC,Calkyl-nickel(II) with a base inadvertedly led to the isolation of a binuclear hydroxide as revealed by X-ray diffraction studies.

Finally, we studied the redox behavior of a series of 𝜅 2 -CNHC,Calkyl-nickel(II) complexes, to test their capability to access high-valent Ni(IV) states, but our electrochemical studies showed them all too be too electron-poor and unable to undergo oxidation easily. Importantly, the authors recognized some of the limitations of their synthetic protocol: the need for LiOt-Bu as a base and 1,4-dioxane as a solvent. As a result, they found that the reaction of benzothiazole with aryl halides could take place in the polar solvent, DMF, in the presence of Mg(Ot-Bu)2. Comparison of the performance of the new reaction conditions with that of former conditions showed both reaction conditions to be complementary (Scheme 59). As mentioned above, texaline, a natural product with antitubercular activity [244][245][246] could also be synthetized by nickel catalysis following the methodology developed by Itami's group (see Scheme 58). Indeed from a 5-aryloxazole and 3-bromopyridine, Ni II (OAc)2/bipy (1:1 ratio, 5 mol%) and LiOt-Bu in 1,4-dioxane at 120 °C would give texaline in a good yield (84%) 239 improving on the reported palladium cross-coupling synthesis (57%). 244 More interestingly perhaps, this product could also be synthetized from 3-fluoropyridine by the Later on, carbamates were also found to perform in this reaction, provided that reaction conditions were adapted. 249 Electron-rich thiazoles and oxazoles could be transformed when In a similar fashion, 𝛼-oxoglyoxylic acids could be used in ligand-free nickel catalysis (Scheme 72). 253 The simple nickel salt, Ni II (ClO4) The authors highlighted however that for these later substrates the reaction would proceed up to 68% yield, even in the absence of the metal/ligand pair! The scope of suitable nitriles (10 examples) was also studied and the reaction was shown to be compatible with both electron-donating and -withdrawing groups, with no clear reactivity trends emerging. Finally, it was noted that addition of BPh3 (0.4 equiv.) to act as a Lewis acid allowed halving the metal/ligand charge and retaining similar reactivity (loss of 5-10% yield). Devoting further time to this transformation, Punji later reprised this subject and removed the need for a cocatalyst by employing the N,N,N pincer complex [Ni II Cl( Me2 NNN Q )]

(5 mol%), under otherwise similar conditions (Scheme 80). 267 This resulted in a broad scope of alkylated benzothiazoles (16 examples, 40-88% yields) and 5-aryloxazoles (5 examples, 40-70% yield). Proposals for the operative mechanisms are at times made with no support other than mass and charge balance and intuitiveness, while others undertake some experiments to better understand one or another step of the reaction, but the focus of these experiments remains rather limited. The two most invoked mechanistic manifolds implicate either Ni(0)/Ni(II) 94,234,236- Chapter 3 -Catalytic C-H functionalization of O,S-azoles 133 239,248,249 or Ni(II)/Ni(0) 252,253,259,260 based mechanisms (Scheme 85). In particular, reactions between a nucleophile/electrophile pair (C-H/C-X couplings) are proposed to go through the former, while couplings between two nucleophiles go through the latter. It should be noted that, in decarbonylative reactions where extrusion of CO2 takes place, the initial reagent is often an electrophile that is proposed to eliminate CO2 and in situ generate a nucleophilic M-C that then interacts with the catalyst. cross-couplings 84 or the reduction can occur via oxidation of the reagents. This is supported by the common observation of oxidized subproducts, commonly substrate dimers. 236,237,239,252 In particular, Itami and coworkers did a series of control experiments in the absence of the electrophilic coupling partner to try to elucidate the generation of the active species for their

Ni II (OAc)2/bipy catalyst system for azole/haloaryl coupling (see Scheme 57, A). 239 These experiments revealed that the formation of the dimerization product of that substrate

(2,2'-bisbenzothiazole) in good yield (74% yield vs. Ni) in the sole presence of both the catalyst system and the base (Scheme 86). From these experiments it follows that a reduced nickel species (postulated to be a Ni(0) species) is in situ generated and this would be compatible with a classical Ni(0)/Ni(II) catalytic cycle. Oddly, their spin trapping experiments are inconsistent with a mechanism where the operative catalyst is a radical species, and no studies were carried out on the mechanism of their reaction.

I.4.2. Breaking the C-H bond

All the reactions presented above require the use of a base (t-butoxide, carbonate, phosphate) suggesting that none of these reactions do take place via "true C-H bond activation" (i.e. by oxidative addition). 274 Interestingly however there is no clear trend between the strength of the base, azole acidity and yield (Figure 39). Some couplings work best with weaker carbonate bases that should be inefficient at deprotonating azoles. Likewise in some cases benzothiazole or benzoxazole cannot be converted, indicating that more electronic It is noteworthy that a few deuterium isotope labeling studies have focused on this step. 239,261,265,273 In their study of azole coupling with haloarenes Itami and coworkers notably showed (see Scheme 58, A) that an equilibrium which involved the azole substrate and the alkoxide took place. 239 Adding t-BuOD and interrupting the reaction led to the isolation of benzothiazole with a 58/42 H/D ratio. The observed H/D scrambling allowed them to propose that a chemical equilibrium between the azole and the lithiated azole would act as a proton shuttle (Scheme 86) and would allow a controlled release of a thermally unstable lithiated benzothiazole.

I.4.3. Heterogenerous vs. homogeneous catalysis

The harsh reaction conditions often necessary (sealed tubes, T > 100 °C, systems under pressure) make all the more difficult to understand, not only the operation of the catalysts, but even their nature. Thus, the question is raised whether these are homogenous or heterogeneous catalysts. 278 Researchers using well-defined complexes have paid some attention to this problem and a couple of examples exist in exploring this mechanistic feature. For instance, nickel-pincer complexes used for the alkylation of azoles (see Scheme 79 and Scheme 80) were subjected to, reaction mixture analyses, mercury drop poisoning and filtration experiments (Table 7). 265,267 While Hu observed (by 1 H NMR analysis of the reaction mixture) the presence of free ligand, which suggested decoordination, Punji reported not observing free ligand by GC analysis of the reaction mixture. Filtration tests led to a diminished yield in the former's system, but had minimal effect in the latter's. Finally, both systems were investigated by the Hg drop poisoning test. Once again the yield of Hu's catalyst system was strongly reduced whereas Punji's system was not affected which points to two very different mechanisms operating

Chapter 3 -Catalytic C-H functionalization of O,S-azoles 138 despite the similar starting structures of the (pre)catalysts: one acting as a homogeneous catalyst, the other acting as a precatalyst that in situ would generates the active catalyst in the form of metal particles. It is important however to stress that no controls for the Hg poisoning test were reported although this test is known for giving false positive results. † † Table 7. Homogeneous or heterogeneous catalysis: the case of two N,N,N-nickel pincer complexes.

Tests Observations

Reaction mixture Free ligand Complex C-H bond functionalization 11,12,279 and the thermal robustness associated with M-NHC complexes, especially in light of the harsh reaction conditions commonly employed here (pressure, T > 100 °C). High sensitivity to the base and its counter-cation is observed but poorly understood. A number of diverse coupling partners has been shown to successfully work: from halogens to diverse phenol derivatives and carbonyl electrophiles. Nucleophiles (boranes, silanes) were also demonstrated as viable partners, and even the challenging C-H/C-H dehydrogenative oxidative cross-coupling is accessible. These methodologies have † † The Hg poisoning test is one of the most commonly employed experiments used to determine if a metal catalyst acts as a homogenous or heterogeneous catalyst. 278 This is based on Hg 0 forming amalgams with other M(0) metals (namely group 10 metals), which would cause a loss of catalyst concentration in the reaction media and thus a loss of yield. However, a requirement for this test to be valid is that that Hg 0 does not also react with molecular complexes, which can also lead to a loss of yield (false positive). 357 Although, Hg 0 is often inert towards molecular metallic species it is advisable to run control experiments to test this behavior for each specific system. However, there is a very limited understanding of the mechanisms governing these reactions, the reaction conditions are often very harsh and the catalysts often show low activities and thus require high catalyst loadings. Furthermore, there is little diversity on the ligand scaffolds utilized in these reactions. The very frequent use of in situ generated catalysts make the understanding of the reactions all the more challenging.

The domain has therefore two main challenges: increasing catalyst activity and using milder reaction conditions. These challenges are opportunities for the increased development of well-defined complexes in these reactions. They indeed afford a better control of the catalyst properties that should allow more efficient generation of the catalyst species, and thus lower catalyst charges and milder reaction conditions. In addition, the precise structural control of the (pre)catalysts should allow much more structural diversity than pnictogen chelating ligands, which may afford novel reactivity. But, perhaps the most important bottleneck to either of these issues is the lack of clear understanding of the mechanisms these reactions operate by.

Fundamental studies involving well-defined intermediates have shown to be crucial to map out the elemental steps taking place. It would therefore be very useful if high performing well-defined complexes were developed as they provide a better starting platform for a systematic study than a complex mixture, from which even the initial steps are complex to parse out.

These opportunities are a good fit for the new cationic CNHC,Calkyl-chelating nickel(II) complexes described in Chapter 2. The C,C chelates mimic the chelating ligands often used but bring a different electronic and steric environment. Notably, they are equipped with a NHC ligand that may potentially stabilize the catalysts under the harsh reaction conditions often required for azole direct coupling thus possibly allowing for higher turnover numbers. In addition, the structural variation of the nickelacycles can afford an understanding on the parameters governing the reaction works and thus give some clues how to improve catalyst performance.

II. Results and discussion

II.1. Benzothiazole Csp2 cross-coupling

We initially focused our attention on the coupling of benzothiazole with iodobenzene.

We took the conditions laid out by Itami's group -Ni II (OAc)2/bipy (1:1 ratio, 10 mol%) in 1,4-dioxane at 140 °C in the presence of LiOt-Bu, see Scheme 58, A. We applied some minor modifications (lower catalyst loading -5 mol%, use of excess of iodobenzene) ‡ ‡ to test a series of our complexes bearing the developed CNHC,Calkyl-nickelacyclic motif (13, 15, [Ni II (acac){Mes-NHC-(CH2)2CH(CN)}] (21), Scheme 91). The obtained results showed the inactivity of electron-rich half-sandwich complex 13. In contrast, the unsaturated complexes 15

and 21 allowed 51 and 24% conversion of benzothiazole, respectively. The importance of an easily accessible coordination sphere was highlighted with the tripling of performance of 15 vs.

21; thereby validating our strategy of Cp removal (see Chapter 2).

Scheme 91. Precatalyst screening for benzothiazole direct functionalization with iodobenzene. GC conversion values (%) are the average of at least two runs.

Adopting the best performing complex 15, selected reaction parameters were varied (Table 8) from the benchmark conditions (entry 1). First, lowering the reaction temperature to 90 °C led to no conversion (entry 2). Increasing the number of equivalents (3 equiv.) of iodobenzene did not alter the conversion (entry 3), indicating that a competing dehalogenation reaction is not limiting the reaction. The effect of catalyst charge was then studied (entries 4-6).

Lowering the catalyst charge to 3 mol% (entry 4) halved the conversion. In contrast, doubling to 10 mol% did not provide significantly better conversion (entry 5), and further increasing it to 15 mol% proved highly detrimental to the conversion (entry 6), possibly by favoring competing reactions. Increasing the reaction time to 18 h (entry 7) proved beneficial achiving 69% conversion. Next, a series of bases was screened (entries 8-15). The obtained results clearly show the importance of LiOt-Bu as the sole fitting base for this reaction, as no coupling was observed for any other base studied. Changing the alkali cation (entries 8 and 9) led to no conversion, demonstrating the importance of lithium as a counter-cation. ‡ ‡ Iodobenzene was used in excess to avoid competing dehalogenation reaction. 288 Weaker inorganic bases (entries 10-12) and hydroxides (entries 13-14) also gave no conversion, even when bearing the lithium cation (entry 13). Organic base NEt3 (entry 14) was also ineffective. Finally, allowing the reaction to proceed until 36 h (entry 16) allowed to increase the conversion to 78%.

With these optimized conditions in hand (Table 8, entry 7) § § we compared the activities of the different cationic CNHC,Calkyl-nickealcycles 13-16 in this reaction (Scheme 92). Both five- § § For practical reasons, a reaction time of 18 h was chosen instead of the optimal 36 h.

Chapter 3 -Catalytic C-H functionalization of O,S-azoles 142 membered metallacycles 13 and 14, showed moderate to good conversions (57 and 66%), with the N-mesityl substituted 14 being the better of the two. Interestingly, comparison with the benchmark 15 shows essentially no effect of the metallacycle size on conversion. Finally, the bulkier 16 shows a very poor 8% conversion. While steric bulk might contribute to this disappointing result, such a large difference from 15 is striking and might instead suggest catalyst deactivation by ligand degradation as the reason for such a poor conversion. 280 In summary, the metallacycle size seems to have little influence on the reaction but N-mesityl substituted NHCs give the highest conversions. We thus reprised 15 and the optimized conditions (Table 8, entry 16) and studied the scope of heteroarylation of different haloarenes and N,chalcogen-azoles (Table 9). A difference in substrate conversion (78%) and isolated product yield (43%) can be seen in the coupling of benzothiazole and iodobenzene (entry 1). This suggests that competing reactions take place during the reaction. No conversion was observed when using chlorobenzene or 4-bromotoluene (entries 2 and 4). The addition of alkali metal iodides (NaI, KI) to the coupling with 4-bromotoluene, for in situ formation of the iodoarene, 281 did not lead to substrate conversion (entry 5). The electronic effect of different substituents in the p-position of iodobenzene was then studied (entries 3, 6-9).

Chapter 3 -Catalytic C-H functionalization of O,S-azoles 143 (entry 7) gave the best result with a moderate 58% isolated yield. However, -CN (entry 8) gave a yield similar to iodobenzene (45% isolated yield), and -Cl (entry 9) gave a poor 14% isolated yield. It should be noted that these last two examples might be "non-innocent": the cationic CNHC,Calkyl-nickelacycles 13-16 have shown a great affinity to nitrile groups which might compete with the reactive iodide; and these complexes have shown some intolerance to chlorinated molecules (entry 2 and see Chapter 2). Also, only the iodide position was reactive forming exclusively the 2-(4-chlorobenzene)benzothiazole product. We then assessed if osubstituted iodoarenes could be coupled (entries 10 and 11). A poor isolated yield (13%) was obtained when using a o-Me substituent (entry 10), and no coupling product was observed when an o-Ph group was introduced (entry 11). We then studied the scope of azoles in this reaction (entries 12-16). Arylation of simple thiazole (entry 12) and oxazole (entry 13) were unselective and gave complex mixtures of coupling products. Blocking the C( 4) and/or C( 5)

position of these azoles (entries 14 and 15) gave the desired coupling products in low isolated yields (17-11%). Surprisingly, benzoxazole (entry 16) showed no reactivity in these reaction conditions. Disappointingly this catalyst system has proven to be neither very active, with isolated yields being moderate at best, nor broadly applicable, with only benzothiazole and a limited set of iodoarenes being moderately coupled. Oddly, although benzothiazole is often a more challenging substrate to couple than benzoxazole, it was the most reactive here.

A series of mechanistic tests was carried out as a way to overcome the limitations of the present catalytic system (Table 10). Coligand acetylacetonate (acac, entry 1) was added to test the importance of keeping open coordination positions or inversely of facilitating the stabilization of the catalyst resting state after it was formed, and was found to fully quench the reaction. Interestingly, this contrasts with what is observed in the early catalyst screening (see Scheme 91) where 21 was still somewhat active in the reaction. This leaves open whether the acac anion deactivated the in situ generated active species or, if the presence of K + in the mixture interferes with the reaction, given the high sensitivity to the base's counter-cation observed earlier (see Table 8). Furthermore, hypothesizing that the catalyst's solubility could be an issue, MeCN was added, but resulted in no improvement was observed (entry 2). Finally, the radical initiator azaisobutyronitrile (AIBN) was added, revealing the system's sensitivity to radicals by reducing the conversion (entry 3). This radical initiator could however not trigger the reaction in the absence of nickel complex 15 (entry 4). Developing on this sensitivity to radicals, we then ran a radical trap experiment using the free radical 2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO). Even with catalytic amounts

(5 mol%) of the latter, the reaction was fully quenched (Scheme 92). This reinforced the hypothesis of the involvement of radical species in the reaction mechanism, put forward above (see Table 10).

Scheme 93. Radical trap experiment using TEMPO.

Furthermore, detailed analyses of the reaction mixture identified the systematic formation of a small amount (< 5% yield) of 2,2'-bisbenzothiazole as a byproduct. The formation of this product suggested the initial reduction of the Ni(II) precursor to a Ni(0) species akin to what was postulated by Itami et al. 239 (see Scheme 86). To test this hypothesis we carried out a control experiment using a substoichiometric amount of nickel complex with freshly prepared lithiated benzothiazole. The formation of 2,2'-bisbenzothiazole was observed in 32% yield vs. Ni (Scheme 94, A). To confirm whether this mechanism would be operable under our reaction conditions we then ran a control experiment in the absence of iodobenzene (Scheme 94, B). The dimer, 2,2'-bisbenzothiazole, was obtained as a product in 93% yield based on Ni. Despite the high efficiency in consuming nickel, the reaction does not proceed to consume all the benzothizazole. This is consistent with the dimerization taking place at the start of the reaction, possibly acting as a catalyst activation step.

To obtain further insight into the mechanism, we sought to determine the nature of the reduced nickel species generated from benzothiazole dimerization; as a molecular low-valent

Ni species or, as metallic particles. For that purpose, we conducted a Hg poisoning experiment.

Thus, carrying out the coupling of benzothiazole with iodobenzene in the presence of 120 equiv. of Hg (relative to nickel) led to the formation of 2,2′-bisbenzothiazole in the same proportions as in a typical catalytic run (Scheme 95). However, almost complete inhibition of the heterocoupling was observed thus suggesting that a process catalysed by nickel particles could follow the initial reduction of the nickel(II) precatalyst. *** Scheme 95. Mercury drop poisoning test.

These results paint a complex mixture at play in this catalytic reaction. If it seems that the reaction starts by sacrificial substrate dimerization to generate a reduced Ni(0) species, this species' role is unclear. The Hg poisoning test is wholly consistent with the generation of *** We present no control experiment to account for the possible reaction between a putative Ni(0) molecular species with Hg(0) (see page 139, footnote † † for a discussion of this problematic) in lieu of an amalgam formation as we were only made aware of the this possibility during the preparation of this manuscript.

Chapter 3 -Catalytic C-H functionalization of O,S-azoles 147 a Ni(0) species, likely heterogeneous metal particles, but this fails to explain the high sensitivity to the presence of free radicals. Albeit purely speculative, this suggests that the Ni(0) species would not be the active catalyst but that it might undergo disproportionation reactions 27 to generate the true catalyst species as a radical species.

II.2. Benzothiazole Csp3 cross-coupling

In parallel to the study of the CNHC,Calkyl-nickelacycles' activity for the direct arylation of 26) (Scheme 96), 124 for the coupling of benzothiazole with iodobenzene or 4-bromotoluene under similar conditions, but, to our disappointment, all complexes proved totally inactive in the direct arylation of benzothiazole (Table 11). proposed as intermediates in C-H/C-X couplings between heteroarenes and aryl, alkenyl or alkyl electrophiles, 237,239,248,249,271,273,[282][283][284] they remain very rare. We are indeed aware of only four related P,C,N-Pd [285][286][287] and N,N,N-Ni 273 pincer species, which have been isolated with a benzothiazolyl ligand and demonstrated to be intermediates in similar couplings. Thus,

although it obviously constitutes a potential energy well, complex 27 is an interesting example of azolyl trapping in such (attempted) direct coupling.

To confirm the identity of 27, complex 23 was treated with a small excess of benzothiazole (1.2 equiv.) in the presence of KHMDS as a base in toluene at room temperature (Scheme 98). The resulting complex was isolated in 80% yield as an air-stable green-brown powder after work-up. Full characterization by 1 H and 13 C { 1 H} NMR, HRMS spectroscopies and CHN microanalyses confirmed the expected formulation. Thus, for instance, the 1 H NMR spectrum of 27 no longer displays the H(2) proton of benzothiazole, but displays the H( 5) and H( 6) protons as two apparent triplets at 7.12 and 6.98 ppm, as seen in the spectra of the catalytic attempts (vide supra), and the H( 4) and H( 7) protons as two doublets at 7.58 and 7.51

ppm. The Cp and NHC-Mes2 protons are found at typical values for Ni II Cp(NHC) compounds. 86,124,135,147,[288][289][290] Regarding the 13 C { 1 H} NMR spectrum, the C(2) carbon of the benzothiazolyl moiety is observed at 176.0 ppm, which is significantly downfield when compared to the corresponding carbon of benzothiazole (153.8 ppm), 291 and thus confirms its metallation. 273 In addition, it is worth mentioning that the CNHC signal of 27 is downfield shifted (177.9 ppm) when compared to that of 23 (165.9 ppm), 147 which likely indicates a decrease in the Lewis acid character of the nickel centre caused by an increase in the 𝜎-donor ability of the ancillary ligand, 71,[292][293][294] similarly to what is observed with the phenyl and methyl A single crystal X-ray diffraction study of complex 27 corroborated the NMR data and confirmed the molecule's structure (Figure 40). Key bond distances and bond angles are listed 2), the nickel atom is essentially in a planar environment as is typically observed in similar two-legged piano-stool NiCp(NHC) complexes. 86,124,135,147,[288][289][290] The thermal stability in solution of complex 27 is remarkable when the harsh reaction conditions (pressure, 140 °C, 36 h) under which it was first formed are considered. This stability can be related to that observed for bis-NHC [Ni II (Cp)(NHC 1 )(NHC 2 )] + complexes 130 and the nickelacycles 9-12. Furthermore the inertness of this intermediate is again in line with the hypothesis that a labile coordination position is required in these half-sandwich platforms to be reactive.

At this time we became aware of a report detailing mechanistic studies by Punji's group 273 on a square planar Ni-benzothiazolyl complex isolated as a reaction intermediate in the catalytic alkylation of azoles (see Scheme 90). We thus decided to test whether complex Excited by this result, but wary that our observed putative intermediate 27 would in fact be inert in the reaction, we decided to test it in the alkylation reaction. To our delight it proved to be even more efficient than complex 23 (Scheme 100). Furthermore, a control experiment in the absence of any nickel complex gave no yield, as observed by GC, allowing us to affirm that indeed the nickel-NHC complexes are needed for the reaction to take place.

Scheme 100. Alkylation of benzothiazole catalyzed by 27.

With a potentially interesting reaction at hand we decided to begin optimizing the reaction parameters (Table 12). From the initial reaction conditions (entry 1) we began by reducing the excess of iodoalkane (entry 2), which led to a large drop of the yield (-24%). We then screened a series of inorganic bases (entries 3-8). Varying the counter-cation from Li + (entry 1) to Na + (entry 3) or K + (entry 4) led to no product formation, as for the benzothiazole arylation reaction (vide supra), but showed a high conversion of benzothiazole. 1 H NMR analysis of the crude reaction mixtures reveals, in addition to peaks attributable to unreacted chemicals, small amounts of mixtures in the aromatic region and large indistinguishable peaks in the aliphatic region. We then tried common alternative bases, such as Cs2CO3 (entry 5) and K3PO4 (entry 6) both of which failed to give the coupling product, but also showed only minor benzothiazole substrate conversion. Given the importance that Li + has shown, we then sought to use other Li bases such as Li2CO3 (entry 7) and LiOH (entry 8), but these two were also ineffective. Then we looked to see whether the acyclic ether DME (entry 9) or the hydrocarbon toluene (entry 10) could also be suitable for this reaction, but they resulted only in poor yields (<20%). At this point, we revisited the the remaining Ni II CpNHC complexes 24-26 inactive in benzothiazole arylation (entries 11-13). The higher steric bulk of 24 (entry 11) led to a marked halving of the yield, but gratifyingly Cp* substituted 25 (entry 12) gave the best yield up to this point (53%), finally the cationic complex 26 behaved poorly with a 26% yield (entry 13). Using complex 25 and halving the catalytic charge (entry 14) led to a loss of yield, while at the same time increasing the catalytic charge to 7.5 mol% (entry 15) also failed to improve the reaction yield. At this point we revisited the issue of iodoalkane excess and used 2 equiv. of 1-iododecane (entry 16) but the yield remained the same (entry 12). Lastly, we increased the reaction temperature to 120 °C (entry 17) to obtain our best yield of 60%. From this optimization study some remarks can be made. As commonly observed in azole C-H functionalization reactions the choice of base is crucial and, more often than not, this choice is LiOt-Bu. To our surprise, the other alkoxide bases (NaOt-Bu and KOt-Bu) also gave considerable conversion of the benzothiazole substrate without producing the desired 2-decylbenzothiazole coupling product. This strongly suggests that competing reactions are taking place by virtue of the alkoxide and might explain the discrepancy between substrate conversion and product yield.

Observing that both the benzothiazolyl complex 27 and the Cp* complex 25 both outperformed complex 23, we remarked the apparent importance of enriching the electron-Chapter 3 -Catalytic C-H functionalization of O,S-azoles 154 density at the Ni(II) center to improve performance. This can be firstly related by each complex's CNHC chemical shift (23: 165.9 ppm, 147 25: 177.1 ppm, 296 27: 177.9 ppm) but this value does not always accurately reflect a complex's electronic properties. 290 To better understand this relationship between metal electron-density and catalytic performance we decided to undertake electrochemical studies on selected complexes.

To this end, the complex [Ni II (btz)(Cp*)(NHC-Mes2)] (btz = 2-benzothiazolyl) (28) was synthetized (Scheme 101). Dissolving 25 and benzothiazole in toluene followed by addition of a slight excess of a 0.5 M solution of KHMDS toluene, gave an olive brown mixture that upon filtration over activated neutral Al2O3 and solvent removal yielded an olive solid. The solid was characterized by 1 H and 13 C { 1 H} NMR (benzene-d6), which show shifts similar to those of 25.

An immediate difference from parent chloride complex 25 is that the NHC ligand's heterocyclic Ni(II)-btz species is involved in the iodine atom transfer reaction, a Ni(III)-I complex can be generated and react with the alkyl radical. This would explain the relationship between ease of one-electron oxidation and catalytic activity as dictating the ease with which this Ni(III) species is formed.

On this basis we envisioned if it would be possible to further enrich the electron density of the metal, but using a different NHC ligand. Taking note of the adverse effect that modifying the steric environment of the NHC N-substituents might have on the catalytic activity (Table 12), we chose to test if increasing the NHC donor character by modification of the NHC backbone would be beneficial. As such we targeted the doubly backbone methylated 4,301 reported to be more electron-donating than NHC-Mes2 (Table 13) and having shown superior performance than NHC-Mes2 in other Ni-catalyzed systems. 302,303 Table 13. Comparison between the electron-donating strength of NHC-Mes2 and 4,[START_REF]Supercritical Fluids and Organometallic Compounds From Recovery of Trace Metals to Synthesis of Nanostructured Materials[END_REF] Me2NHC-Mes2. As such, we synthetized the new complex [Ni II Analysis of the 1 H NMR spectra of this complex gives a spectrum similar to that of complex We then tested complex 29 in the alkylation of benzothiazole by 1-iododecane (Scheme 103). The reaction proceeded to give a moderate isolated yield of 44% of 2-decylbenzothiazole, which does not significantly improve from that obtained with complex 25 (44% isolated yield).

Scheme 103. Catalytic alkylation of benzothiazole by 1-iododecane using complex 29.
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II.3. Conclusions

In conclusion, we have shown that the new cationic CNHCCalkyl-chelate Ni(II) complexes act as catalysts in the C-H functionalization of benzothiazole with iodoarenes. They showed low reactivity and scope of the reaction, but are the first example of a C,C-Ni chelate system as a catalyst in this reaction. More importantly, these complexes were active where half-sandwich nickel(II)-NHC catalysts, known in a series of other cross-coupling reactions were totally unreactive. We attribute this to the combined benefits from having both a chelating structure and very labile ligands, which mimics highly active pnictogen chelates active in this reaction.

Experiments to unveil the mechanistic steps of the reaction suggest that the complexes act as precatalysts that experience in situ reduction to a Ni(0) species, by azole dimerization.

This species seems however not to be the active catalyst as after it is apparently formed, the catalyst system displays a high sensitivity to even catalytic amounts of a radical trapping agent.

It is noteworthy that, Hg poisoning experiments suggest that this Ni(0) species is actually a form of metallic particles and not a discreet molecular entity. This suggests that the Ni(0) species would not be the active catalyst but that it might undergo disproportionation reactions to generate the true catalyst species as a radical species.

Serendipitous discovery of a CpNi(NHC)-benzothiazolyl complex formed as a reactional dead-end in the arylation reaction led to the study of the complementary alkylation reaction. The complex proved effective in the alkylation of benzothiazole with 1-iododecane and this reactivity could be exploited by known [NiClCp † (NHC)] type complexes. A direct correlation between the facility of the Ni-benzothiazolyl intermediate complexes to undergo a one-electron oxidation, and their performance as catalysts was established with recourse to electrochemical measurements.

The ease of one electron oxidation of the intermediate complexes and the propensity of iodoalkanes to generate reactive primary radical species both point to a mechanistic manifold involving odd-electron count intermediates, and most probably involving a Ni(III) species.

Experimental section with a saturated Na2S2O3 (aq.) solution, the aqueous phase extracted with Et2O thrice, dried over anhydrous MgSO4, filtered, evaporated and distilled over CaH2 under vacuum at temperature ≤ 135 °C, to give the product as a colorless liquid. They were then bubbled with argon or degassed by freeze-pump-thaw and stored under and argon atmosphere, kept from light and over a drop of mercury.

I.2. Methods

All reactions involving organometallic compounds were carried out using Schlenk techniques or in a glovebox using argon as working gas, unless otherwise noted. The crystal-detector distance was 38 mm. The cell parameters were determined (APEX2 software) from reflections taken from three sets of twelve frames, each at ten second exposure.

The structure was solved using direct methods with SHELXS-97 and refined against F 2 for all reflections using SHELXL-97 software. 316,317 A semi-empirical absorption correction was applied using SADABS in APEX II. 318 All non-hydrogen atoms were refined with anisotropic displacement parameters, using weighted full-matrix least-squares on F 2 . Hydrogen atoms were included at calculated positions and treated as riding atoms using SHELXL default parameters. GC sample preparation: the reaction mixture was cooled to r. t., stirring stopped and an aliquot (15 mm 3 ) filtered over a Celite (1.5 × 0.5 cm)-cotton plug, diluted with an n-dodecane 130 𝜇M solution in ethyl acetate (5 cm 3 ). From this solution an aliquot (1 cm 3 ) was further diluted (Vtotal = 6 cm 3 ) and then analyzed by GC. If necessary, the more concentrated solution was also analyzed to quantify the more dilute analytes. Thereafter, the glassy carbon electrode was copiously washed with water and dried with paper towel and argon gas. The electrode was installed into the voltammetry cell along with a platinum wire counter electrode and the reference. The solutions containing ca. 1 mM of the titled complexes were vigorously stirred and purged with O2-free (Sigma Oxiclear cartridge) argon for 15 minutes before the voltammetry experiment was initiated, and maintained under an argon atmosphere during the measurement procedure. The voltammograms were recorded at room temperature (23(1) °C) in MeCN with 100 mM tetra-n-butylammonium hexafluorophosphate as supporting and inert electrolyte. 319 For the CV measurements, the voltage sweep rate was varied from 50 to 300 mV s -1 and several cyclic voltammograms were recorded from +0.5 V to -2.2 V. Peak potentials were measured at a scan rate of 200 mV s -1 unless otherwise indicated. (2 cm 3 ) and triturated with n-pentane until a beige solid precipitated that was then washed with ethyl acetate (1 × 50 cm 3 overnight, and 2 × 30 cm 3 for 1 h) and dried under vacuum to yield the title compound. (1.46 g, 4.42 mmol, 56%). Anal. Calcd for C19H26ClN3: C, 68.76; H, 7.90; N, 12.66. Found: C, 68.73; H, 7.94; N, 12.52. HR-MS (ESI): m/z calcd for C19H26N3 296.2121, found 296.2128. 1 H NMR (CDCl3, 300.13 MHz): 𝛿 10.65 (t, 4 J n. r., 1H, NCHN), 8.44 (t, 3 J n. r., 1H, NCH), 7.55 (t, 3 J = 1.8, 1H, p-Ar), 7.31 (d, 3 J = 8.1, 2H, m-HAr), 7.20 (t, 3 J = 1.8, 1H, NCH), 5.04 (t, 3 J = 6.9, 2H, CHMe2), 2.78 (t, 3 J = 6.9, 2H, CH2CN), 2.51 (quint., 3 J = 6.9, 2H, CH2), 2.31 (sept., 3 J = 6.9, 2H, CHMe2), 1.22 (d, 3 J = 6.9, 6H, CHMe2), 1.16 (d, 3 J = 6.9, 6H, CHMe2). Complex 5 was prepared by a modified literature procedure. 128 Nickelocene (6.83 mmol, 1.29 g, 1.1 equiv.) and 1 (6.01 mmol, 1.58 g) were refluxed in toluene (80 cm 3 ) for 2 days. The mixture progressively turned from dark green to black. The reaction mixture was cooled to r. t. the solvent evaporated. The residue was then extracted with THF and loaded onto a SiO2 (43-60 𝜇m, 6 × Ø3 cm) pad that was then eluted with THF and the second dark red fraction recovered. This fraction was then concentrated to circa 10 cm 3 and layered with n-hexane (1:6 ratio) and cooled to -28 °C overnight to precipitate a dark red solid. The supernatant was filtered off and the solid washed with dry n-hexane (3 × 10 cm 3 ) and dried under vacuum to give the title compound as a dark red powder (1.11 Nickelocene (4.60 mmol, 868 g, 1.5 equiv.) and 2 (3.06 mmol, 981 mg) were refluxed in THF (30 cm 3 ) for 4 days. The mixture progressively turned from dark green to cherry red. After 4 days the reaction mixture was cooled to r. t. and filtered over a degassed Celite pad (4 × Ø3 cm) that was then washed with THF until the washings were colorless. The solvent was then evaporated and the residue washed with dry n-pentane until the washings came out colorless. The resulting solid was then dried overnight to afford the title compound as a pink powder (802 mg, 1.81 mmol, 59% yield). Anal. Calcd for C20H22N3NiBr: C, 54.22; H, 5.01; N, 9.49. Found: C, 54.48; H, 4.97; N, 9.10. 1 H NMR (CDCl3, 300.13 MHz): 𝛿 7.37 (d, 3 J = 1.5, 1H, NCH), 7.09 (s, 2H, m-H), 6.92 (d, 3 J = 1.5, 1H, NCH), 5.30 (t, 3 J = 6.0, 2H, NCH2), 4.80 (s, 5H, C5H5), 3.44 (t, 3 J = 6.0, 2H, CH2CN), 2.43 (s, 3H, p-Me), 2.13 (s br., 6H, o-Me). 13 Nickelocene (6.81 mmol, 1.29 g, 1.5 equiv.) and 4 (4.54 mmol, 1.51 g) were refluxed in THF (45 cm 3 ) for 19 h. The mixture progressively turned from dark green to purple-red. The reaction mixture was cooled to r. t., diluted in THF (40 cm 3 ) and filtered over a Celite pad (4 × Ø3 cm) that was then rinsed with THF until the washings were colorless. The solvent was then evaporated and the residue washed with dry n-pentane until the washings came out colorless.

II. Synthetic procedures

The pink powder was then dissolved in toluene, and filtered through a SiO2 pad (43-60 𝜇m, 4 × Ø3 cm) that was rinsed with toluene until the washings were colorless. The resulting dark pink solution was then evaporated and the resulting solid dried overnight under vacuum at 60 °C to afford the title compound as a pink powder (1.12 g, 2.47 mmol, 54%). Anal. calcd for C24H30N3NiCl: C, 63.40;H,6.65;N,9.24. Found: C,63.43;H,6.61;N,9.24. 1 H NMR (CDCl3,300.13 MHz): 𝛿 7.57 (t, 3 J = 7.7, 1H, p-H), 7.40 (d, 3 J = 7.7, 2H, m-H), 7.21 (d, 3 J = 2.0, 1H, NCH), 6.96 (d, 3 J = 2.0, 1H, NCH), 5.20 (t, 3 J = 6.8, 2H, NCH2), 4.69 (s, 5H, C5H5), 2.60 (m, 6H, CH2CH2CN and CHMe2), 1.37 (d, 3 J = 6.6, 6H, CHMe2), 1.05 (d, 3 J = 6.6, 6H, CHMe2). Complex 9 was prepared by a modified literature procedure. 128 A 0.5 M solution of KHMDS in toluene (1.20 mmol, 2.4 cm 3 , 1 equiv.) was added dropwise to a dark pink solution of 5 (1.18 mmol, 524 mg) suspended in toluene (11 cm 3 ) at r. t. The mixture gradually became a dark olive thick suspension as the addition progressed. The reaction mixture was stirred for 1 h and was filtered through a Celite pad (4 × Ø3 cm) that was rinsed with toluene until the washings were colorless (note: the dark brown degradation products on the top of the Celite pad rendered the filtration slow). The collected dark olive solution was then evaporated, and the residue was extracted with toluene and applied onto an alumina column (7 × Ø3 cm) that was eluted with toluene to give a light blue fraction, and with THF to recover a dark green solution. The dark green solution was then evaporated under vacuum, and the residue was washed with n-pentane (3 × 3 cm 3 ) and dried under vacuum overnight, to afford the title compound as a green powder (121 mg, 0.334 mmol, 28%). II.2.5. Compound 10: [Ni II (Cp){Mes-NHC-(CH2)CH(CN)}] A 0.5 M solution of KHMDS in toluene (1.20 mmol, 2.4 mL) was added dropwise to a dark pink solution of 6 (1.18 mmol, 524 mg) suspended in toluene (11 cm 3 ) at r. t. The resulting dark olive mixture was stirred for 1 h and was filtered through a Celite pad (4 × Ø3 cm) that was rinsed with toluene until the washings were colorless (note: the dark brown degradation products on the top of the Celite pad rendered the filtration slow). The collected dark olive solution was then evaporated, and the residue was extracted with toluene and applied onto an alumina column (7 × Ø5 cm) that was eluted with toluene to give a light blue fraction, and with THF to recover a dark green solution. The dark green solution was then evaporated under vacuum, and the residue was washed with n-pentane (3 × 3 cm 3 ) and dried under vacuum overnight, to afford the title compound as a green powder (121 mg, 0.334 mmol, 28%). Anal. calcd for C20H21N3Ni: C, 66.34;H,5.85;N,11.61. Found: C,66.20;H,5.89;N,11.26. 1 H NMR (CDCl3,300.13 MHz): 𝛿 6.99 (s, 1H, m-H), 6.97 (s, 1H, m-H), 6.96 (d, 3 Complex 11 was prepared by a modified literature procedure. 128 A 0.5 M solution of KHMDS in toluene (2.89 mmol, 5.78 cm 3 ) was added dropwise to a dark pink solution of 7 (2.89 mmol, 1.19 g) suspended in toluene (24 cm 3 ) at r. t. The resulting dark olive mixture was stirred for 2 h and was filtered through a Celite pad (4 × Ø3 cm) that was rinsed with toluene until the washings were colorless (note: the dark brown degradation products on the top of the Celite pad rendered the filtration slow). The collected dark green solution was then evaporated under vacuum, and the residue was washed with n-pentane (3 × 10 cm 3 ) and dried under vacuum overnight to afford the title compound as a dark green powder (715 mg, 1.90 mmol, 66%). II.2.6. Compound 12: [Ni II (Cp){DIPP-NHC-(CH2)2CH(CN)}] A 0.5 M solution of KHMDS in toluene (2.50 mmol, 5 cm 3 ) was added dropwise to a dark pink solution of 8 (2.47 mmol, 1.12 g) in toluene (20 cm 3 ) at r. t. The resulting dark green mixture was stirred for 1 h and was filtered through a Celite pad (4 × Ø3 cm) that was rinsed with toluene until the washings were colorless (note: the dark brown degradation products on the top of the Celite pad rendered the filtration slow). The collected dark green solution was then evaporated under vacuum, and the residue was washed with n-pentane (3 × 10 cm 3 ) and dried under vacuum for 3 h to afford the title compound as a green powder (665 mg, 1.59 mmol, 64%). Anal. calcd for C24H29N3Ni: C, 68.93; H, 6.99; N, 10.05. Found: C, 69.19; H, 7.01; N, 10.02. 1 H NMR (CDCl3, 300.13 MHz): 𝛿 7.49 (t, 3 J = 7.8, 1H, p-H), 7.34 (dd, 3 J = 7.8, 4 J = 1.4, 1H, m-H), 7.27 (dd, 3 J = 7.8, 4 J = 1.4, 1H, m-H), 7.05 (d, 3 J = 2.1, 1H, NCH), 6.73 (d, 3 J = 2.1, 1H, NCH), 4.67 (s, 5H, C5H5), 4.01 (m, 1H, NCH2), 3.84 (m, 1H, NCH2), 2.78 (sept, 3 J = 6.9, 1H, CHMe2), 2.44 (sept, 3 J = 6.9, 1H, CHMe2), 2.15 (t, 3 J = 6.6, 1H, CHCN), 1.68 (m, 1H, CH2), 1.51 (d, 3 J = 6.9, 3H, CHMe2), 1.43 (m, 1H, CH2), 1.34 (d, 3 J = 6.9, 3H, CHMe2), 1.07 (d, 3 J = 6.9, 3H, CHMe2), 1.02 (d, 3 J = 6.9, 3H, CHMe2). 13 Aqueous HCl (37%) diluted in acetonitrile to 1.0 M (1.06 mmol, 1.06 cm 3 , 1 equiv.) was added dropwise to an equimolar amount of a dark green suspension of 9 (1.07 mmol, 277 mg) and KPF6 (1.06 mmol, 196 mg) in acetonitrile (16 cm 3 ) at 0 °C. The reaction mixture rapidly turned ochre yellow and was stirred for 10 min at 0 °C before being warmed to r. t. and filtered on a Celite pad (4 × Ø3 cm), which was subsequently rinsed with acetonitrile until the washings were colorless. Volatiles were evaporated under vacuum, and the resulting solid was washed with pentane (3 × 3 cm 3 ), and dried overnight under vacuum at r. t. to afford the title compound as a dark yellow solid (380 mg, 1.00 mmol, 95%). Anal. calcd for C9H11F6N4NiP: C, 28.53; H, 2.93; N, 14.79. Found: C, 28.78; H, 3.00; N, 12.99 Aqueous HCl (37%) diluted in acetonitrile to 1.0 M (0.130 mmol, 0.13 cm 3 , 1 equiv.) was added dropwise to an equimolar amount of a dark green suspension of 10 (0.133 mmol, 48 mg) and KPF6 (0.125 mmol, 23 mg, 0.95 equiv.) in acetonitrile (2 cm 3 ) at 0 °C. The reaction mixture rapidly turned ocher yellow and was stirred for 10 min at 0 °C, before being warmed to r. t. and filtered on a Celite pad (4 × Ø3 cm) that was rinsed with acetonitrile until the washings were colorless. Volatiles were evaporated under vacuum, and the resulting solid was washed with n-pentane (3 × 2 cm 3 ), and dried overnight under vacuum at r. t. to afford the title complound as a dark yellow solid (52 mg, 0.108 mmol, 86%). Anal. calcd for C17H19F6N4NiP: C, 42.27; H, 3.97; N, 11.60. Found: C, 41.68; H, 4.07; N, 11.30 6 (br., CNHC), 140.6 136.5, 136.2, 135.8 (ipso-, p-, o-CAr), 130.0 and 129.8 (m-CAr), 125.5 and 120.4 (NCH), 53.1 (NCH2), 21.0 (p-Me), 17.9 and 17.6 (o-Me), 7.8 (Calkyl). ), 139.7, 135.2, 134.7, 134.3 (ipso-, p-, o-CAr), 129.8 (m-CAr), 126.6 (CHCN), 125.7 and 120.4 (NCH), 117.9 (free CH3CN), 53.2 (NCH2), III. Catalytic reactions III.1. Benzothiazole arylation Typical procedure: an oven dried Schlenk tube equipped with a magnetic stir bar was charged with 15 (0.020 mmol, 10 mg, 5 mol%), LiOt-Bu (0.737 mmol, 59 mg, 2 equiv.), benzothiazole (0.369 mmol, 50 mg, 40 mm 3 ) and iodobenzene (0.536 mmol, 112 mg, 60 mm 3 , 1.5 equiv.) and 1,4-dioxane (3 cm 3 ), and sealed. The Schlenk tube was then introduced into an oil bath that was heated up to a temperature of 140 °C. After 36 h, the reaction medium was cooled to room temperature, and the volatiles were evaporated under high vacuum. The resulting brown residue was extracted with diethyl ether and filtered over a silica pad (43-60 𝜇m, 2.5 × ∅1 cm).

The collected filtrate was then concentrated under vacuum, and loaded onto a silica column (Merck Silica Gel 60 -mesh size 43-60 𝜇m; 28 × ∅3.5 cm) pre-wet with petroleum ether (bp. 40-70 °C). Elution with a petroleum ether/ethyl acetate mixture (benzothiazole derivatives: 98/2; other azoles: 90/10) afforded the coupling product.

III.2. Benzothiazole alkylation

Typical procedure: an oven dried Schlenk tube (5 cm 3 ) with a Teflon ligned screw cap was charged with 25 (0.024 mmol, 13 mg, 5 mol%), and white powder LiOt-Bu (1.049 mmol, 84 mg, 2 equiv.). The solids were degassed and put under an Ar flow. Colorless liquids benzothiazole (0.502 mmol, 67.9 mg, 54.7 mm 3 ) and 1-iododecane (0.750 mmol, 201.1 mg, 160 mm 3 , 1.5 equiv.) were added followed by 1,4-dioxane (1 cm 3 ) and the system closed. The reaction mixture was stirred for 30 seconds at r. t. and then heated in an oil bath pre-heated to 120 °C. After 16 h the reaction mixture was cooled to r. t., quenched with water (5 cm 3 ), diluted with HCl 2 M (aq.) (1 cm 3 ). It was then extracted with ethyl acetate (3 × 15 cm 3 ), dried over anhydrous MgSO4, filtered and evaporated. The crude was extracted in a toluene/n-hexane mixture and loaded onto a silica gel column (43-60 𝜇m; 4 × ∅5 cm) column packed in n-hexane.

The column was slowly eluted (NOTE: the solvent level above the column must remain less than 1 cm in height or the weight of the solvent will be enough to mix the fractions) and the first fraction, collected and evaporated. The resulting dark yellow oil was then extracted in toluene and reloaded onto a silica gel column (60-200 𝜇m; 6 × ∅2 cm) and eluted with pure toluene to recover the third fraction, that was then concentrated, evaporated and dried under vacuum to give 2-decylbenzothiazole as a yellow oil (61 mg, 0.221 mmol, 44%). 8.12-8.07 (m, 3H), 7.92 (d, 3 J = 7.8, 1H), 7.53-7.47 (m, 4H) 7.39 (ddd, 3 J = 8.1, 3 J = 7.2, 4 J = 1.2, 1 H). 13 C { 1 H} NMR (CDCl3, 75 MHz): 𝛿 168.2 (NCS), 154.3 (NCCH), 135.2, 133.8, 131.1, 129.1 (C6H5), 127.7 (C6H5), 126.4, 125.3, 123.4, 121.7. 6, 135.1, 131.1, 129.9, 127.7, 126.4, 125.2, 123.2, 121.7, 21.7 (CH3). 134.9, 129.3 (C6H4OMe), 126.5, 126.4, 125.0, 122.9, 121.7, 114.5 (C6H4OMe), 55.6 (OCH3). (NCS), 154. 1 (NCCH), 137.6, 135.4, 132.9 (C6H4CN), 128.0 (C6H4CN), 127.0, 126.2, 123.9, 121.9, 118.4 (CN), 114.2 (CCN). ),137.0,135.4,132.6 (q,2 JC,F = 32.6,CCF3), 127.9 (C6H4CF3), 126.8, 126.2 (q, 3 JC,F = 3.6, C6H4CF3) 124.0 (q, 1 JC,F = 270.8, CF3), 123.8, 121.9. 323 1 H NMR (CDCl3, 400 MHz): 𝛿 8.07 (ddd, 3 J = 8.0, 4 J n. r., [START_REF]Supercritical Fluids and Organometallic Compounds From Recovery of Trace Metals to Synthesis of Nanostructured Materials[END_REF] J n. r., 1H, C6H4NS), 8.03 (d, 3 J = 8.6, 2H, C6H4Cl), 7.90 (ddd, 3 J = 8.0, 4 J n. r., [START_REF]Supercritical Fluids and Organometallic Compounds From Recovery of Trace Metals to Synthesis of Nanostructured Materials[END_REF] J n. r., 1 H, C6H4NS), 7.50 (ddd, 3 J = 8.0, 3 J = 7.2, 4 J = 0.8, 1H, C6H4NS), 7.46 (d, 3 J = 8.6, 2H, C6H4Cl), 7.41 (ddd, 3 J = 8.0, 3 J = 7.2, 4 J = 0.8, 1H, C6H4NS). 13 C { 1 H} NMR (CDCl3, 75 MHz): 𝛿 166.7 (NCS), 154.2 (NCCH), 137. 2, 135.2, 132.3, 129.4 (C6H4Cl), 128.8 (C6H4Cl), 126.6, 125.6, 123.4, 121.8. 237 1 H NMR (CDCl3, 500 MHz): 𝛿 8.14 (d, 3 J = 8.0, 1H), 7.94 (d, 3 J = 8.0, 1H), 7.79 (dd, 3 J = 8.0, 4 J = 1.0, 1H), 7.53 (ddd, 3 J = 8.5, 3 J = 7.5, 4 J = 1.0, 1H), 7.44-7.31 (m, 4H), 2.69 (s, 3 H, CH3). 13 C { 1 H} NMR (CDCl3, 125 MHz): 𝛿 168.1 (NCS), 153.9 (NCCH), 137. 3, 135.7, 133.2, 131.6, 130.6, 130.1, 126.2, 126.2, 125.2, 123.5, 121.4, 21.5 (CH3). H NMR (CDCl3, 500 MHz): 𝛿 8.12 (dd, 3 J = 8.0, 4 J = 2.0, 2H, C6H5), 7.73 (dd, 3 J = 8.5, 4 J = 1.5, 2H, C6H5), 6H,C6H5 and NCH),7.34 (ddd,1H,3 J = 7.5,C6H5). 13 C { 1 H} NMR (CDCl3, 125 MHz): 𝛿 161.2 (NCO), 151. 4 (OCPh), 130.4, 129.0, 128.9, 128.5, 128.1, 127.6, 126.4, 124.3, 123.6. .48-1.40 (m, 2H), 1.38-1.26 (m, H), 0.88 (t, 3 J = 6.4, 3H). 13 C { 1 H} NMR (CDCl3, 125.78 MHz): δ = 172. 6 (NCS), 153.4, 135.3, 126.0, 124.7, 122.6, 121.6, 34.5 (btz-CH2), 32.0, 29.9, 29.7, 29.6, 29.4, 29.3, 22.8, 14. 
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Figure 1 .

 1 Figure 1. Abondance des éléments dans la croûte terrestre, normalisée par rapport à l'abondance du silicium (10 6 atomes). Les métaux rares les plus populaires utilisés en catalyse homogène (Ru, Rh, Pd, Ir) se trouvent tous dans le quartile inférieur du graphique, tandis que leurs homologues 3d se trouvent dans la moitié supérieure du graphique.

Schéma 1 .

 1 Nickelation d'un ligand acétonitrile Par ailleurs, cette capacité à activer des liaisons Csp3-H en 𝛼 d'un groupe fonctionnel a également été utilisée pour la synthèse de nouveaux motifs organométalliques. Ainsi, des métallacycles, [Ni(𝜂 5 -C5H5){R-NHC-(CH2)nCH(CN)}] (𝜂 5 -C5H5 = Cp = cyclopentadiényle), comportant un ligand chélate 𝜅 2 -CNHC,Calkyle ont été obtenus par activation d'une liaison Csp3-H en 𝛼 du groupement nitrile de bras cyanoalkyles portés par le NHC (Schéma 2).

Schéma 2 .Schéma 3 .

 23 Synthèse de nickelacycles par activation d'une liaison C-H en 𝛼 d'un groupement nitrile. Cette nouvelle génération de complexes s'est révélée peu réactive, mais la mise au point ultérieure d'une méthode d'acidolyse sans précédent du ligand Cp pour un complexe à 18 électrons de valence, permettant de dégager des sites de coordination sur le nickel sans toucher aux autres liaisons Ni-C (Ni-NHC et Ni-alkyle) (Schéma 3), ouvrait des perspectives intéressantes. Acidolyse du ligand Cp générant des complexes cationiques stabilisés par la coordination de molécules de solvant. En effet, l'accès à ces chélates 𝜅 2 -CNHC,Calkyle-nickel(II), vraisemblablement de structure carré-plan et à 16 électrons de valence, et comportant des ligands acétonitrile en lieu et place du Cp était potentiellement très intéressante au vu de la grande labilité de ces derniers. Cependant, ces espèces restaient mal caractérisées et des doutes subsistaient quant à leur véritable formulation et structure. Dans l'optique de l'étude de leur activité pour des réactions de fonctionnalisation C(2)-H d'azoles et de celle de l'effet d'un motif C,C comme ligand chélate dans ces réactions, le premier objectif de cette thèse a ainsi été d'optimiser la synthèse, de caractériser, et d'établir de façon définitive la structure de ces espèces 2) Résultats et discussions 1. Synthèse et caractérisation des nickelacycles Une série de quatre complexes [Ni{R-NHC-(CH2)nCH(CN)}(MeCN)m]PF6 (2a-d) a été préparée via trois étapes optimisées. Ainsi, les complexes demi-sandwich parents a-d ont été

  NHC-(CH2)nCH(CN)}(MeCN)m]PF6 2a-d. Disposant d'une solide méthodologie de synthèse, les nickelacycles 2a-d ont ensuite été caractérisés par spectroscopie RMN 1 H et 13 C dans CD3CN et la pyridine-d5, spectroscopie IR, spectrométrie de masse et microanalyses CHN. Malgré de nombreux essais de recristallisation, leur structure n'a pas pu être établie par diffraction des rayons X. Les résultats de spectroscopie RMN 1 H montrent la présence d'un seul ligand acétonitrile par nickelacycle à l'état solide. En accord avec ces données, les spectres de masse à haute résolution de 2ad montrent tous un ion [nickelacycle-NCMe] + comme pic de base, et les analyses élémentaires confirment toutes une formulation avec une seul ligand acétonitrile par atome de nickel, excluant donc la possibilité de complexes à carré-plan à 16 électrons de valence à l'état solide. En absence d'un quatrième ligand pour compléter la sphère de coordination du nickel, la question de la structure des nickelacycles 2a-d à l'état solide était légitime. Une étude structurale par calculs DFT, conduite sur les métallacyles à 5 et 6 membres 2a et 2c, a révélé un faible coût énergétique pour la perte d'un ligand acétonitrile des espèces carré-plan existant probablement en solution (ΔG = 7-12 kcal/mol), qui devrait être facilement accessible par séchage sous vide (ΔG ‡ = 14 kcal/mol dans le cas de 2c). Deux structures avec un ligand acétonitrile ont pu être optimisée dans chaque cas : (i) une espèce de structure T à 14 électrons, et (ii) une espèce stabilisée par la coordination de côté du groupe nitrile de la chaine alkyle, cette dernière étant favorisée de 2,4 kcal/mol dans le cas du métallacycle à 6 membres 2c (Fig. 2).

Figure 2 .

 2 Figure 2. Energies libres des cations de 2a et 2c avec un ou deux ligands acétonitrile, et fréquences vibrationnelles calculées des liaisons C≡N.

Figure 3 .

 3 Figure 3. Détail des spectres expérimentales IR de 2c (noir), et des fréquences vibrationnelles calculées par DFT de 2c-NCMe-CN + (rouge), 2c-NCMe + (violet) et2c-(NCMe)2 + (bleu).

H et 31 PSchéma 6 .

 316 { 1 H} à température variable du complexe 4c ont révélé distinctement la présence de deux espèces phosphorées à basse température (-40 °C). En outre, des expériences de corrélation de RMN 1 H-31 P hétéronucléaires ont permis de montrer que ces deux espèces étaient reliées, suggérant ainsi qu'elles étaient deux formes d'un même complexe. Dans les deux cas (3c et 4c), des équilibres semblent donc être en jeu. Ainsi, dans le cas de 3c, le ligand PPh3, plus volumineux et avec une liason M-P plus faible, serait soumis à un échange avec le solvant MeCN pour donner le complexe 2c (Schéma 6, A et 2c). Dans le cas de 4c, en plus de ce phénomène, le ligand PMe3, plus petit et plus fortement lié au metal, subirait une isomérisation cis/trans pour donner deux isomères carré-plan mixtes N,P (Schéma 6, A et D) via des intermédiaires insaturés (Schéma 6, B et C). Equilibre chimique en solution (MeCN) déplace le ligand phosphine de 3c et 4c. En parallèle à ces travaux, voyant l'opportunité de réaliser un second exemple de nickelation d'un ligand acétonitrile par activation C-H (voir Schéma 1), avec à la clef la génération potentielle d'une espèce C,C,C-Ni, le complexe 2c a été traité avec KOt-Bu.

  {Mes-NHC-(CH2)2CH(CN)}]2 (5), et existant sous la forme de deux paires d'énantiomères RR-et SS-5, et RS-et SR-5 (seule la paire d'énantiomères RR-et SS-5 est présente dans le cristal). La présence d'un ligand hydroxyle pontant a été confirmée par l'observation d'une bande 𝜈O-H a 3628 cm -1 par spectroscopie IR.

Figure 4 .Schéma 7 .Tableau 1 .aSchéma 8 .Schéma 9 .Schéma 9 .

 471899 Figure 4. Structure de l'énantiomère RS du dimère 5 comportant des groupes hydroxyles pontants.

Figure 5 .

 5 Figure 5. Voltampérogrammes cycliques des complexes 8 et 9: 1 mM dans une solution à 0.1 M de n-BuNPF6 dans MeCN, avec une électrode de travail en carbone vitreux, une contreélectrode à fil de platine, et une électrode de référence Ag/AgCl, KCl 3 M. Vitesses de scan de 50, 100, 150, 200, 250 et 300 mV s -1 . Voltampérogrammes référencés par rapport au couple Fc/Fc + (2 mM) ; E = 0.48 vs. Ag/AgCl, KCl 3 M.

  conclusion, une série de quatre nickelacycles cationiques 2a-d comportant un robuste chélate 𝜅 2 -CNHC,Calkyle anionique a été synthétisée avec de très bons rendements via des procédures optimisées. La caractérisation complète de ces composés, couplée à une analyse structurale par calculs DFT, nous a permis d'établir qu'ils ne comportent qu'un seul ligand acétonitrile à l'état solide, et suggère qu'ils existent sous forme de rares espèces de nickel(II) tri-coordinées à 14 électrons de valence de structure T. L'exploration de la réactivité de 2c avec des ligands phosphine (PPh3 et PMe3) a montré la tendance des nickelacycles CNHC,Calkyle à générer des systèmes dynamiques en solution. Ainsi, les ligands phosphines seraient soumis à un échange avec le solvant MeCN et, dans le cas de phosphines à faible encombrement stérique et fort pouvoir électro-donneur (PMe3) à isomérisation cis/trans via un équilibre dynamique de coordination/décoordination des molécules de solvant. L'application de ces complexes coordinativement et électroniquement insaturés dans des réactions de couplage direct entre des azoles et des halogénures d'aryle et la comparaison de leur activité à celles de leurs analogues saturés a montré l'importance de la combinaison de la chélation CNHC,Calkyle et de l'insaturation du centre métallique pour réaliser ces couplages. Toutefois, leur performance reste loin de celles de sels de nickel associés à des chélates pnictogènes neutres N,N et P,P ou à des NHC décrits précédemment, que ce soit en terme activité ou d'étendu du champ réactionnel. Par ailleurs, l'absence de réactivité dans ces couplages Csp2-H/Csp2-X de complexes demisandwich de type [NiCp † L(NHC)] (+) a mené à l'isolement d'un rare intermédiaire Nibenzothiazolyle actif dans des réactions d'alkylation directe d'azole (couplage Csp2-H/Csp3-X). Ce résultat a ouvert la voie à une nouvelle fonctionnalisation de liaisons C-H catalysée par des espèces nickel(II)-NHC pour laquelle des études électrochimiques suggèrent un mécanisme passant par une espèce de Ni(of nickel homogenous catalysis .......................................................30 II. Nickel-NHC complexes in homogeneous catalysis ............................................34 II.1. N-Heterocyclic carbene (NHC) ligands ........................................................34 II.2. Metal-N-heterocyclic carbene (M-NHC) bond .............................................36 III. Nickel-N-heterocyclic carbene (Ni-NHC) in homogeneous catalysis: C-H bond functionalization (2015-2018) .................................................................................41 III.1. C-H cross-coupling ....................................................................................42 III.1.1 Csp and Csp2 functionalization ................................................................42 III.1.2. Csp3-H functionalization .......................................................................46 III.2. Formal 1,2-Additions to unsaturated C-C bonds ........................................47 III.2.1. To alkynes (C≡C) ................................................................................47 III.2.1.A. Hydroarylation ...............................................................................47 III.2.1.B. Three-component couplings ..........................................................50 III.2.2. To alkenes (C=C) ................................................................................52 III.2.2.A. Hydro(hetero)arylation reactions ...................................................52 III.2.2.B. Formal C-H addition of carbonyl substrates to olefins ..................57 IV. Overview ...........................................................................................................58 Chapter 1 -Introduction: from the periodic

2 Figure 1 .

 21 Figure 1. Original version of the DuPont company slogan. Image taken from -Mechanical Engineering at DuPont circa 1950 E. I. du Pont de Nemours and Company.3

Figure 2 .

 2 Figure 2. Energy diagram for a model exothermic reaction: X plus Y to give Z (black). Addition of a catalyst leads the reaction to take an alternate pathway (red). The overall activation energy (Ea) is thus lowered by the action of the catalyst with no change the overall Gibbs energy (ΔG) or product of the reaction. 4

Figure 3 .

 3 Figure 3. Elemental abundance in the Earth's crust, normalized to silicon abundance (10 6 atoms). The most popular rare metals used in homogeneous catalysis (Ru, Rh, Pd, Ir) are all found on the bottom quartile of the graph, while their lighter counterparts are found in the top half of the graph.8 

Figure 5 .

 5 Figure 5. General structure of a NHC with different modules and their influence highlighted. 𝛼-Nitrogen (blue), N-substituent (red), backbone (pink), 𝛼'-(hetero)atom (orange).

Figure 7 .

 7 Figure 7. Representation of metal-carbene bonding for singlet (Fischer, A) and triplet (Schrock, B) carbenes.

Figure 8 .

 8 Figure 8. Models of NHC (A) and phosphine (B) ligands' steric impact. The N-substituents are spatially close to the metal center taking a cavity shape. Phosphine substituents point away from the metal center in a cone shape.

Figure 9 .

 9 Figure 9. Tools for NHC steric evaluation: percent buried volume (%Vbur, A) and steric maps (B). Image adapted from ref 58 .

Figure 10 .

 10 Figure 10. M-NHC bond breaking in basic media. Despite the proclaimed stability of the M-NHC bond the reaction conditions are determinant. Adapted from ref 81 .

  in reactions such as C-B, C-C, C-N, C-O, C-S, C-Se bond formation, hydrosilylation, oxidation, reduction, cycloaddition, oligomerization and polymerization. As such a review of the most recent literature (2015-2018) focusing on C-C bond formation by Ni-NHC catalyzed C-H functionalization follows to place the reader with the most recent developments in this field. In addition, in Chapter 3, a literature review of Ni-catalyzed chalcogen-azole C-H bond functionalization will be presented to further contextualize the topic within that specific problem. Overlapping examples will be presented both chapters.

91 Scheme 5 .

 915 Scheme 5. Seminal reports of Ni mediated C-H bond activation (A), Ni-catalyzed C-H bond activation (B), Ni/NHC C-H bond activation (C) and Ni-NHC catalyzed C-H cross-coupling (D).

  -(1,3-cyclooctadiene)-aNHC, upon heating (Scheme 22, B → C). Oxidative addition of benzoxazole would then generate an intermediate Ni(II)-hydride-benzoxazolyl complex (Scheme 22, C → D) that would coordinate the olefin and finish the catalytic cycle via usual migratory insertion and reductive elimination steps (Scheme 22, D → E → F → C).

  Scheme 27. Selective intramolecular indole cyclization by Ni-NHC catalysis.

Scheme 28 .

 28 Scheme 28. Construction of chiral quaternary carbons using chiral Ni-NHC pre-catalysts.
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Scheme 29 .

 29 Scheme 29. Suzuki-Miyaura cross-coupling of 4-bromoacetophenone and phenylboronic acid catalyzed by half-sandwich Ni(II)-NHC complexes. 124,130 a 3 mol%, 90 °C, 30 min. 124 b 3 mol%, 15 min.124 

Chapter 2 -

 2 Scheme 30. Unsuccessful synthesis of bis-NHC Ni(II) complexes and unexpected C-H activation of acetonitrile coordinated to a nickel(II) center to form a new nickel-carbon bond. 130

Chapter 2 -

 2 Scheme 33. Synthesis of new square planar 16 valence electron C,C complexes by displacement of the 𝜂 5 -cyclopentadienyl ligand using hydrochloric acid.131 

II. 1 .[

 1 Scheme 34. Synthesis of [Me-NHC-(CH2)CH2CN]•HI 1. Reported route was irreproducible (left) but methylation of N-propionitrileimidazole was successful (right).

Chapter 2 -

 2 Scheme 36. Reaction between N-mesitylimidazole and 3-bromopropionitrile. Competitive Hofmann-type elimination reaction produces both acrylonitrile and the N-protonated mesityl imidazolium salt.

  Scheme 38. Synthesis of [Ni II X(Cp)(R-NHC-(CH2)nCH2CN)] complexes 5-8 bearing an alkylnitrile function. General synthesis route (top) and yields and scale obtained (bottom).

Figure 12

 12 Figure 12. 1 H (300.13 MHz) NMR of 7 in CDCl3. Residual CHCl3 noted by an asterisk (*).

Scheme 39 .

 39 Scheme 39. Half-sandwich CNHC,Calkyl-nickelacycle complex 9-12 synthesis by base-assisted intramolecular C-H activation.

Figure 13

 13 Figure 13. 1 H (300.13 MHz) NMR of 11 in CDCl3. Residual CHCl3 noted by an asterisk (*).

  and Figure 15. A summary of crystal data, data collection parameters and structure refinements can be found in the Experimental section. For both structures, most parameters were found to be invariant when compared with the related nickelacycles of different size, 11 and [Ni II (Cp){Mes-NHC-(CH2)4CH(CN)}] (see Table

Figure 14 .

 14 Figure 14. Left -Molecular structure of 9 showing all non-H atoms. Carbon atoms in grey; nitrogen atoms in blue and nickel atom in green. The centro-symmetric space group P21/c contains both enantiomers; only the (S) enantiomer is shown. Selected distances (Å) and angles (°) with esds in parenthesis: Ni-CNHC, 1.8475(11); Ni-Calkyl, 1.9697(11); Calkyl-CCN, 1.4491(17); CCN-NCN, 1.1491(17); Ni-Cpcentroid, 1.756; Calkyl-CCN-NCN, 178.84(14). Ellipsoids are shown at the 50% probability level. Right -Capped stick representation showing the coplanarity of the atoms in the imidazole core and the nickelacycle.

temperature ( 0

 0 Scheme 40. Cyclopentadienyl acidolysis by dilute hydrochloric acid at 0 °C and formation of κ 2 -CNHC,Calkyl-nickel(II) cationic complexes 13-16.

Figure 16

 16 Figure 16. 1 H (500.14 MHz) NMR of 15 in MeCN-d3. Residual CHD2CN noted by an asterisk (*).

  156 ppm in 13-16 vs. average 𝛿(CNHC) = 173 ppm in 9-12). A reverse phenomenon is observed for the Calkyl peak, which undergoes a large downfield shift (>15 ppm) along with a broadening of the signal. As was the case for the half-sandwich nickelacycles 9-12, the signal for Calkyl is very sensitive to the size of the metallacycle (five-membered δ(CNHC) = 13: 7.1 ppm; 14: 7.8 ppm; six-membered 𝛿(CNHC) = 15: -2.0 ppm; 16: -2.7 ppm).

Figure 17

 17 Figure 17. 13 C { 1 H} (125.77 MHz) NMR of 15 in MeCN-d3. Peaks of MeCN-d3 noted by an asterisk (*).

  ; s = strong; w = weak; 𝜈 ̃(C≡NMeCN) = 2253 cm -1 Characterization of 15 by electrospray high-resolution mass spectrometry (HRMS-ESI) found a main molecular ion peak at a m/z = 351.1126, which was attributed to [Ni II {Mes-NHC-(CH2)2CH(CN)}(MeCN)] + (calculated m/z = 351.1120) indicating the loss of an acetonitrile ligand (Figure

Chapter 2 -

 2 Figure 18. HRMS-ESI analysis of 15. One dominant molecular ion peak and detail highlighting the exact mass and confirming the presence of nickel by its isotope pattern.
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 2 Synthesis and characterization of new 𝜅 2 -CNHC,Calkyl-nickelacycles 84 1.86 ppm integrating for 3 protons corresponding to free acetonitrile is observed. ** Given that the only source of acetonitrile possible was the analyte, it provided further evidence for the hypothesis of a single acetonitrile ligand. The fact that the ligand appears at chemical shift of free acetonitrile further corroborated that chemical exchange happens with nitrogen bases, thus confirming that the metal's coordination sphere is now accessible, in contrast with complexes 9-12.

Figure 19

 19 Figure 19. 1 H (300.13 MHz) NMR of 15 in pyridine-d5. Peaks of pyridine-d4 noted by an asterisk (*).
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 2 Synthesis and characterization of new 𝜅 2 -CNHC,Calkyl-nickelacycles 85 NHC ligands exerting a difference on the acetonitrile ligand positioned trans-NHC (vide infra), as to disfavor decoordination. However, no other NMR or IR measurements comparing 13 with 14-16 show a different behavior of the N,N'-bis-alkyl NHC ligands of 13 apart from the one now discussed. A solvent molecule is nonetheless expected to coordinate to the nickel center to give a square planar species in solution (Scheme 41).

Figure 20

 20 Figure 20. 13 C { 1 H} (125.77 MHz) NMR spectra of 13 and 15 in pyridine-d5. Green line marks the chemical shift of free MeCN.

  Scheme 41. Possible chemical equilibrium with pyridine-d5 leading to release of acetonitrile in N-aryl substituted complexes 14-16. No free acetonitrile is released with the dissolution of 13.

Figure 21 .

 21 Figure 21. Detail of the 13 C { 1 H} (125.77 MHz) NMR spectra of 15 in MeCN-d3 (A) and pyridine-d5 (B).
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 2 Synthesis and characterization of new 𝜅 2 -CNHC,Calkyl-nickelacycles 87 II.4.2. Insights into the structure of cationic 𝜅 2 -CNHC,Calkyl-nickelacycles With the molecular formula definitively established, the next question to tackle was the solid-state structure of these complexes. Several arrangements were a priori plausible: (i) dimers/oligomers with bridging acetonitrile ligands, (ii) monomers with a four-electron donor side-on acetonitrile ligand, or (iii) with a two-electron donor end-on or side-on acetonitrile ligand resulting in a 14 valence electron Ni(II) species (Figure22).

Figure 22 .

 22 Figure 22. Possible binding modes for acetonitrile in either multimetallic or monometallic arrangements.

  we decided to run DFT calculations on model cations of the five-membered nickelacycle 13, and of the six-membered nickelacycle 15. Calculation of the Gibbs energy balance of the species with one and two end-on acetonitrile ligands allowed us to identify three stable structures in each case (Erreur ! Source du renvoi introuvable.): (i) a 16-electron square planar structure with two acetonitrile ligands (13A and 15A), (ii) a T-shaped 14-electron structure (13B and 15B) and (iii) a pseudo T-shaped structure stabilized by the dangling nitrile of the nickelacycle via side-on coordination (13C and 15C).

Figure 24 .Figure 24 .

 2424 Figure 24. Gibbs energy balance calculated by DFT between the model cations 13A-C and 15A-C with one or two acetonitrile ligands and calculated vibrational frequencies of the C≡N bond.

  Scheme 42. Gibbs energy balance of the dimerization of 15C.

Figure 25 .

 25 Figure 25. Gibbs energy profile and optimized structures of relevant species for acetonitrile extrusion. Distances given for the Ni-N of the leaving MeCN. Gibbs energy of 15C and MeCN the sum of independent calculations. Color code: whitehydrogen, greycarbon, bluenitrogen, greennickel.

Figure 26 .

 26 Figure 26. Detail of experimental IR (ATR) spectra of 15 (black), DFT calculated vibrational frequencies of 15A (blue), 15B (purple) and 15C (red).

Figure 27 . 1 H

 271 Figure 27. Structures depicting T-shaped nickel(II) complexes/cations characterized by X-ray diffraction studies. In the lower box are the complexes found as intermediates in Ni-NHC catalyzed reactions.

Figure 28 .

 28 Figure 28. Effect of addition (B → D) of PPh3 (E) to the 31 P { 1 H} (161.97 MHz) NMR spectrum of a solution of 17 (A) in MeCN-d3. A peak (*) attributed to free (O)PPh3 appears at circa 26 ppm. 206

Chapter 2 - 96 Figure 29 .

 29629 Figure 29. Electronic and steric factors between PPh3 and PMe3.

1 H

 1 NMR spectra region associated with the PMe3 ligand (Figure30). At low temperatures (-40 to 0 °C) a large well-defined doublet is observed in the 1.15-1.25 ppm ( 1 H) region, with a phosphorus-hydrogen coupling constant of 2 JP-H = 9.6 Hz. However, integration of this signal is deficient of about two protons. Both neighboring signals in the downfield vicinity (1.57 and 1.39 ppm at -40 °C) correspond to the β-N-methylene position and are much sharper at low temperatures (< 0°C). The most deshielded of these over-integrates by 2 protons, suggesting Chapter 2 -Synthesis and characterization of new 𝜅 2 -CNHC,Calkyl-nickelacycles 97 overlap with the unaccounted P-methyl signals. Heating to temperatures above 0 °C leads to the collapse of the doublet into a singlet and a continuous broadening of all three signals that progressively converge together.

Figure 30 .

 30 Figure 30. Variable temperature 1 H (600.13 MHz) NMR analysis of 18 in MeCN-d3, detail 1.0 to 1.7 ppm region.

Figure 31 .

 31 Figure 31. Variable temperature 31 P { 1 H} (242.92 MHz) NMR analysis of 18 in MeCN-d3, detail -8.0 to -17.0 ppm region.

Figure 32 .

 32 Figure 32. Heteronuclear NMR signal correlation -1 H-31 P HMQC of 18 in MeCN-d3 at -40 °C.

Figure 33 .

 33 Figure 33. NOESY correlation in 18 in MeCN-d3 at -10 °C. Other temperature dependent effects were observed for the remaining signals. Aryl m-H signals at low temperatures are closer (Figure 34). Upon heating they move in opposite directions, overlapping as a single peak at 0 °C and splitting into independent peaks again at 10 °C. The 𝛼-N-methylene is well resolved as two diastereotopic signals at low temperatures, coalescing at 20 °C. The minor peaks nearby the m-H signals are attributed to conformers (vide infra).

Figure 34 .

 34 Figure 34. Variable temperature 1 H (600.13 MHz) NMR analysis of 18 in MeCN-d3, detail 7.00 to 7.40 ppm region.

  intermediate A is stabilized by its strong M-P bond and intermediate B by the smaller steric impact of its Me groups. This allows us to propose that the two phosphorus-ligated species observed in the NMR spectroscopic analysis of 18 belong to the respective forms of intermediate A (major) and D (minor).It is interesting to interpret the atypical 13 C { 1 H} NMR spectra of complex 13 in pyridine-d5 in light of the equilibria proposed above for the phosphine bearing complexes 17 and 18. The acetonitrile ligand that remains Ni-bound can take the same role as the phosphine ligands and undergo a rapid in-plane cis-trans isomerization to give the corresponding intermediate forms A and D. Although this can furnish an explanation for the low intensity and broadness of these carbon signals in the 13 C { 1 H} NMR spectra of complex 13, it offers no insight on why the pyridine ligands fail to replace the acetonitrile ligand.

1 H

 1 Scheme 46. Synthesis of mesitylisonitrile.

Figure 35 .

 35 Figure 35. Molecular structure of 20. The only hydrogen atoms shown are those of the hydroxyl groups (as white isotropic spheres). Ellipsoids are shown at the 50% probability level, and key atoms are labeled. The space group (P21/c) is centrosymmetric and contains both enantiomers; only one enantiomer (RS) is shown. Selected distances (Å) and angles (°) with esds's in parenthesis: Ni-C1, 1.855(4); Ni-C15, 1.936(4); Ni-O1, 1.906(3); Ni-O1', 1.898(3); C15-C16, 1.455(7); C16-N3, 1.143(6); C1-Ni-C15, 93.3(2); O1-Ni-C15, 90.16(16); O1-Ni-O1', 80.30(13); O1'-Ni-C1, 96.17(16); C15-C16-N3, 178.6(5); Ni-C15-C16, 105.0(3).
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 2 Synthesis and characterization of new 𝜅 2 -CNHC,Calkyl-nickelacycles 105The values of -5.34 and -5.60 ppm for the hydroxyl protons in 1 H NMR fall in line with those observed for such complexes. Additionally, a distinct 𝜈(O-H) band at 3628 cm -1 could be measured on the bulk solid, supporting the X-ray analysis. Notably, as for 15 and[Ni II (acac){Mes-NHC-(CH2)2CH(CN)}] 131 the 𝜈(C≡N) is now at 2180 cm -1 , and the bond is elongated to d(C≡N) = 1.143 Å. In all three cases, the capping of the molecule with an anionic ligand leads to a noticeable influence on the nitrile bond.

  Scheme 50. Syntheses of the bis-bridging hydroxo nickel(II) dimer [Ni II (𝜇-OH){Mes-NHC-(CH2)2CH(CN)}]2 20. Only one enantiomer is shown.
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 2 Synthesis and characterization of new 𝜅 2 -CNHC,Calkyl-nickelacycles 107 as the 𝜈(C≡N) of the nitrile arm. Noticeably this band is red-shifted by 43 cm -1 , with regards to 15, which likely accounts for the shoulder observed in the 𝜈(C≡N) band of the acetonitrile complexes 13-16.

Figure 36 .

 36 Figure 36. Cyclic voltammogram of complex 15: 1 mM in a 0.1 M n-Bu4NPF6 solution in MeCN, using a glassy carbon working electrode, a platinum wire counter electrode and an Ag/AgCl, KCl 3 M reference electrode. A, scan rate = 200 mV s -1 ; B, varying scan rates of 50, 100, 150, 200, 250, 300 mV s -1 . Referenced to a Fc 2 mM internal standard E = 0.46 V vs. Ag/AgCl, KCl 3 M.

Chapter 2 -

 2 Synthesis and characterization of new 𝜅 2 -CNHC,Calkyl-nickelacycles 108 largely ligand centered. Ni(II)-bipy systems have been described exhibiting complex reductive electrochemical behavior. 232 Nonetheless, an oxidation can be seen at 0.78 V vs. Fc/Fc + , similarly to 15 and 21 and we attribute this oxidation to a Ni(II)/Ni(III) oxidation. This is however a much higher oxidation potential than those observed by Sanford et al., -0.61 V vs. Fc/Fc + for Ni(II)/Ni(III) and 0.27 V vs. Fc/Fc + for Ni(III)/Ni(IV), 226 for us to expect easy access to highvalent Ni(III) or Ni(IV) with our bipy complex 22.

Figure 37 .

 37 Figure 37. Cyclic voltammogram of complex 21: 1 mM in a 0.1 M n-BuNPF6 solution in MeCN, using a glassy carbon working electrode, a platinum wire counter electrode and an Ag/AgCl, KCl 3 M reference electrode. A, scan rate = 200 mV s -1 ; B, varying scan rates of 50, 100, 150, 200, 250, 300 mV s -1 . Referenced to a Fc 2 mM internal standard E = 0.46 V vs. Ag/AgCl, KCl 3 M.

Figure 38 .

 38 Figure 38. Cyclic voltammogram of complex 22: 1 mM in a 0.1 M n-BuNPF6 solution in MeCN, using a glassy carbon working electrode, a platinum wire counter electrode and an Ag/AgCl, KCl 3 M reference electrode. A, scan rate = 200 mV s -1 ; B, varying scan rates of 50, 100, 150, 200, 250 mV s -1 . Referenced to a Fc 2 mM internal standard E = 0.46 V vs. Ag/AgCl, KCl 3 M.
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 3 Scheme 65. Carbamates as suitable electrophiles for nickel-catalyzed direct functionalization of azoles.
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 3 Scheme 81. Copper-free azole alkylation by a N,N,N-nickel(II) pincer complex.

252, 253 Scheme 85 .

 25385 Scheme 85. Main proposed mechanistic manifolds: Ni(0)/Ni(II) (A) and Ni(II)/Ni(0) (B).

Chapter 3 -

 3 Scheme 88. Reaction mechanism for C-H/C-O cross-coupling of azoles with aryl esters. Adapted from ref 271 .

Chapter 3 -

 3 Catalytic C-H functionalization of O,S-azoles 137 effects other than acidity are at play. One remarkable trend is the need for a lithium alkoxide base for halogen electrophilic coupling partners whereas most carbon electrophiles prefer weaker carbonate or phosphate bases. Another trend is the prevalence of a high influence of the cation in all these reactions.

Figure 39 .

 39 Figure 39. First (C(2) position) pKa values for azoles (DMSO, 25°C 275 or theoretical value)276 and the conjugate acids of bases commonly used.149,277 

  literature show a few trends: nickel precursors are largely comprised of[Ni 0 (COD)2] or Ni(II) salts mixed in situ with ligands. These ligands have been overwhelmingly off-the-shelf nitrogen (bipy, phen, etc) or phosphine (dcype, dppf, dcypt) chelating ligands. It is surprising to observe a lack of NHC ligands, given their widespread presence inNi-catalyzed 
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 3 Catalytic C-H functionalization of O,S-azoles 139 been used in selected examples of complex molecules showing their validity beyond model substrates.

Scheme 92 .

 92 Scheme 92. Screening of [Ni II {R-NHC-(CH2)nCH(CN)}(NCMe)]PF6 complexes 13-16 for the direct coupling of benzothiazole and iodobenzene. GC conversion (%) values are the average of at least two runs.
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 3 Catalytic C-H functionalization of O,S-azoles 145

  azoles, we also tested a set of acyclic half-sandwich Ni(II)-NHC complexes [Ni(Cp † )L(NHC)] (+) , which had previously been successful in the C-H arylation of ketones.86 Thus we tested Cp*)(NHC-Mes2)] (25) (Cp* = 𝜂 5 -C5Me5 = 1,2,3,4,5-pentamethylcyclopentadienyl) 123 and [Ni(Cp)(NHC-Mes2)(NCMe)]PF6 (

Scheme 96 .

 96 Scheme 96. Selected half-sandwich Ni(II)-NHC [Ni(Cp † )L(NHC)] (+) .

  Scheme 97. Benzothiazolyl trapping under catalytic conditions.

  Scheme 98. Synthesis of half-sandwich Ni(II)-NHC benzothiazolyl complex 27.

Chapter 3 -

 3 Catalytic C-H functionalization of O,S-azoles 150 in Figure 40 and selected crystallographic data and data collection parameters can be found in the Experimental section. Complex 27 crystallizes in the orthorhombic chiral space group P212121. The Ni-C(1) distance [C(1) = the carbene carbon atom] and Ni-C(2) distances are respectively 1.873(2) and 1.875(2) Å, which falls slightly below the range observed for related [Ni(L)(Cp)(NHC-Mes)2] complexes bearing a third C-bound ligand, Ni-C(2) angle of 94.26(10)° also falls slightly below the range observed for [Ni(Ph)(Cp)(NHC-Mes2)] (95.35(9)°) 86 and [Ni(Cp)(NHC-Mes2)(NHC-Me2)]BF4 (96.91(11)°). 125 This might indicate a slightly smaller steric pressure exerted by the benzothiazolyl ligand compared to a phenyl or NHC-Me2 ligand. Of note, the Ni-C(2) distance is also significantly shorter than that observed in the only other fully characterized Ni-C(2)-benzothiazolyl complex (1.936(8) Å), that was just reported. 273 Finally, when one considers the plane formed by the Cp centroid, C(1), and C(

Figure 40 .

 40 Figure 40. Molecular structure of 27 showing all non-H atoms. Ellipsoids are shown at the 50% probability level and key atoms are labelled. Selected bond distances (Å) and angles (°)with esd's in parentheses: Ni-C(1), 1.873(2); Ni-C(2), 1.875(2) Ni-Cpcent, 1.774; Ni-Cpav, b 2.140; C(1)-Ni-C(2), 94.26(10); C(1)-Ni-Cpcent, 135.3; C(2)-Ni-Cpcent, 130.4; Ni-(C(1)-Cp=-C(2)), 0.037. a Cpcent = centroid of the Cp group. b Average Ni-C distance to the Cp ring.
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 3 Catalytic C-H functionalization of O,S-azoles 153

  Scheme 101. Synthesis of[Ni II (btz)(Cp*)(NHC-Mes2)] 28.

29 (

 29 Scheme 102. Synthesis of backbone modified Cp* complex 29.

  Elemental analyses were performed by the Service d'Analyses, de Mesures Physiques et de Spectroscopie Optique, UMR CNRS 7177, Institut de Chimie, Université de Strasbourg.High resolution mass spectra were recorded on a Bruker micrOTOF-Q mass spectrometer by the Service the Spectrométrie de Masse, UMR CNRS 7177, Université de Strasbourg or by Dr. Jean-Marc Strub at Laboratoire de Spectrométrie de Masse Bio-Organique, Institut Pluridisciplinaire Hubert Curien, UMR7178.GC analyses were carried out by injection of 1 mm 3 to an inlet at 250 °C, on splitless mode.Eluent had a set flow of 2.5 cm 3 min -1 . Temperature ramp: i) isotherm 50 °C for 5 min. ii) heat to 150 °C at 10 °C min -1 iii) isotherm at 150 °C for 5 min. iv) heat to 240 °C at a rate of 20 °C min -1 v) isotherm at 240 °C for 5 min.Retention times: n-Dodecane -10.7 min; Benzothiazole -10.9 min, 1-Iododecane -14.0 min, 2-Decylbenzothiazole -24.3 min.Quantification was performed by tracing calibration curves for: benzothiazole, and 2-decylbenzothiazole. Calibration curves were performed by preparing five solutions of varying concentrations of analyte and a known, fixed concentration of internal standard n-dodecane (132 𝜇M) and ploting the ratio of analyte and standard area by the ration of analyte and standard area. Samples were diluted as necessary to obtain values within these curves.

Figure 43 .

 43 Figure 43. GC calibration curve for benzothiazole and 2-decylbenzothiazole. All solutions are in ethyl acetate. n-Dodecane was used as internal standard with a fixed concentration of 132 𝜇M. Concentrations of Benzothiazole: 52, 101, 153, 202 and 294 𝜇M. Concentrations of 2-Decylbenzothiazole: 41, 82, 103, 124 and 155 𝜇M. Intensity values of 250 and 50 were taken as maximum and minimum cutoff points.

  Electrochemical measurements: Cyclic voltammetry (CV) experiments using complexes 15, 21, 22, 27 and 28 (1 mM) were first performed using a Voltalab 50 potentiostat/galvanostat (Radiometer Analytical MDE15 polarographic stand, PST050 analytical voltammetry and CTV101 speed control unit) controlled by the Voltamaster 4 electrochemical software. A conventional three-electrode cell (10 cm 3 ) was employed in our experiments with a glassy carbon disk (s = 0.07 cm 2 ) set into a Teflon rotating tube as a working electrode, a Pt wire as a counter electrode, and a KCl (3 M)/Ag/AgCl reference electrode (+210 mV vs. NHE). 319 Prior to each measurement, the surface of the glassy carbon electrode was carefully polished with 0.3 𝜇m aluminum oxide suspension (Escil) on a silicon carbide abrasive sheet of grit 800/2400.

II. 1 .

 1 Imidazolium salts II.1.2. Compound 2: [Mes-NHC-(CH2)CH2CN]•HBr 1-(2,4,6-trimethylphenyl)-3-propylnitrile-imidazolium bromide 145 r. t., the solvent removed under vacuum. The resulting oily residue was extracted with CH2Cl2

13C { 1

 1 H} NMR (CDCl3, 75.47 MHz): 𝛿 145.5 (o-CAr), 139.0 (NCHN), 132.0 (p-CAr), 130.3 (ipso-CAr), 124.4 (NCH), 123.8 (NCH), 118.9 (CN), 48.9 (NCH2), 28.8 (CHMe2), 26.7 (CH2), 24.5 (CHMe2), 14.4 (CH2CN). II.2. Nickel(II) complexes II.2.1. Compound 5: [Ni II I(Cp)(Me-NHC-(CH2)CH2CN)]

  C { 1 H} NMR (CDCl3, 75.47 MHz): 𝛿 166.8 (CNHC), 139.5, 136.6 and 136.0 (o-, ipso-and p-CAr), 129.4 (m-CAr), 124.6 (NCH), 123.2 (NCH), 117.7 (CN), 92.2 (C5H5), 48.0 (NCH2), 21.3 (p-Me), 20.4 (CH2CN), 18.7 (o-Me). IR [ATR]: 𝜈(Csp2-H) 3164 (w), 3131 (m), 3098 (w); 𝜈(Csp3-H) 2952 (w), 2910 (m), 2855 (w); 𝜈(C≡N) 2253 (w). II.2.3. Compound 8: [Ni II Cl(Cp)(DIPP-NHC-(CH2)2CH2CN)]

4 (

 4 13 C { 1 H} NMR (CDCl3, 75.47 MHz): 𝛿 165.7 (CNHC), 146.8 (o-CAr), 136.4 (ipso-CAr), 130.5 (p-CAr), 125.8 (NCH), 124.3 (m-CAr), 122.1 (NCH), 119.1 (CN), 91.9 (C5H5), 50.7 (NCH2), 28.CHMe2), 27.0 (CH2), 26.4 (CHMe2), 22.8 (CHMe2), 15.1 (C𝛼-CN). IR [ATR]: 𝜈(Csp2-H) 3122 (w); 𝜈(Csp3-H) 2961 (m), 2926 (m), 2865 (m); 𝜈(C≡N) 2245 (w). II.2.4. Compound 9: [Ni II (Cp){Me-NHC-(CH2)CH(CN)}]

  J = 2.0, 1H, NCH), 6.62 (d, 3 J = 2.0, 1H, NCH), 4.77 (s, 5H, C5H5), 3.89 (m, 2H, NCH2), 2.75 (dd, 3 J = 7.8, 3 J = 6.0, 1H, CHCN), 2.35 (s, 3H, p-Me), 2.08 (s, 3H, o-Me), 2.01 (s, 3H, o-Me). 13 C { 1 H} NMR (CDCl3, 75.47 MHz): 𝛿 175.9 (CNHC), 139.4, 136.4, 136.1 and 135.5 (p-, ipso-, o-CAr), 131.5 (CN), 129.1 (m-CAr), 128.9 (m-CAr), 122.1 (NCH), 117.7 (NCH), 90.0 (C5H5), 54.2 (NCH2), 21.3 (p-Me), 18.0 (o-Me), 17.8 (o-Me), -11.0 (Calkyl). IR [ATR]: 𝜈(Csp2-H) 3153 (w), 3127 (m); 𝜈(Csp3-H) 2952 (w), 2919 (m), 2856 (w); 𝜈(C≡N) 2185 (s). II.2.5. Compound 11: [Ni II (Cp){Mes-NHC-(CH2)2CH(CN)}]

  C { 1 H} NMR (CDCl3, 75.47 MHz): 𝛿 172.6 (CNHC), 146.9 and 145.8 (o-CAr), 137.2 (ipso-CAr), 132.5 (CN), 130.1 (p-CAr), 124.2 (NCH), 123.8 and 123.7 (m-CAr), 121.6 (NCH), 91.2 (C5H5), 50.3 (NCH2), 30.2 (CH2), 28.7 and 28.3 (CHMe2), 25.9 and 25.7 (CHMe2), 22.7 and 22.7 (CHMe2), -25.1 (Calkyl). IR [ATR]: 𝜈(Csp2-H) 3140 (w); 𝜈(Csp3-H) 2951 (m), 2924 (w), 2862 (w); 𝜈(C≡N) 2179 (m). II.2.7. Compound 13: [Ni II {Me-NHC-(CH2)CH(CN)}(MeCN)]PF6

  13 C { 1 H} NMR (C5D5N, 125.77 MHz): 𝛿 161.0 (CNHC), 128.8 and 128.4 (CH3CN and CHCN), 126.3 and 119.1 (NCH), 52.8 (NCH2), 35.4 (NMe), 8.9 (br. Calkyl), 1.8 (CH3CN). IR [ATR]: 𝜈(Csp2-H) 3174 (w), 3149 (w); 𝜈(Csp3-H) 2951 (w); 𝜈(C≡N) 2239 (m); 𝜈(P-F) 823 (s). II.2.8. Compound 14: [Ni II {Mes-NHC-(CH2)CH(CN)}(MeCN)]PF6

  . HR-MS (ESI): m/z [M] + calcd for C17H19N4Ni 337.0958, found 337.0985. 1 H NMR (CD3CN, 500.15 MHz): 𝛿 7.32 (s, 1H, NCH), 7.07 (s, 1H, m-H), 7.02 (s, 1H, m-H), 6.89 (d, 1H, NCH), 3.96 (dd, 2 J = 12.5, 3 J = 7.5, 1H, NCH2), 3.67 (m, 1H, NCH2), 2.65 (m, 1H, CHCN), 2.29 (s, 3H, p-Me), 2.20 (br. s, 3H, o-Me), 2.06 (s, 3H, o-Me), 1.97 (s, 3H, free CH3CN). 1 H NMR (C5D5N, 300.13 MHz): 𝛿 7.58 (d, 3 J = n. d., 1H, NCH), 7.01 (d, 3 J = 1.8, 1H, NCH), 6.59 (s, 1H, m-H), 6.31 (s, 1H, m-H), 4.15 (dd, 2 J = 12.6, 3 J = 7.5, 1H, NCH2), 3.92 (dd, 2 J = 12.6, 3 J = 3.0, 1H, NCH2), 2.29 (dd, 3 J = 7.5, 3 J = 3.0, 1H, CHCN), 2.21 (s, 3H, o-Me), 2.06 (s, 3H, p-Me), 1.86 (s, 6H, o-Me and free CH3CN). 13 C { 1 H} NMR (CD3CN, 125.77 MHz): 𝛿 158.

  13C { 1 H} NMR (C5D5N, 125.77 MHz): 𝛿 162.8 (CNHC

321 1 H

 1 NMR (CDCl3, 300 MHz): 𝛿 8.06 (d, 3 J = 8.1, 1H, C6H4NS), 7.99 (d, 3 J = 8.1, 2H, C6H4Me), 7.89 (d, 3 J = 8.1, C6H4NS), 7.49 (ddd, 3 J = 8.1, 3 J = 7.2, 4 J = 1.5, 1H, C6H4NS), 7.37 (ddd, 3 J = 8.1, 3 J = 7.2, 4 J = 1.2, 1H, C6H4NS), 7.30 (d, 3 J = 8.1, 2H, C6H4Me), 2.43 (s, 3H, CH3). 13 C { 1 H} NMR (CDCl3, 75 MHz): 𝛿 168.4 (NCS), 154.3 (NCCH), 141.

320 1 H

 1 NMR (CDCl3, 500 MHz): 𝛿 8.05 (d, 3 J = 9.0, 2H, C6H4OMe), 8.04 (m, 1H, C6H4NS), 7.88 (ddd, 3 J = 8.3, 4 J n. d.,[START_REF]Supercritical Fluids and Organometallic Compounds From Recovery of Trace Metals to Synthesis of Nanostructured Materials[END_REF] J n. d., 1 H, C6H4NS), 7.47 (ddd, 3 J = 8.3, 3 J = 7.0, 4 J = 1.3, 1H, C6H4NS), 7.36 (ddd, 3 J = 8.3, 3 J = 7.0, 4 J = 1.0, 1H, C6H4NS), 7.01 (d, 3 J = 9.0, 2H, C6H4OMe),3.89 (s, 3H, OCH3).13 C NMR (CDCl3, 125 MHz): 𝛿 168.1 (NCS), 162.1 (COMe), 154.2 (NCCH),

  322 

1 H

 1 NMR (CDCl3, 500 MHz): 𝛿 8.18 (d, 3 J = 8.0, 2H, C6H4CN), 8.10 (d, 3 J = 8.5, 1H, C6H4NS), 7.93 (d, 3 J = 8.5, 1H, C6H4NS), 7.77 (d, 3 J = 8.0, 2H, C6H4CN), 7.54 (dd, 3 J = 8.5, 3 J n.r., 1 H, C6H4NS), 7.45 (dd, 3 J = 8.5, 3 J n.r., 1H, C6H4NS). 13 C { 1 H} NMR (CDCl3, 125 MHz): 𝛿 165.4

237 1 H

 1 NMR (CDCl3, 300 MHz): 𝛿 8.21 (d, 3 J = 8.1, 2H, C6H4CF3), 8.11 (d, 3 J = 8.1, 1H, C6H4NS), 7.93 (ddd, 3 J = 8.1, 4 J n.r., 5 J n.r., 1 H, C6H4NS), 7.75 (d, 3 J = 8.1, 2H, C6H4CF3), 7.53 (ddd, 3 J = 8.1, 3 J = 7.2, 4 J = 1.2, 1H, C6H4NS), 7.43 (ddd, 3 J = 8.1, 3 J = 7.2, 4 J = 1.2, 1H, C6H4NS). 13 C { 1 H} NMR (CDCl3, 75 MHz): 𝛿 166.2 (NCS), 154.2 (NCCH

  239 

1 H

 1 NMR (CDCl3, 500 MHz):𝛿 7.86 (d, 3 J = 7.0, 2H, C6H5), 7.41-7.36 (m, 3H, C6H5), 2.39 (s, 3H, CH3), 2.39 (s, 3H, CH3). 13 C { 1 H} NMR (CDCl3, 125 MHz): 𝛿 163.5 (NCS), 149.4 (NCCH3), 134.1, 129.5 (C6H5), 128.9 (C6H5), 126.7, 126.2 (C6H5), 14.5 (NCCH3), 11.6 (SCCH3).

267 1 H 3 J

 13 NMR(CDCl3, 400.13 MHz): δ = 7.97 (dq, 4 J = 0.4, 3 J = 8.4, 1H), 7.83 (dq, 4 J = 0.8, J = 8.0, 1H), 7.44 (td, J = 1.2 Hz, J = 7.2, 1H), 7.36 (td, J =, 1H), 3.108 (t, 3 J = 7.6 Hz, 1H),1.88 (quint, = 7.6, 2H), 1

2 Figure 44 .

 244 Figure 44. Molecular structure of [Ni II (NCMe)6](PF6)2 showing all non-H atoms. Ellipsoids are shown at the 50% probability level, and independent atoms are labelled. Selected distances (Å) and angles (°) with esds. in parenthesis: Ni-N, 2.060(3); N-C1, 1.142(5); C1-C2, 1.451(5); P-F1 = 1.587(4); P-F2 = 1.554(4); Ni-N-C1, 174.3(3); N-C1-C2, 179.6(4); N-Ni-N', 88.31(12); N-Ni-N", 91.69(12); N'-Ni-N", 88.31(12); N-Ni-N = N'-Ni-N' = N"-Ni-N" = 180.0; F1-P-F1 = 91.6(4); F1-P-F2 = 85.7(3), 86.4(3) or 176.6(4); F2-P-F2 = 96.2(3).

( 5 -

 5 30 mol%).The cationic 𝜅 2 -CNHC,Calkyl-Ni(II) complexes synthetized in Chapter 2 were successfully applied to the coupling of benzothiazole with haloarenes, making them the first example of a 𝜅 2 -C,C-chelated precatalyst in Ni-catalyzed azole C(2)-H bond functionalization. In contrast, acylic half-sandwich or neutral nickelacyclic Ni(II)-NHC complexes bearing either a cyclopentadienyl or an acetylacetonate ligand were found not to catalyze this coupling reaction. We attribute this to the combination of both the metallacyclic scaffold and the labile MeCN ligand. Despite this initial success, they were only moderately active and their reaction scope was limited, both in terms of azole (benzothiazole) and haloarene (neutral or electronpoor sterically unencumbered iodoarenes) partners. Mechanistic studies on this reaction suggest that the complexes utilized first undergo a reduction to a Ni(0) species, by dimerization of the substrate, and to yield a particular Ni(0) species that most probably reacts by singleelectron transfers. The poor performance of the acyclic half-sandwich Ni(II)-NHC complexes in the benzothiazole arylation reaction could be explained by generation of an inert Ni(II)-benzothazolyl species, which was observed in the reaction mixture. This species could be independently synthetized and isolated and is one of the rare examples of a M-azolyl species, often postulated to intermediate azole functionalization reactions. Surprisingly this complex displayed was found to be active in catalyzing the alkylation of benzothiazole with 1-iododecane. This difference in reactivity can be related to the different manner in which Csp2-I (heterolytic) and Csp3-I (homolytic) bonds are broken. The Ni(II)-benzothiazolyl is formally saturated which prevents it both from directly to breaking the Csp2-I bond via oxidative addition, and to generate a Ni(0) species by the coordination of another benzothiazolyl unit needed for reductive elimation. On the other hand, a radical species formed from the scission of the Csp3-I bond (I • or C10H21 • ) can react with the Ni(II)-benzothiazolyl species to give a one-electron oxidized Ni(III) species that is now unsaturated. A facile one-electron oxidation of Ni(II)benzothiazolyl complexes to Ni(III) (-0.44 Ep,a 0.06 V vs. Fc/Fc + ) was observed by cyclic voltammetry and supports this hypothesis. These results suggest this reaction to take place using an odd-electron manifold involving a Ni(III) intermediate. References Limited: Barcelona, 2012. (10) Trost, B. M. Palladium -the metal of the 21st Century explained in IPMI acceptance speech. https://www.

  

  

  

  

  

  

  

  

Table 1 .

 1 Difficulties in studying mechanisms of nickel-catalyzed reactions, features and consequences.

	Feature	Consequence
	Infancy of the field	Few detailed studies in the literature
		False comparisons with Pd reactivity
	High reactivity	Generation of many active or inactive nickel species in the
		mixture
	High catalytic charges	Inefficient catalyst generation
		More off-cycle species formed
		Low concentration of the active species
	Easy access to multiple	Both diamagnetic and paramagnetic species can form that are
	oxidation states	either NMR or EPR silent
	II. Nickel-NHC complexes in homogeneous catalysis

II.1. N-Heterocyclic carbene (NHC) ligands

  By increasing the ligand content to 30 mol% and using stoichiometric AlMe3, the coupling could now be directed to the branched product in moderate to good yields (17 examples, 28-88% yield, >81% selectivity, B). Finally, styrenes could also be used to afford the branched products with lower catalyst loadings of [Ni 0 (COD)2]/NHC-Mes2 (1:1 ratio, 5 mol%) and a substoichiometric amount of AlMe3 (8 examples, 50-95% yield, C).

Scheme 25. Anilide selective C-H functionalization by cooperative Ni-Al catalysis. Introduction: from the periodic table to nickel-N-heterocyclic carbene catalysts 56 Cooperative Ni/Al catalysis was also reported to catalyze the formal 1,2-addition of the p-C-H bond of pyridines to allylbenzenes and styrenes (Scheme 26). 118 Using a mixture of [Ni 0 (COD)2]/DIPP (1:1 ratio, 10 mol%) and a substoichiometric amount of AlMe3 (0.2 equiv.) in toluene at 130 °C, the coupling would proceed selectively to give the linear products in low to excellent yields (13 examples, 23-98% yield, >85% selectivity, A). The branched product could be selectively obtained when the NHC ligand was bearing an N-bound pendant aliphatic amine (-(CH2)2NMe2) arm (B). Scheme 26. Selective p-pyridine insertion into allylbenzenes and styrenes. Selectivity controlled by the tailored NHC ligand.

Introduction: from the periodic table to nickel-N-heterocyclic carbene catalysts 57

Table 2 .

 2 Comparative advantages and disadvantages in using well-defined (pre)catalysts or metal precursor/(pro)ligand mixtures.

Table 3 .

 3 13 C { 1 H} NMR (CDCl3) chemical shifts (𝛿) of the nickel-bound carbons (CNHC, Calkyl) in the metallcycles and of the corresponding carbons in their acyclic precursors (CNHC, C𝛼-CN) and metallacyclic bite angle (CNHC-Ni-Calkyl) determined by X-ray diffraction studies.

	Complex	CNHC	𝛿 (ppm) C𝛼-CN	Complex	CNHC	𝛿 (ppm)	Calkyl	Bite angle (°)
	05	167.3	-19.6	09	173.5		-11.6	85
	06	166.8	-20.4	10	175.9		-11.0	84
	07	164.2	-14.8	11	171.3		-25.3	94
	08	165.7	-15.1	12	172.6		-25.1	-
	0A	164.1	117.3	0B	177.3		-18.7	90
	A: [Ni II Br(Cp)(Mes-NHC-(CH2)4CH2CN)]; B: [Ni II (Cp){Mes-NHC-(CH2)4CH(CN)}]. 128	

Table 4 .

 4 Average wavenumbers (𝜈 ̃) and relative intensity of 𝜈(C≡N) (cm -1 ) for the imidazolium salts 1-4,

	the half-sandwich Ni(II)-NHC complexes 5-8 and the nickelacycles 9-12.

Table 5 .

 5 13 C { 1 H} NMR chemical shifts (𝛿) for nickel-bound CNHC and Calkyl for half-sandwich nickelacycles

	9-12 (CDCl3) and cationic complexes 13-16 (MeCN-d3).		
	Complex	𝛿CNHC (ppm)	𝛿Calkyl (ppm)	Complex	𝛿CNHC (ppm)	𝛿Calkyl (ppm)
	9	173.5	-11.6	13	155.4	-7.1
	10	175.9	-11.0	14	153.8	-7.8
	11	171.3	-25.3	15	158.6	-2.0
	12	172.6	-25.1	16	156.6	-2.7

  . Introduction .........................................................................................................115 I.1. C(2)-H/Csp-X ................................................................................................115 I.1.1. Electrophilic coupling partners .............................................................115 I.1.1.A. X =Bromide (-Br) ..................................................................................... 115 I.1.2. Nucleophilic coupling partners .............................................................116 .3.2. Nucleophilic coupling partners .............................................................131 I.3.2.A. X = Hydrazone (=N-NHR) ....................................................................... 131 I.3.2.B. X = Hydrogen (-H)................................................................................... 132 Heterogenerous vs. homogeneous catalysis .......................................137 I.5. Overview ....................................................................................................138 II. Results and discussion ....................................................................................139 II.1. Benzothiazole Csp2 cross-coupling ............................................................139 II.2. Benzothiazole Csp3 cross-coupling ............................................................147 II.3. Conclusions ...............................................................................................160 116More recently, Punji's group reported that benzothiazoles can be converted in the absence of CuI using a different nickel precatalyst.235 By using[Ni II Cl2(bipy)] (5 mol%) in the presence of LiOt-Bu, benzothiazoles were coupled with bromoalkynes in moderate to excellent yields(9 examples, 49-96% yield, Scheme 55). The authors noted, however, that bromoalkynes bearing alkyl substituents could not be coupled using this methodology.

	Chapter 3 -Catalytic C-H functionalization of O,S-azoles Chapter 3 -Catalytic C-H functionalization of O,S-azoles	
	In a twin fashion, the latter report conveyed that using Ni II (OAc)2/bipy (2,2'-bipyridine,
	1:1 ratio, 10 mol%) and LiOt-Bu in 1,4-dioxane at 85 °C for 36 h, benzothiazole and haloaryls Chapter 3 (iodo, bromo) could be coupled in moderate to excellent yields (21 examples, 51-91% yield;
	Catalytic C-H functionalization of Scheme 58, A). In addition, this methodology allowed benzoxazole, thiazole and oxazole to be
	Scheme 56. Ni-catalyzed C-H/C-H oxidative coupling of benzoxazoles and terminal alkynes under an coupled with iodobenzene in moderate to good yields (20 examples, 51-80% yield, Scheme O,S azoles oxygen atmosphere. 58, A). Finally, more challenging aryl chlorides could be coupled with benzothiazole in good
	yields (4 examples, 58-85% yield; Scheme 58, B) in the presence of
	I.2. C(2)-H/Csp2-X 1,1′-ferrocenediyl-bis(diphenylphosphine) (dppf) as a ligand instead of bipy and at 140 °C
	instead of 85 °C.	
	I.2.1. Electrophilic coupling partners	
	I.2.1.A. X = Halogen (-F, -Cl, -Br, -I)	Chapter 3
	Catalytic C-H functionalization of O,S-azoles
	Scheme 55. Copper-free nickel-catalyzed benzothiazole alkynylation.	
	I.1.2. Nucleophilic coupling partners	
	I.1.2.A. X = Hydrogen (-H)	
	In 2010, the Miura's group reported that the same coupling products could be formed
	by C-H/C-H oxidative cross-coupling using a Ni(II) system (Scheme 56). 236 Employing a
	Ni II Br2•diglyme/dtbpy (4,4'-di(t-butyl)-2,2'-bipyridine, 1:1 ratio, 5 mol%) combination and
	LiOt-Bu, heated to 100 °C in toluene for 1 h under an oxygen atmosphere, benzoxazole was
	coupled with various arylalkynes in moderate yields (12 examples, 43-62% yield). Adjusting
	the reaction time (1-3 h) and temperature (50-120 °C), various benzoxazoles (6 examples,
	40-61% yield), 5-aryloxazoles (7 examples, 40-56% yield), as well as benzothiazole
	(37% yield) could also be functionalized with a small variety of arylalkynes. Scheme 57. Benzothiazole (A) and benzoxazole (B) coupling with arylbromides catalyzed by
	nickel/phenanthrolines.	
	117 118	

II.1.2.A. X = Hydrogen (-H)................................................................................... 116 I.2. C(2)-H/Csp2-X ...............................................................................................117 I.2.1. Electrophilic coupling partners .............................................................117 I.2.1.A. X = Halogen (-F, -Cl, -Br, -I) .................................................................... 117 I.2.1.B. X = Oxygen electrophiles (-OR): Triflate (-OTf), Sulfonate (-OSO2R), Ester (-OCOR), Carbamate (-OCONRR'), .................................................................... 121 I.2.1.C. X = Carbon electrophiles ........................................................................ 123 I.2.1.C.1. X = Carbonyl (-COOR) ..................................................................... 123 I.2.1.C.2. X = Nitrile (-CN) ............................................................................... 126 I.2.2. Nucleophilic coupling partners .............................................................127 I.2.2.A. X = Metalloid ........................................................................................... 127 I.2.2.A.1. X = Silanes (-Si(OR)3) ...................................................................... 127 I.2.2.A.2. X = Boronic acids (-B(OH)2) ............................................................. 127 I.2.2.B. X = Hydrogen (-H)................................................................................... 128 I.3. C(2)-H/Csp3-X ...............................................................................................129 I.3.1. Electrophilic coupling partners .............................................................129 I.3.1.A. X = Halogen (-Br, -I) ................................................................................ 129 I.3.1.B. X = Carbonyl (-COOR) ............................................................................ 131 II.4. Mechanistic considerations ............................................................................132 I.4.1. Catalytic cycles ....................................................................................132 I.4.2. Breaking the C-H bond ........................................................................136 I.4.3. Scheme 54. Ni-catalyzed (benz)oxazole (A) and benzothiazole (B) C-H/C-X alkynylation. The scarce examples of nickel-catalyzed azole alkynylations contrast with the much larger body of work developed concerning biaryl construction. Concurrently, in 2009, the groups of Miura 237 and Itami 238 reported the first examples of this type of C-H/C-X crosscoupling catalyzed by nickel. The first employing Ni II Br2/phen (1,10-phenanthroline, 1:1.2 ratio, 10 mol%) and LiOt-Bu in diglyme at 150 °C for 4 h, coupled benzothiazole with bromoaryls in moderate to good yields (10 examples, 44-76% yield; Scheme 57, A). To transpose the reaction to the transformation of benzoxazole, zinc dust was necessary along with a bulkier ligand in the form of 2,9-dimethyl-1,10-phenanthroline hydrate (2,9-dmphen•H2O) in o-xylene at 150 °C (7 examples, 50-83% yield; Scheme 57, B). Scheme 58. Azole coupling with haloarenes by nickel catalysis. The choice of ligand allows for both reactive (A) and challenging (B) electrophiles to be coupled. This reaction's scope was later further expanded to include a wide scope of iodoand bromoarenes (32 examples, 48-96% yield, conditions as shown in Scheme 58, A) and less reactive chloroarenes (10 examples, 32-74% yield, conditions as shown in Scheme 58, B). 239

  To exemplify the application of these C-H/C-halogen coupling protocols to molecules beyond model systems, Itami's group and others applied this methodology to the synthesis of a series of biologically active molecules (febuxostat,238,239 tafamadis, 239 texaline239,240 ).

		Chapter 3 -Catalytic C-H functionalization of O,S-azoles Chapter 3 -Catalytic C-H functionalization of O,S-azoles		
	Febuxostat is a selective inhibitor of xanthine oxidase, effective for the treatment of
	gout and hyperuricemia. 241,242 This compound could be synthetized in 51% overall yield from
	the corresponding thiazole and iodoarene by employing Ni II (OAc)2/bipy (1:1 ratio, 10 mol%)
	and LiOt-Bu in 1,4-dioxane at 100 °C, followed by treatment with CF3CO2H. 238 More impactful
	perhaps was their improvement of this methodology by using Mg(Ot-Bu)2 and DMSO at 100
	°C. 239 This allowed the synthesis of protected febuxostat in a gram scale (Scheme 61) which
	yielded the target compound after quantitative deprotection by treatment with CF3CO2H.
	Scheme 59. Benzothiazole coupling in polar DMF solvent using alternative base Mg(Ot-Bu)2.
	Complementary reactivity varying with electronic and steric properties of the haloarenes.	
	electrophilic	coupling	partners	catalyzed	by	a	Ni-NHC	pair. 94	Using
	Scheme 60. Aryl fluorides as (benz)oxazole coupling partners catalyzed by Ni-NHC.		
				119 120					

Polar, electron-deficient iodoarenes were better partners in the novel reaction conditions

(5 examples, 29-87% yield, Scheme 59)

, while electron-rich or neutral iodo and bromoarenes were found to be equal

(4 examples, 57-73% yield)

, and o-substituted iodoarenes were found to be inferior partners

(4 examples, 26-63% yield)

.

239 

Impressively, Bai, Lan, Zhang and collaborators reported the use of aryl fluorides as [Ni 0 (COD)2]/[NHC-Mes2]•HCl (1:2 ratio, 20 mol%) and NaOt-Bu as a base in n-hexane at 160 °C, benzoxazole and a series of fluroarenes could be coupled in moderate to good yields (13 examples, 43-80% yield, Scheme 60). Substituted benzoxazoles (4 examples, 44-53% yield) and 5-aryloxazoles (2 examples, 54-55% yield) could also be successfully coupled. Other azoles did not react in this reaction and a marked effect of the nature of the alkoxide's cation was observed, with KOt-Bu being much less efficient than NaOt-Bu. This is one of the rare examples of the successful application of Ni-NHC catalytic systems in azole C-H bond functionalization. Scheme 61. Gram scale Ni-catalyzed sythesis of t-Bu protected febuxostat ester. 239

The prospective TTR amyloid polyneuropathy drug, tafamadis 243 could be synthetized by using a [Ni 0 (COD)2]/bipy catalyst system (Scheme 62). Coupling of an amidebenzoxazole with 4,5-dichloro-1-iodobenzene catalyzed by

[Ni 0 

(COD)2]/bipy (1:1 ratio, 10 mol%) in the presence of LiOt-Bu in DME at 100 °C occured in a good yield (74%), to afford the corresponding intermediate that could then be deprotected by HF•py to give tafamidis in a good overall yield (70%).

239 

Scheme 62. Nickel-catalyzed synthesis of tafamadis.

239 

  The second example explored the efficiency of a N,N,N pincer complex,[Ni II Cl( Me NN2)],for alkylating azoles (Scheme 79).265 Combining the latter (5 mol%) with CuI as a cocatalyst (5 mol%) and LiOt-Bu as base, benzoxazole could be coupled with numerous haloalkanes(13 examples, 44-86% yield), including bromides and chlorides when NaI was present as an additive. Other azoles were also found to undergo functionalization under these conditions:

	Chapter 3 -Catalytic C-H functionalization of O,S-azoles Chapter 3 -Catalytic C-H functionalization of O,S-azoles Chapter 3 -Catalytic C-H functionalization of O,S-azoles Chapter 3 -Catalytic C-H functionalization of O,S-azoles
	I.2.2. Nucleophilic coupling partners Thus, N-(quinolin-8-yl)thiophene-2-carboxamide could be successfully coupled with
	benzothiazoles (3 examples, 64-78% yield), thiazoles (6 examples, 50-82% yield),
	I.2.2.A. X = Metalloid benzoxazoles (2 examples, 53 and 58% yield; Scheme 77, A) and other nitrogen heterocycles
	(i. e.: purine, caffeine; 4 examples, 50-74% yield; C-H functionalization not always at C(2)).
	An important expansion of the available coupling partner scope came from Miura and The same directing group could be placed in other aromatic substrates, constructing thienyl,
	coworkers' reports that nucleophilic organometalloids -organosilanes 259 and boronic acids 260 benzothienyl, indolyl and pyrrolyl, as well as phenyl and 1-napthtyl bis-aryls with benzothiazole 5-aryloxazoles (4 examples, 74-86% yield), benzothiazoles (3 examples, 72-78% yields) and
	-could replace electrophiles as coupling partners. (7 examples, 49-87% yield) and benzoxazole (4 examples, 48-74% yield; Scheme 77, B). thiazoles (4 examples, 60-85% yield). Of note, however, the authors did not report a control
	experiment in the absence of the copper salt, which raises a question regarding the true nature
	I.2.2.A.1. X = Silanes (-Si(OR)3) I.3. C(2)-H/Csp3-X of the catalyst.
	Scheme 76. Boronic acids as coupling partners for benzoxazoles, 5-aryl-1,2,3-oxathiazoles (A) and
	By a combination of Ni II Br2•diglyme/bipy (1:1 ratio, 10 mol%) with a mixture of CsF and 5-aryl-oxazoles (B). Nickel/dinitrogen ligand system's reactivity controlled by the choice of base. Despite years of mastering biaryl system construction that seem universal in successful
	CuF2 in N,N-dimethylamide (DMAc) at 150 °C, aryl and alkenyl organosilanes could be coupled drugs (see Schemes 61-63 and 73) a new paradigm has been growing since the late 2000's
	to benzoxazoles in moderate to good yields (7 examples, 52-80% yield; Scheme 75). The I.2.2.B. X = Hydrogen (-H) of "escaping the flatland" that focuses on improvement of drugs by adding more complex
	same reaction conditions could also be utilized for 5-aryloxazoles (5 examples, 45-86% yield), saturated molecules. 262,263 In this context adding aliphatic groups to azoles is of great synthetic
	benzothiazole (3 examples, 43-64% yield) or 5-aryl-1,3,4-oxadiazoles (3 examples, interest.
	54-61% yield; Scheme 75).
	Scheme 75. Benzoxazole C-H arylation with aryl/alkene organosilanes catalyzed by nickel in the
	presence of fluoride salts.
	I.2.2.A.2. X = Boronic acids (-B(OH)2) corresponding alkyl bromides, albeit in moderate yields (38-46% yields, Scheme 78). 264
	Using the similar catalyst systems, Ni II Br2/bipy (1:2 ratio, 10 mol%) or Ni II Br2/phen
	(1:2 ratio, 5 mol%), in the presence of an inorganic base, aryl and alkenyl boronic acids could
	also be used as coupling partners, when heated in DMAc to 120 °C under air. The choice of
	the base to match the catalyst/ligand pair proved crucial: Ni II Br2/bipy needed K3PO4 to couple
	benzoxazoles in moderate to good yields (7 examples, 50-76% yield; Scheme 76, A) and Scheme 78. Alkylation of benzothiazole with bromoalkanes. Nickel catalysis can transform substrates
	palladium fails at.
	127 128 129 130

5-aryl-1,3,4-

oxadiazoles in low to good yields

(9 examples, 32-84% yield

; Scheme 76, A); whereas Ni II Br2/phen required the employment of NaOt-Bu to transform 5-aryloxazoles in moderate to good yields (13 examples, 43-77% yield; Scheme 76, B). Finally, the holy grail of oxidative cross-coupling was observed by You and collaborators. Employing 8-aminoquinoline as a directing group, 261 they established a series of odixative dehydrogenative couplings in the presence of Ni II (OAc)2•4H2O (15 mol%) as a catalyst and Ag2CO3, pivalic acid and PPh3 as additives (Scheme 77). Scheme 77. First example of nickel-catalyzed oxidative C-H/C-H azole-aryl cross coupling. I.3.1. Electrophilic coupling partners I.3.1.A. X = Halogen (-Br, -I) In 2010, two reports described the first examples of Ni-catalyzed C-H alkylation of azoles. 264,265 In the first case, nickel catalysis proved essential to the successful alkylation of benzothiazole with alkyl bromides. Indeed [{Pd II Cl(𝜂 3 -C3H5)}2]/P(n-Bu)3 (1:8 ratio, 3.75 mol%) that had proven successful for oxazole substrates, could not efficiently achieve this reaction. The use of Ni II Br2•diglyme/terpy (terpyridine, 1:1 ratio, 5 mol%) and LiOt-Bu in diglyme in contrast succeeded in attaching a n-hexyl or a 3-phenylpropyl group to benzothiazole from the Scheme 79. Direct azole alkylation with haloalkanes catalyzed by a pincer complex of nickel(II) and CuI. Shortly after, Ackermann, Punji and Song 266 divulged another alkylating system comprised of Ni II Br2•diglyme (5 mol%), CuI (5 mol%) as a cocatalyst, LiOt-Bu as a base, NaI as a halide exchange additive and, curiously, additional diglyme (15 mol%). Heating these in 1,4-dioxane generated a series of functionalized benzoxazoles (15 examples, 52-72% yield) and benzothiazoles (3 examples, 52-55% yield, Scheme 80) with alkyl chlorides and bromides. Regrettably, once more, no control experiment in the absence of the copper salt was described. Scheme 80. Simple Ni-catalyzed benzo-azole C-H alkylation.

  an efficient catalyst in the presence of COD as an additive, most probably to stabilize the resting state of the catalyst. Finally, the determination of the rate orders of the reaction together with KIE measures demonstrated that the azole C-H bond breaking is the rate limiting step of the reaction. These combined investigations allowed them to propose the

	Chapter 3 -Catalytic C-H functionalization of O,S-azoles
	Scheme 86. Proposed catalyst generation by Ni(II)/Ni(0) by substrate dimerization. 239
	For the coupling of benzoxazole with 1-naphthyl t-butanoate catalyzed by
	[Ni 0 (COD)2]/dcype (see Scheme 69), Itami's group isolated a [Ni II (naphthyl)(OCOt-Bu)(dcype)]
	oxidative addition intermediate (Scheme 87) that allowed them to carry on more detailed
	mechanistic studies. most comprehensive reaction mechanism for nickel-catalyzed azole C-H bond
	functionalization to date (Scheme 88).
	134

271 

Attempts to generate analogous complexes based on other phosphine ligands (PCy3, 1,2-bis(diphenylphosphino)ethane) showed the crucial role of this specific ligand in generating this intermediate.

272 

Scheme 87. Oxidative addition of 1-naphthyl pivalate to

Ni(0) 

in the presence of dcype.

They further showed that this intermediate reacted with a stoichiometric amount of benzothiazole in the absence of a base to give the naphthyl-benzoxazole coupling product; the addition of base was found nonetheless to increase the yield. Importantly, this intermediate only behaved as

Table 8 .

 8 Optimization of the reaction conditions of benzothiazole direct functionalization with iodobenzene.

	Entry T (h)	Base	x (mol%) Conversion (%) a, b
	01 c	16	LiOt-Bu	05	51 c
	02 c	16	LiOt-Bu	05	00 c
	03 d	16	LiOt-Bu	05	51 c
	04 c	16	LiOt-Bu	03	26 c
	05 c	16	LiOt-Bu	10	56 c
	06 c	16	LiOt-Bu	15	15 c
	07 c	18	LiOt-Bu	05	69 c
	08 c	18	NaOt-Bu e	05	00 c
	09 c	18	KOt-Bu e	05	00 c
	10 c	18	Cs2CO3	05	00 c
	11 c	18	K3PO4 f	05	00 c
	12 c	18	KOAc f	05	00 c
	13 c	18	NaOH	05	11 g
	14 c	18	LiOH	05	00 c
	15 c	18	NEt3	05	00 c
	16 c	36	LiOt-Bu	05	78 a

a Average value of at least two runs. b GC conversion (%) of benzothiazole. c Reaction ran at T = 90 °C. d 3 equiv. of iodobenzene. e Purified by sublimation before use. f Activated by heating to 150 °C and cooling under Ar. g No conversion to coupling product.

Table 9 .

 9 Azole and haloarene scope. Conversion of benzothiazole measured by GC. Yields are isolated yields.

	Entry	Azole	Aryl halide	X	Conversion (%) a, b	Yield (%) a, b
	d			I	78	43
	d			Cl	00	-
	d			I	56	47
	d			Br	00	-
	d			Br	00	-
	d				35	25
	d				68	58
	d				49	45
	d				-	14
	d				-	13
	d				-	00
	d				-	n. d. e
	d				-	n. d. e
	d				-	17
	d				-	11
	d				-	00

a Average value of a minimum of two runs. b GC conversion of benzothiazole. c Isolated yield. d Reactions ran in the presence of NaI or KI (1 equiv.) e n. d. -Not determined.

Table 10 .

 10 Effect of additives in the coupling of benzothiazole and iodobenzene. Values are an average of at least two runs. b GC conversion (%) of benzothiazole.

	Entry	Additive	x (mol%)	Conversion (%) a, b
	1	K(acac)	05	00 c
	2	MeCN	10	56 c
	3	AIBN	05	36 c
	4	AIBN	05	00 c
	a			

c 

No 15 used.

Table 11 .

 11 Attempted coupling of benzothiazole with aryl halides in the presence of [NiCp † L(NHC)](+) 

	complexes.					
	Entry	Complex	x (mol%)	X	R	Conversion (%) a
	1	23	05	Br	Me	00 b
	2	23	10	Br	Me	00 b
	3	23	05	I	H	00 c
	4	23	10	I	H	00 c
	5	24	05	I	H	00 c
	6	25	05	I	H	00 c
	7	25	10	I	H	13 c

  Scheme 80) 267 we were delighted to see that the coupling of benzothiazole with 1-iododecane took place in low yield (Scheme 98). The difference in reactivity was to us very surprising given the inertness of complex 23 in benzothiazole arylation. However, it has been highlighted that the mechanism at play (namely odd-or even-electron based) can be determined by the coupling partner (vide supra, I.4. Mechanistic considerations).295 Scheme 99. First Ni-NHC alkylation of benzothiazole.

	23 would react as a catalyst for azole alkylation despite being inert in arylation reactions. Using
	the same reaction conditions developed by Punji (benzothiazole (0.5 mmol), iodoalkane
	(1.5 equiv.), complex (5 mol%), LiOt-Bu (2 equiv.) in 1,4-dioxane (1 cm 3 ) heated to 100 °C for
	16 h; see

Table 12 .

 12 Optimization of the reaction parameters for the coupling of benzothiazole with 1-iododecane. Values are the average of at least two runs. b Determined by GC analysis of benzothiazole. Determined by GC analysis of 2-decylbenzothiazole. d Purified by sublimation pior to use. e Kept in an oven set to 115 °C overnight before use. f Reaction ran at 120 °C.

	Entry	y (equiv.)	Base	Solvent	[Ni]	x (mol%)	Conv. (%) a, b	Yield (%) a, c
	f	1.5	LiOt-Bu	1,4-Dioxane	23	5.0	>81	43
	f	1.2	LiOt-Bu	1,4-Dioxane	23	5.0	>71	19
	f	1.5	NaO-tBu d	1,4-Dioxane	23	5.0	>94	03
	f	1.5	KO-tBu d	1,4-Dioxane	23	5.0	>91	00
	f	1.5	Cs2CO3 e	1,4-Dioxane	23	5.0	>14	00
	f	1.5	K3PO4 e	1,4-Dioxane	23	5.0	>32	00
	f	1.5	Li2CO3 e	1,4-Dioxane	23	5.0	>14	00
	f	1.5	LiOH e	1,4-Dioxane	23	5.0	>00	00
	f	1.5	LiOt-Bu	DME	23	5.0	>50	16
	f	1.5	LiOt-Bu	Toluene	23	5.0	>33	06
	f	1.5	LiOt-Bu	1,4-Dioxane	24	5.0	>65	23
	f	1.5	LiOt-Bu	1,4-Dioxane	25	5.0	>82	53
	f	1.5	LiOt-Bu	1,4-Dioxane	26	5.0	>92	26
	f	1.5	LiOt-Bu	1,4-Dioxane	25	2.5	>76	33
	f	1.5	LiOt-Bu	1,4-Dioxane	25	7.5	>90	49
	f	2.0	LiOt-Bu	1,4-Dioxane	25	5.0	>95	54
	f	1.5	LiOt-Bu	1,4-Dioxane	25	5.0	>95	60

a c

  25, with the signals of both the o-Me and m-H groups being inequivalent, by virtue of restricted rotation about the N-mesityl bond on the NMR time scale at r. t. The NHC backbone Me groups appear as a singlet at 1.42 ppm. The 13 C { 1 H} NMR spectra likewise shows a doubling of the Mes groups' o-Me and m-H signals, a new signal at 9.2 ppm corresponding to NHC backbone Me groups. Of note in the 13 C { 1 H} NMR spectra of 29 the mesityl m-C, o-Me

o-C are also inequivalent, the new backbone Me groups can be found as a single peak at 9.2 ppm, and the CNHC peak is found at 173.1 ppm. Although this peak is found at upfield shift when compared to 25, contrary to what would be expected for a more electron-donating NHC ligand, this inconsistency between ranked donating power (see Chapter 1) and chemical shift in half-sandwich Ni(II)-NHC complexes has been observed before.
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  Solution NMR spectra were recorded at 298 K on Bruker Ultra Shield 300, Bruker Spectrospin 400, or Bruker Avance III HD 500 spectrometers operating at 300.13, 400.14, or 500.14 MHz for 1 H, at 75.47, 100.61, or 125.77 MHz for 13 C { 1 H} and, at 161.97 MHz for 31 P { 1 H}. Variable temperature NMR experiments were carried out by Dr. Bruno Vincent at the Service of RMN,

	313 Synthesis
	using heating by microwave irradiation heating were conducted in a Biotage Microwave
	Initiator running at a frequency of 2.3 GHz in 2-5 mL vials, equipped with a Teflon coated
	magnetic stir bar and sealed with a crimp.
	IR spectra were recorded on a FT-IR PerkinElmer Spectrum Two spectrometer equipped with
	a diamond ATR.
	Institute of Chemistry of Université de Strasbourg on a Bruker Avance III -600 MHz
	spectrometer operating at 600.13 MHz for 1 H and at 242.92 MHz for 31 P { 1 H}. Chemical shifts
	(𝛿) and coupling constants (J) are expressed in ppm and Hz, respectively. The chemical shifts
	are referenced to the residual deuterated, 13 C solvent peaks or to an external reference of 85%
	H3PO4 in H2O = 0 ppm. 314,315
	X-ray diffraction studies were perfomed by Dr. Lydia Karmazin and Corinne Bailly at Service
	de radiocristallographie of Fédération de Chimie "Le Bel" FR2010. Diffraction data were
	collected at 173(2) K on a Bruker APEX II DUO Kappa CCD area detector diffractometer
	equipped with an Oxford Cryosystem liquid N2 device using Mo-K𝛼 radiation (𝜆 = 0.71073 Å).

  g, 2.88 mmol, 48%).

	II.2.2. Compound 6: [Ni II Br(Cp)(Mes-NHC-(CH2)CH2CN)]

  . Repeated attempts to obtain correct elemental analyses gave low nitrogen values. HR-MS (ESI): m/z [M] + calcd for C9H11N4Ni 233.0332, found 233.0328. 1 H NMR (CD3CN, 400.14 MHz): 𝛿 7.07 (d, 3 J = 2.0, 1H, NCH), 6.90

	(d, 3 J = 2.0, 1H, NCH), 3.86 (dd, 2 J = 12.8, 3 J = 7.6, 1H, NCH2), 3.62 (s, 3H, NMe), 3.55 (dd,
	2 J = 12.8, 3 J = 2.8, 1H, NCH2), 2.59 (m, 1H, CHCN), 1.96 (s, 3H, free CH3CN). 1 H NMR (C5D5N,
	300.13 MHz): 𝛿 7.19 (s, 1H, NCH), 6.94 (s, 1H, NCH), 3.81 (m, 2H, NCH2), 2.49 (s, 3H, NMe),
	2.42 (br., 1H, CHCN), 1.83 (s, 3H, CH3CN). 13 C { 1 H} NMR (CD3CN, 100.61 MHz): 𝛿 156.6 (br.,
	CNHC), 126.2 and 119.1 (NCH), 52.4 (NCH2), 37.7 (NMe), 7.1 (br., Calkyl).

Table 14 .

 14 X-ray crystallographic data and data collection parameters for complex[Ni II (NCMe)6](PF6)2.Table15. X-ray crystallographic data and data collection parameters for complexes 9 and 10.

	Complex	[Ni II (NCMe)6](PF6)2
	Empirical formula	C12H18N6Ni•2(F6P)
	Formula weight	594.97
	Crystal system	Trigonal
	Space group	R 3 ̅
	Temperature (K)	173(2)
	a (Å)	11.094(5)
	b (Å)	11.094(5)
	c (Å)	16.660(5)
	α (°)	90
	β (°)	90
	γ (°)	120
	V (Å 3 )	1775.7(17)
	Z	3
	Dcalculated (Mg m -3 )	1.669
	Absorption coefficient (mm -1 )	1.060
	Crystal form, color	Prism, purple
	Crystal size (mm)	0.35 × 0.30 × 0.25
	h, k, lmax	14, 15, 23
	Tmin, Tmax	0.601, 0.746
	Reflections collected	5187
	Independent reflections, Rint	1137, 0.0382
	Reflections with I > 2σ(l)	928
	R [F 2 > 2σ(F 2 )	0.0690
	wR(F 2 )	0.2222
	GOF on F 2	1.041

Table 16 .

 16 X-ray crystallographic data and data collection parameters for complexes 19 and 27. Csp or Csp2-Csp3 bond construction. Chelating N,N or P,P pnictogen ligands were the overwhelming majority and most nickel sources resorted to simple Ni(II) salts or to [Ni 0 (COD)2]. Like other nickel-catalyzed C-H bond functionalization reactions, these often require harsh reaction conditions (sealed reactors, > 100 °C) and high catalyst loadings

	Complex	19	27
	Empirical formula	C32H38N6Ni2O2,(CH2Cl2)	C33H33N3NiS
	Formula weight	825.95	562.39
	Crystal system	Monoclinic	Orthorhombic
	Space group	P21/c	P212121
	Temperature (K)	173(2)	173(2)
	a (Å)	10.4595(5)	7.6555(4)
	b (Å)	15.1175(10)	9.7436 (5)
	c (Å)	15.4486(7)	37.6422(19)
	α (°)	90	90
	β (°)	127.088(3)	90
	γ (°)	90	90
	V (Å 3 )	1948.61	2807.8(2)
	Z	2	4
	Dcalculated (Mg m -3 )	1.408	1.330
	Absorption coefficient (mm -1 )	1.278	0.792
	Crystal form, color	Block, orange	Prism, brown
	Crystal size (mm)	0.28 × 0.20 × 0.16	0.40 × 0.16 × 0.06
	h, k, lmax	13, 18, 20	4, 12, 49
	Tmin, Tmax	0.716, 0.822	0.742, 0.954
	Reflections collected	16201	11624
	Independent reflections, Rint	4462, 0.0721	5624, 0.0204
	Reflections with I > 2σ(l)	2931	5008
	R [F 2 > 2σ(F 2 )	0.0629	0.0350
	wR(F 2 )	0.1990	0.0685
	GOF on F 2	1.096	1.047
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Scheme 6. Sonogashira-type alkylation by a CNHC,N,N-Ni(II) pincer complex.

Scheme 15. Hydroarylation of 4-octyne with C6F5H catalyzed by a well-definedNi(0) complex.DFT calculations on the reaction between a [Ni 0 (NHC-Mes2)(olefin)] species and C6F5Hgive an exothermic Ni(II) reaction product (Scheme 16). When the substrate 4-octyne is present a small barrier (7.3 kcal mol -1 ) is found for the generation of the productive Ni(II) vinyl species (A). On the other hand, when COD is present, a very stable (-28.3 kcal mol -1 ) 𝜋-allyl Ni(II) species is easily accessible (11.4 kcal mol -1 ) (B). Scheme 16. DFT computed products from the reaction of [Ni 0 (NHC-Mes2)(L)] (L = 4-octyne (A), 1,5-cyclooctadiene (B), 1,5-hexadiene (C)) complexes and C6F5H. Values correspond to Gibbs free energy, Ea corresponds to the Gibbs energy connecting transition state, Ea, rds corresponds to the Gibbs energy of the rate-determining step, all energies presented in kcal mol -1 .Introduction: from the periodic table to nickel-N-heterocyclic carbene catalysts

Scheme 94. Dimer formation by 15 (A) and control experiment in the absence of iodobenzene (B).
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Chapter 3 -Catalytic C-H functionalization of O,S-azoles I. Introduction

From the wide chemical landscape available for C-H bond functionalization, a particular class, azoles, which are five membered heterocyclic molecules bearing one nitrogen atom and at least one other heteroatom in the heterocycle, 233 have been targeted by researchers in the last few years. This motif is broadly represented in natural products, bioactive molecules and materials chemistry. In particular, a lot of attention has been given to 1-chalcogen-3-(benzo)azoles. In this context the state of the art on nickel-catalyzed C-H cross-coupling of (benz)oxazoles and (benzo)thiazoles (Scheme 53) is here presented and discussed, listed by the geometry of the coupled carbon atom (linear -Csp, trigonal -Csp2, tetrahedral -Csp3). In 2009 Miura et al. 234 reported the coupling of benzoxazole with bromoalkynes in refluxing toluene for 1 h, in good yields (8 examples, 56-84% yield). The reaction was catalyzed by a system comprised of [Ni 0 (COD)2]/dppbz (1,2-bis(diphenylphosphino)benzene; 1:1 ratio, 5 mol%) and LiOt-Bu (Scheme 54, A). The reaction could be extended to 5-aryloxazoles (8 examples, 28-84% yield) if longer reaction times (3 h) were used. In the same report, the authors observed that benzothiazole (Scheme 54, B) and N-phenylbenzimidazole could also be transformed but, only if CuI was added as a cocatalyst. It is worth noting, however, that the authors reported no control experiment in the absence of [Ni 0 (COD)2].

Experimental section I. Generalities I. 1. Materials Solvents and chemicals were purchased from, Acros Organics, Alfa-Aesar, Fischer Scientific, Fluorochem, Prolabo, Sigma-Aldrich/Merk, Strem, TCI Chemicals or VWR without further purification unless otherwise stated. Argon gas was purchased from Air Products. Celite, silica gel (43-60 𝜇m or 60-200 𝜇m mesh) and aluminum oxide 90 active neutral (activity stage I, 63-200 𝜇m mesh) were pre-dried by heating in an oven at 115 °C, under air, for a minimum of 16 h before use. All reactions were carried out under magnetic stirring using a Teflon coated magnetic stir bar previously dried in an oven at 115 °C, under air, before use. The identity and purity of known compounds were determined by 1 H and/or 13 C { 1 H} NMR spectroscopy in relationship to their described spectra. Known compounds: mesitylisonitrile, 210 2,5-bisphenyloxazole, 244 2,4,6- (2,4,6-trimethyl-N-phenylbisethaneimine, 306 The purifications described below follow the methods described in Perrin and Armarego's "Purification of Laboratory Chemicals". 311 Solvents were refluxed with appropriate drying agents under a flow of argon gas for a minimum of 10 h on their first batch and routinely for 1 h before collection and use. Drying agents as follows: THF, DME, Et2O -Na/benzophenone (deep blue/purple red color was used as an indicator for the absence of oxygen and moisture);

1,4-dioxane, toluene -Na; n-pentane, n-hexane, acetonitrile -CaH2. Small volumes (< 10 cm 3 ) of each of the above were occasionally dried over 3 Å molecular sieves (activated by drying under vacuum at T > 150 °C for a minimum of 3 h and then cooling off under an argon flow) 312 and degassed by three freeze-pump-thaw cycles. Liquid azoles: thiazole, 4,5-dimethylthiazole, benzothiazole, oxazole and benzoxazole as well as haloarenes: iodobenzene, 2-iodotoluene, 2-iodobiphenyl were obtained from suppliers and distilled over CaH2 and were considered pure by 1 H NMR spectroscopy. They were then bubbled with argon or degassed by freeze-pumpthaw and stored under an argon atmosphere. 1-Iodododecane was dissolved in Et2O, washed Celite pad (4 × Ø3 cm) that was rinsed with acetonitrile until the washings were colorless.

Volatiles were evaporated under vacuum, and the resulting solid was washed with n-pentane resulting in an immediate change of color from red to green. After 12 h, the reaction medium was filtered through a Celite pad (4 × Ø3 cm) and concentrated in vacuo to give a brownish powder that was washed with n-pentane (3 × 10 cm 3 ). Re-dissolution of this solid in toluene (10 cm 3 ) and THF (0.5 cm 3 ) and filtration through neutral alumina with toluene and toluene/THF (20:1) as successive eluents then afforded a green solution that was evaporated to dryness to give the title compound as a green-brown powder (193 mg, 0.343 mmol, 80% 1 equiv.) in toluene (12 cm 3 ) at r. t., resulting in an immediate change of color from red to olive.

After 2 h, volatiles were evaporated, n-pentane (10 cm 3 ) was added and evaporated, the brown residue extracted in toluene and loaded atop an alumina pad (4 × Ø3 cm) that was rinsed with dry toluene, to elute a yellow fraction, followed by a mixture of toluene/THF (20/1) to recover a second olive fraction that was then evaporated and dried under vacuum at r. that was rinsed with toluene until the washings came out colorless. The purple filtrate was then concentrated under vacuum, and n-pentane (6 × 10 cm 3 ) was added to precipitate a pink solid.

The solution was filtered off and the solid washed with n-pentane (3 × 10 cm 3 ). The solid was then extracted with n-hexane and filtered over a Celite pad (4 × Ø3 cm) that was rinsed with dry n-hexane until the washings came out colorless. The pink filtrate was then evaporated and dried under vacuum for 3 h at r. 

V. Computational methods

The calculations were performed by Dr. Luis F. Veiros at Centro de Química Estrutural (CQE) using the Gaussian 09 software package and the PBE0 functional, without symmetry constraints. This functional uses a hybrid generalized gradient approximation (GGA), including a 25% mixture of Hartree-Fock exchange 325 with the DFT 326 exchange-correlation, given by the Perdew, Burke and Ernzerhof functional (PBE). [327][328][329] The basis set used for geometry optimizations (b1) consisted of the Stuttgart/Dresden ECP (SDD) basis set [330][331][332] augmented with a f-polarization function 333 to describe the electrons of Ni, and a standard 6-31G(d,p) basis set [334][335][336][337][338][339][340] for all other atoms. The transition state optimization was performed with the Synchronous Transit-Guided Quasi-Newton (STQN) method developed by Schlegel et al., 341,342 following extensive search of the potential energy surface. Frequency calculations were performed to confirm the nature of the stationary points, yielding one imaginary frequency for the transition state and none for the minima. The transition state was further confirmed by following its vibrational mode downhill on both sides and obtaining the minima presented on the energy profile. The electronic energies (Eb1) obtained at the PBE0/b1 level of theory were converted to free energy at 298.15 K and 1 atm (Gb1) by using zero point energy and thermal energy corrections based on structural and vibration frequency data calculated at the same level. Single point energy calculations were performed on the geometries obtained at the PBE0/b1 level using the M06 functional, and a 6-311++G(d,p) basis set. [334][335][336][337][338][339][340]343,344 The M06 functional is a hybrid meta-GGA functional developed by Truhlar and Zhao, 345 and it was shown to perform very well for the kinetics of transition metal molecules, providing a good description of weak and long range interactions. 346,347 Solvent effects (MeCN) were accounted for in the M06/6-311++G(d,p)//PBE0/b1 calculations by means of the Polarisable Continuum Model (PCM) initially devised by Tomasi and coworkers [348][349][350] with radii and non-electrostatic terms of the SMD solvation model, developed by Truhlar and co-workers. 351 The free energy values presented (Gb2soln) were derived from the electronic energy values obtained at the M06/6-311++G(d,p)//PBE0/b1 level, including solvent effects (Eb2soln), according to the following expression: Gb2soln = Eb2soln + Gb1 -Eb1. The calculated frequencies for the CN stretch in all species were corrected with a scale factor of 0.932 resulting from the comparison of the calculated and experimental CN frequency values observed for 11. The presented calculated frequency spectra were drawn using the Chemcraft program 352 and a Lorentzian line broadening of 30% at peak half-width to account.
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