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Ré sumé de thè se

Les molécules marquées par des isotopes de l'hydrogène possèdent de nombreuses applications dans divers domaines tels que la chimie, la biologie ou en science des maté riaux. Dans le domaine de la recherche de nouveaux mé dicaments, les é tudes lié es à la pharmacociné tique né cessitent un accè s rapide à des molé cules marqué es afin de ne pas impacter les coûts et les dé lais de dé veloppement. Le dé veloppement de la mé tabolomique a aussi entrainé une augmentation du besoin en molé cules marqué es isotopiquement. En effet, les molé cules deuteré es peuvent ê tre utilisé es en tant qu'étalons internes pout la quantification rapide des mé tabolites pré sents dans des tissus ou des fluides biologiques. La premiè re partie de cette thè se concerne le développement d'une mé thode gé né rale de marquage de motifs de type thioé ther dans des molécules complexes à l'aide d'une nouvelle réaction d'échange isotopique (catalysée par des nanoparticules de Ruthé nium). D'un point de vue fondamental cette transformation représente le premier exemple de C(sp 3 )-H activation dirigé e par un atome de soufre. En termes d'application, cette nouvelle réaction permet la synthèse rapide d'étalons internes pour la quantification LC-MS/MS et le marquage tritium de molé cules complexes. La robustesse du systè me catalytique, et notamment sa capacité à maintenir sa ré activité dans diffé rents solvants protiques deuté ré s ou aprotiques, a permis de marquer une large gamme de produits contenant un motif thioéther. Ainsi en fonction de la solubilité et de la stabilité des composés d'intérêt, différents milieux ré actionnels (solvants : THF, MeOD, DMF, DMA, D2O) ont é té utilisé s pour marquer des principes actifs et des peptides contenant des sous-structures de type thioethers avec un grande ré gioselectivité . Par la suite, il a été démontré que cette méthode permettait d'accéder rapidement à molé cules deuté ré es pouvant ê tre utilisé en tant que standards internes pour la quantification LC/MS. En effet, en ré alisant plusieurs cycles de catalyse (3) plus de 4 atomes de deuté rium ont pu ê tre incorporé s sur des molé cules complexes. Cette ré action a aussi é té optimisé e dans le cadre du marquage tritium et le pergolide radiomarqué (activité spé cifique : 15 Ci/mmol) a é té obtenu en une é tape dans des conditions douces (P(T2) = 0.9 bar).

La seconde partie de cette thèse relate le développement d'une nouvelle mé thode d'homocouplage de phé nylpyridines catalysé e par un catalyseur de ruthé nium hé té rogè ne (Ru/C) et utilisant le chlorure de fer (III) comme oxydant. Diffé rents substrats comportant des substituants diverses ont é té dimé risé s avec de bons rendements (voir figure ci-dessous).

Des études de cinétique et de mécanistique ont été conduites afin de déterminer la nature de l'espèce catalytique active. Ces dimè res ont ensuite é té utilisé s pour synthé tiser de nouveaux complexes de bore dont les proprié té s photophysiques ont é té é tudié es. Ces nouvelles espè ces possè dent des rendements quantiques élevés et des brillances supérieures aux espèces monomériques. L'utilisation de ces nouveaux complexes de bores en tant qu'émetteurs dans des diodes é lectroluminescentes sera prochainement é tudié e. Deuterium is one of two natural isotopes of hydrogen, with the symbol D or 2 H, which also known as heavy hydrogen. As an isotope of hydrogen, deuterium differs from hydrogen simply by possessing a single neutron, and it is the extra neutron that may make a massive difference in the reactivity of deuterium versus its isotope protium. 1 It has a natural abundance in Earth's oceans of about one atom over 6420 of hydrogen. The most common isotope ( 1 H) occupies more than 99.98% of all the naturally occurring hydrogen, while deuterium has a number of approximately 0.0156% (or on a mass basis 0.0312%). Notably, natural water from different sources or places has a slightly different abundance of deuterium. 2 For example, the deuterium content of surface water is about 5% lower than that of marine water, due to the repeated vaporization and condensation.

Multiple applications have been found for deuterated compounds in chemistry, biology and material science. 3 One of the most important applications in chemistry is due to the kinetic isotope effect (Figure 1.2). Since D is heavier than H, the vibrational frequency of a C-D bond is lower than the one 3 a) J. Atzrodt, V. Derdau, T. Fey, J. Zimmermann, Angew. Chem. Int. Ed. 2007, 46, 7744; b) T. Junk, W. J. Catallo, Chem. Soc. Rev. 1997, 26, 401; c) Y. Sawama, Y. Monguchi, H. Sajiki, Synlett 2012, 23, 959. of a C-H bond, which leads to a lower zero-point energy (ZPE) of the C-D bond. The lower ZPE of C-D bond results in higher activation energy for the C-D bond cleavage than that of C-H bond one: more energy is needed for a C-D bond to reach its transition state for bond cleavage. As a result, if the ratedetermining step of a reaction involves the cleavage of a C-H/D bond, the deuterated analogues will have slower reaction rate than the unlabeled molecules. This effect is called the primary kinetic isotope effect (KIE). Normal KIE means that the reaction rate for a C-H bond cleavage is faster than the one for a C-D bond cleavage. There is also inverse KIE, which means that the reaction rate for a C-D bond cleavage is faster than the one for a C-H bond cleavage. The secondary isotope effect differs from the primary isotope effect by the fact that no C-D bond is formed or broken in the rate determining step. 4 Figure 1.2 Origins of the deuterium kinetic isotope effect 5 An important application of deuterated compounds is their use in mechanistic studies. 6 For example, deuterated toluenes were employed as substrates for aromatic hydroxylation catalyzed by the natural and G103L isoforms of the diiron enzyme toluene 4-monooxygenase to understand the reaction mechanism by C. E. Rogge and co-workers. 6d By observing the magnitudes of isotope effects and patterns of deuterium retention of the hydroxylation, the authors concluded that an active site-directed opening of position-specific transient epoxide intermediates might contribute to the chemical mechanism and the regiospecificity of the reaction (Figure 1.3). Generally, by comparing the reaction rate of deuterated substrates with the hydrogenated ones, the researchers might know whether the rate 4 C. L. Perrin, Y. Dong, J. Am. Chem. Soc. 2007, 129, 2759. 5 T. G. Gant, J. Med. Chem. 2014, 57, 3595. 6 a) T. Furuta, H. Takahashi, Y. Kasuya, J. Am. Chem. Soc. 1990, 112, 3633; b) C. H. Oh, H. H. Jung, K. S. Kim, N. Kim, Angew. Chem. Int. Ed. 2003, 42, 805; c) S. D. Nelson, W. F. Trager, Drug Metab. Dispos. 2003, 31, 1481; d) K. H. Mitchell, C. E. Rogge, T. Gierahn, B. G. Fox, Proc. Natl. Acad. Sci. U.S.A. 2003, 100, 3784; e) D. M. Marcus, M. J. Hayman, Y. M. Blau, D. R. Guenther, J. O. Ehresmann, P. W. Kletnieks, J. F. Haw, Angew. Chem. Int. Ed. 2006, 45, 1933; f) D. M. Marcus, K. A. McLachlan, M. A. Wildman, J. O. Ehresmann, P. W. Kletnieks, J. F. Haw, Angew. Chem. Int. Ed. 2006, 45, 3133; g) T. Zhang, Q. Peng, C. Quan, H. Nie, Y. Niu, Y. Xie, Z. Zhao, B. Z. Tang, Z. Shuai, Chem. Sci. 2016, 7, 5573. determining step is the cleavage of the C-H/D bond or not; 7 by observing the final fate of the deuterium atom in substrate, one could suggest the possible reaction pathway. 8 Apart from mechanistic studies, isotopically labeled molecules have also found a major role in the quantitative liquid chromatography-mass spectrometry/mass spectrometry (LC-MS/MS) analysis as internal standards. 9 An internal standard is a compound that is very similar, but not identical to the target analyte. It should have the same effect of sample preparation as the target analyte, but the analytical method should be able to identify the analyte from the internal standard in some factors such as molecular mass. Deuterated compounds can act as internal standards due to several factors: they can be extracted from biological samples at the same content as their corresponding unlabeled analogues; they have the same retention times as the unlabeled analogues in chromatographic methods; the ionization behavior of deuterated compounds is the same as the unlabeled analogues in LC/MS analyses, but their molecular masses are different. Consequently, the quantitative determination of an analyte is possible when the mass difference is large enough between the analyte and its deuterated internal standard. In fact, in order to reduce the cross signal overlap between the analyte and the internal standard, the latter should be deuterated with a low content (less than 0.5%) of unlabeled material (D0) and a representative mass peak (Figure 1.4). 9a Thus, it should incorporate 3-5 deuterium atoms in order to be clearly identified from its natural isotope distribution. For example, 3-n-butylphthalide (Figure 1.5, compound 1.1.1a) is a cardiovascular drug widely used in China for the treatment of cerebral ischemic stroke. It is of great importance to have a better understanding of the in vivo fate of 1.1.1a and its four major metabolites (Figure 1.5, compounds 1.1.2a-1.1.5a) for safety evaluation, good clinic practice and discovery of new antistroke drugs. In 2013, X. Chen et al. reported a method allowing the simultaneous quantitation of 1.1.1a and its four major metabolites in human plasma by LC-MS/MS using the corresponding deuterated 1.1.1b-1.1.5b as internal standards. 9b Using this analytical method, they were able to quantify the five compounds with the lowest concentration of 3.00 ng/ml. Moreover, by following a single oral administration of 200 mg 1.1.1a to healthy volunteers, the pharmacokinetic profiles of 1.1.1a-1.1.5a were characterized successfully by this method. More recently, the first deuterated drug, deutetrabenazine (Figure 1.6), was approved by FDA. 10 Tetrabenazine is a vesicular monoamine transporter 2 (VMAT2) inhibitor, and it is used for the treatment of chorea associated with Huntington disease. It has been proved that its deuterated analogue, deutetrabenazine, has improved dosing and safety profiles, owing to the stronger bond energy of the C-D bond and thus better withstanding drug-metabolizing enzymes such as the cytochrome P450s (CYP), a class of monooxygenase for the oxidation of C-H bond. According to the in vitro experiments in human liver microsomes, deutetrabenazine is rapidly and extensively metabolized by carbonyl reductase to its major active metabolites, α-dihydrotetrabenazine (α-HTBZ, Figure 1.6) and β-dihydrotetrabenazine (β-HTBZ, Figure 1.6), which potently inhibit VMAT2 in the central nervous system. The active metabolites are subsequently metabolized majorly by cytochrome P450 2D6 (CYP2D6) through the oxidation of the methyl group. Since the cleavage of C-H bond is the ratedetermining step in CYP catalyzed oxidation, 11 as a consequence, the deuterated analogues are more able to withstand the oxidation by CYP2D6 than the hydrogenated ones, owing to the stronger bond energy of C-D bonds than C-H bonds (primary KIE). As a result, the active metabolites of deutetrabenazine have a longer lifetime than the ones of tetrabenazine, hence improving the dosing and safety profiles. Indeed, the selective incorporation of deuterium into drugs can increase significantly their biological half-life, taking advantage of the primary kinetic isotope effect. Moreover, it has been reported that the formation of undesired or toxic metabolites could be reduced through selective deuteration of a drug, together with an enhancement of the formation of desired metabolites. 12 In fact, there are more and more deuterated drugs under preclinical and clinical investigations. 13 In addition, isotopically labeled compounds also facilitate the rapid development of material science, especially the development of organic light-emitting diodes (OLEDs) and photovoltaics. 14 Generally, devices having deuterated molecules do not significantly change the physiochemical properties compared to the ones having hydrogenated compounds, 15 but different behaviors of devices having deuterated molecules might be observed due to the mass difference between hydrogen and deuterium.

For example, it was reported that by using the devices made with deuterated compounds, the external quantum efficiency of electroluminescent devices could be increased significantly; besides, lower turn-on voltages and lower deterioration rates in the electroluminescence brightness were observed; a better highvoltage stability could happen. 14a In another case, the isotopic effects of deuteration on optoelectronic properties of conducting polymers were studied by K. Xiao and co-workers. 14d Different photovoltaic characteristics were found between the main-chain deuterated polymer (Figure 1.7, 1.1.6-DM) and side-chain deuterated polymer (Figure 1.7, 1.1.6-DS). For the former deuterated analogue, the short-circuit current was reduced due to the change of film crystallinity and morphology of the active layer resulted by the weak non-covalent intermolecular interactions of deuterated thiophene main-chain; for the latter deuterated analogue, the film morphology remained not changed, while the electronic coupling was decreased together with the formation of a charge transfer state and increased electron-phonon coupling, which has reduced significantly the open circuit voltage. There are many other applications for deuterated molecules. For example, in metabolomics, deuterated molecules were used to provide accurate metabolite identification, absolute quantification and flux measurement. 16 As shown in Figure 1.8, metabolomic analysis by coupling H/D exchange and LC/MS was conducted by J. F. Banfield and co-workers. 16a By comparing the mass spectrum of metabolites obtained from protonated solvents and the one obtained from deuterated solvents, the exchangeable hydrogens of the analytes could be figured out, which could help to identify the structure of the analytes. Through the analyses of the sample metabolites, the authors discovered that natural acidophilic microbial communities contained N-methyl lyso phosphatidylethanolamines (PE) as abundant lipids. In pharmacokinetic and pharmacological absorption, distribution, metabolism, and excretion studies (ADME), deuterated molecules were used to slow down the metabolic rate and modulate pharmacokinetics. 17 In some special cases, deuteration was reported to protect amino acids against racemization, 18 enhance catalyst lifetime, 19 probe C-H activation process, 20 enable structure analysis of protein, 21 control the diastereoselectivity of ligand synthesis, [START_REF]N-(2-Bromophenyl)nicotinamide (2.28): Following the General Procedure C. The product was isolated as a white solid (148 mg, 53%) starting from nicotinic acid (123 mg, 1 mmol) and 2-bromoaniline (172 mg, 1 mmol)[END_REF] and facilitate the formation of desired product in total synthesis. 23 More importantly, various deuterated solvents are widely used in NMR analyses to understand the structure information of organic compounds.

Tritium and applications of tritiated compounds

Tritium is a radioactive isotope of hydrogen with a symbol of T or 3 H, which contains one proton and two neutrons. It was first produced from deuterium by Rutherford, M. L. Oliphant, and P. Harteck in 1934. 24 However, it was L. W. Alvarez and R. Cornog who isolated tritium for the first time and Label. Compd. Radiopharm. 2013, 56, 504; c) V. Uttamsingh, R. Gallegos, J. F. Liu, S. L. Harbeson, G. W. Bridson, C. Cheng, D. S. Wells, P. B. Graham, R. Zelle, R. Tung, J. Pharmacol. Exp. Ther. 2015, 354, 43; d) J. Jiang, X. Pang, L. Li, X. Dai, X. Diao, X. Chen, D. Zhong, Y. Wang, Y. Chen, Drug Des. Dev. Ther. 2016, 10, 2181. 18 J. D. Lowenson, V. V. Shmanai, D. Shklyaruck, S. G. Clarke, M. S. Shchepinov, Amino Acids 2016, 48, 2189. 19 N. Armenise, N. Tahiri, N. N. H. M. Eisink, M. Denis, M. Jäger, J. G. De Vries, M. D. Witte, A. J. Minnaard, Chem. Commun. 2016, 52, 2189. 20 F. M. Chadwick, T. Krämer, T. Gutmann, N. H. Rees, A. L. Thompson, A. J. Edwards, G. Buntkowsky, S. A. Macgregor, A. S. Weller, J. Am. Chem. Soc. 2016, 138, 13369. 21 A. Kita, Y. Morimoto, Mol. Biotechnol. 2016, 58, 130. 22 R. A. Arthurs, C. J. Richards, Org. Lett. 2017, 19, 702. discovered tritium's radioactivity. 25 According to the radionuclide safety data sheet (RSDS) developed by Radiation Safety Services (RSS), tritium has a physical half-life of 12.3 years, a high specific activity of 9650 Ci/g (28.8 Ci/mmol), and it emits beta particle with a range of 5 mm in air and average about 0.56 μm in water or tissue. [Specific activity is defined as the activity per quantity of atoms of a particular radionuclide. The unit of specific activity is Ci/g (Ci = Curie) or Bq/g (Bq = Becquerel), and 1 Ci/g = 3.7×10 10 Bq/g.] The high specific activity together with insignificant penetrability through human skin makes tritium widely used as a radioactive tracer element in biological research, especially for the labeling of biomolecules such as peptides, proteins, oligonucleotides, and antibodies. 26 Tritium gas is usually stored in the form of a solid metal tritide and the stored tritium will not be released until it is heated. For tritium labeling, the most convenient isotopic source is the tritium gas because it can be easily produced by heating the metal tritide, and it can be reabsorbed upon cooling down the metal tritide. Tritiated water is sometimes used as the isotopic source for tritiation. However, pure tritiated water is corrosive due to self-radiolysis. Hence, it is used in the dilute form, which mainly contains H2O plus some HTO. Since tritium gas is easier and safer to handle, it has been mostly used for tritium labeling. For instance, recently, our group reported a method allowing the tritium labeling of DPA-714 (Figure 1.9), a fluorinated ligand of the translocator protein 18 kDa (TSPO), which could be used as a probe for positron emission tomography (PET) imaging, by using Pd/C as catalyst and T2 gas as the tritium source. 26e The tritiated molecule could help to better understand how it binds to the TSPO, and it also gave a combination of in vitro and in vivo studies performed with this tracer. In addition, tritiated molecules were applied to ADME studies. 27 Tritium labeled compounds are relatively simple and fast to synthesize compared with compounds labeled with other radioactive elements such as 14 C and 18 F, which are obtained mostly by multi-step synthesis. They can be obtained with high specific activity, which is useful for studying the highly potent compounds at a low dose.

Tritium labeling facilitates the procurement of quantitative data of metabolites by avoiding the interference of complex biological matrices and metabolic changes to chemical structure. Through the analysis of radioactive metabolic profiles in excreta, it becomes possible to determine clearance mechanisms of drug candidates. In this context, the use of radioactive labeling is crucial in the safety assessment of novel pharmaceuticals. Therefore, the development of efficient late stage processes enabling the selective deuterium and tritium incorporation into complex molecules is of paramount importance.

For example, F. Lozac'h et al. used tritium labeled 2'-O-methyluridine to study its ADME properties in mice in order to understand the biological impact of this nucleoside in a siRNA sequence and to support preclinical safety studies and clinical development of siRNA therapeutics. 27h The concentration of radiolabeled components were determined by Liquid Scintillation Counter (LSC).

Metabolites were separated by Ultra High Pressure Liquid Chromatography (UHPLC) and subsequently identified using radiodetection and high-resolution mass spectrometry (HRMS). Through detecting the radioactivity by an intravenous administration of tritium labeled 2'-O-methyluridine after 48 hours, it was observed that tritiated 2'-O-methyluridine represented a minor component of the radioactivity (5.89%) in plasma; three metabolites (Figure 1.10) namely uridine (M1), cytidine (M2), and uracil (M3) were the major circulating components representing 32.8%, 8.11%, and 23.6% of radioactivity area under the curve, respectively. 

Synthesis of deuterium or tritium labeled compounds

There are two possible ways to achieve isotopically labeled molecules: (1) by a conventional multistep synthesis; (2) by direct hydrogen isotope exchange (HIE).

Starting from appropriate commercially available labeled precursors, more complex molecules could be synthesized in several steps. For example, in 2015, V. Uttamsingh and co-workers reported the synthesis of deuterated paroxetine hydrochloride salt 1.3.6 in 5 steps, with a total yield of 20% (Scheme 1.1). 28 Notably, deuterated sesamol 1.3.3 was synthesized separately in 3 steps, with a total yield of 53%. The advantage of this method was that it allowed the exclusive introduction of deuterium atoms with high isotopic enrichment (full deuterated starting material); however, it suffered the drawback of time and resources consuming and produced a lot of isotopically labeled wastes. Such drawback would be more underlined when dealing with tritium labeling.

Scheme 1.1 Synthesis of deuterium labeled paroxetine hydrochloride salt

By contrast, the HIE process enables a direct isotopic labeling of the desired molecule in one single step, thus saving time and costs. Different types of catalysts have been applied in the HIE reactions.

For metal catalysts, they could be divided into two types according to the active catalytic species: homogeneous catalysts and heterogeneous catalysts. Recently, our group developed a method allowing the regioselective and stereospecific deuteration of nitrogen containing compounds catalyzed by ruthenium nanoparticles, 29 and the deuteration of paroxetine has been achieved in one step with high 28 V. Uttamsingh, R. Gallegos, J. F. Liu, S. L. deuterium incorporation and high yield (Scheme 1.2). Moreover, stereochemistry was retained over the deuteration process. Scheme 1.2 H/D exchange of paroxetine catalyzed by RuNp@PVP Obviously, the HIE process is preferred to obtain deuterated molecules. Achieving isotopically labeled molecules with high isotopic enrichment or high specific activity under mild reaction conditions is the main goal of HIE reactions. The main challenge of HIE process is the development of regio-and stereoselective procedures allowing the labeling of various functional group containing molecules.

A remarkable evolution was realized in the field of H/D exchange process since the pioneering work of J. L. Garnett half a century ago. 30 Using a homogeneous Pt-catalyst, Garnett succeeded to label a variety of aromatic compounds, despite the poor selectivity and low deuterium incorporation. Since then, rapid development has been achieved in the field of homogeneous catalytic H/D exchange reactions. Moreover, HIE reactions can be accomplished by either acid/base mediated H/D exchange or metal catalyzed H/D exchange. Remarkably, in the early 1980s, W. J. S. Lockley discovered that aromatic carboxylic acids and anilines could be labeled regioselectively using RhCl3. 31 These distinguished works opened the door for a series of notable advances in regioselective H/D exchange reactions.

In the last 30 years, many research groups have made great contributions to the selective deuteration of various organic compounds. 32 One of the most remarkable advances may be the development and application of the Crabtree's catalyst [(cod)Ir(PPh3)(py)]PF6 (Figure 1.11), 33 which was first known as a hydrogenation catalyst in the beginning. Crabtree's catalyst is an air stable homogeneous catalyst developed by R. H. Crabtree in 1979, and it is now widely used for various catalytic reactions because 30 a) J. L. Garnett, R. J. Hodges, J. Am. Chem. Soc. 1967, 89, 4546; b) M. R. Blake, J. L. Garnett, I. K. Gregor, W. Hannan, K. Hoa, M. A. Long, J. Chem. Soc., Chem. Commun. 1975, 930. 31 a) W. J. S. Lockley, Tetrahedron Lett. 1982, 23, 3819; b) W. J. S. Lockley, J. Label. Compd. Radiopharm. 1984, 21, 45; c) W. J. S. Lockley, J. Label. Compd. Radiopharm. 1985, 22, 623. 32 For selected reviews, see ref [2], ref [8a] and: a) R. Salter, J. Label. Compd. Radiopharm. 2010, 53, 645; b) Organomet. Chem. 1977, 141, 205; b) R. Crabtree, Acc. Chem. Res. 1979, 12, 331. of its robust catalytic activity and commercial availability. 34 Regarding the H/D exchange reaction mechanism catalyzed by Crabtree's catalyst, the key processes involve the coordination of substrate to the metal center, the activation of C-H bond adjacent to the functional group to form a five-or sixmembered ring intermediate (Figure 1.12), ligand exchange and finally reductive elimination to yield the deuterated product. 35 It can be used either as a co-catalyst 36 or as an independent catalyst 35,37 in different deuteration reactions with high regioselectivity. The substrate scope of Crabtree's catalyst in H/D exchange is broad, ranging from aromatic esters, amides, ketones to heterocycles such as aryl substituted furan, thiophene, oxazole, thiazole, pyridine, pyrazole and so on. 37b In some rare cases, Crabtree's catalyst is also used for C(sp 3 )-H bond activation.

For example, it has been applied to the selective H/T exchange of methapyrilene at C(sp 3 )-H bond with high specific activity (Figure 1.13). 38 34 R. Salter, M. Chappelle, A. Morgan, T. Moenius, P. Ackermann, M. Studer, F. Spindler, Synthesis and Applications of Isotopically Labelled Compounds, John Wiley and Sons Ltd, Chichester, 2001, 7, 63-67. 35 a) A. Y. L. Shu, W. Chen, J. R. Heys, J. Organomet. Chem. 1996, 524, 87;b) J. S. Valsborg, L. Sørensen, C. Foged, J. Label. Compd. Radiopharm. 2001, 44, 209. 36 S. C. Schou, J. Label. Compd. Radiopharm. 2009, 52, 376. 37 a) D. Hesk, P.R. Das, B. Evans, J. Label. Compd. Radiopharm. 1995, 36, 497; b) However, despite the broad applications of the Crabtree's catalyst, a general drawback is its sensitivity to extraneous proton-bearing impurities. 39 Generally, dichloromethane is the only effective solvent used in the reaction. Besides, a significant loss of activity could happen when dealing with substrates with a functional group of alcohols or amines. 33 A general study of Crabtree's catalyst concerning the scope and limitations of deuteration has been done by J. M. Herbert and co-workers. 37b They indicated that the Crabtree's catalyst was regularly required in stoichiometric amounts or even more, and often led to low isotope incorporation levels and undesirably lengthy reaction times. Moreover, the application of this catalyst to the tritium labeling leads to high amounts of (tritiated) wastes (labeled cyclooctane and/or cyclooctene from the ligand) because of the high catalyst loading. 40 Numerous works have been recently dedicated to the development of new methods allowing selective and efficient labeling of biologically relevant compounds. Among them, several chemo-and regioselective metal catalyzed H/D exchange procedures allowing the labeling of oxygen and nitrogen containing molecules have been described. 41 Compared to multistep syntheses, the H/D exchange process is a more steps and time saving way to achieve deuterated molecules. We review herein majorly the works published during the past ten years concerning the progress of metal-catalyzed HIE reactions through C-H activation processes.

H/D exchange reactions catalyzed by iridium complexes

Among all the metal catalysts used for the H/D exchange procedures, iridium complexes are the most wildly studied. 42 Many research groups have been working on iridium catalyzed H/D exchange reactions and great achievements have been obtained in this field. 32a In recent years, numerous novel 39 Y. Xu, D. M. P. Mingos, J. M. Brown, Chem. Commun. 2008, 199. 40 a) J. A. Brown, S. Irvine, A. R. Kennedy, W. J. Kerr, S. Anderssonb, G. N. Nilsson, Chem. Commun. 2008, 1115; b) G. N. Nilsson, W. J. Kerr, J. Label. Compd. Radiopharm. 2010, 53, 662. 41 For recent examples see ref [35b] and: a) L. V. A. Hale, N. K. Szymczak, J. Am. Chem. Soc. 2016, 138, 13489; b) Kerr, M. Reid, S. Andersson, G. N. Nilsson, J. Label. Compd. Radiopharm. 2013, 56, 451. methods based on HIE have been developed for the selective deuterium/tritium labeling of various organic compounds catalyzed by iridium complexes. [START_REF] Iluc | For recent examples of iridium catalyzed H/D exchange reactions[END_REF] 

Iridium catalyzed deuteration involving oxygen atom as directing groups

Oxygen is a common coordinating atom to many metals. It can coordinate in the form of different functional groups, such as alcohols, ketones, esters, carboxylic acids, amides or nitro group. Therefore, many works on H/D exchange have been achieved involving oxygen atom as directing groups catalyzed by iridium complexes.

Among the research groups working on iridium catalyzed H/D exchange reactions, W. J. Kerr's group has made huge contributions. 40a, 41d-e, 42, 43d-k In 2008, Kerr reported 40a the synthesis of a series of iridium complexes stabilized by bulky N-heterocyclic carbene (NHC) and their applications in the regioselective H/D exchange reactions (Figure 1.14). Excellent levels of labeling had been achieved over short reaction times and at low catalyst loadings. Moreover, these complexes were all air-and moisture-stable solids, which could be stored under air for more than 8 months without loss of catalytic activity.

Figure 1.14 Structure of Kerr's catalysts

Since then, Kerr's group has been concentrating on the core structure of the iridium complex, by modifying the coordinating group or by changing the counterion, they have succeeded to deuterate/tritiate a variety of organic compounds. For example, through replacing PF6 counterion with BArF (tetrakis [3,5-bis(trifluoromethyl)phenyl]borate), the catalytic activity could be improved at lower catalyst loadings, together with an improvement of solubility profile and applicable solvent scope. 43f, k Using the new catalyst 1.4.2, they succeeded to label a drug molecule (niclosamide, Scheme 1.3) with an improved deuterium incorporation.

Scheme 1.3 Deuteration of niclosamide by iridium complex

Later, Kerr reported the first regioselective C-H deuteration of unsaturated organic compounds at the β-position with iridium catalyst 1.4.1a. 43g Under mild reaction conditions with low levels of catalyst loading, high levels of deuterium incorporation have been obtained with good selectivity over the potentially competing reduction process, across a series of α,β-unsaturated substrates (Scheme 1.4).

Scheme 1.4 Deuteration of α,β-unsaturated compounds with Kerr's catalyst

Besides, as an overview of Kerr's catalysts, they also examined their catalytic activities toward the labeling of benzoate ester derivatives comparing with Crabtree's catalyst. 43i As a result, Kerr's catalyst 1.4.1a showed more efficiency than Crabtree's catalyst in the deuteration of benzoate esters.

Additionally, with a slightly raise of reaction temperature (from room temperature to 40 °C), great improvements of deuterium incorporation were observed across all substrates examined. Thus, the application of Kerr's catalysts became wider by two ways: increasing the reaction temperature or switching the counterion.

Apart from Kerr's works, A. Marek and co-workers reported the labeling of unsaturated γhydroxybutyric acid (1.4.3, a potent ligand for high affinity γ-hydroxybutyric acid binding sites in the central nervous system) by comparison between H/D exchange reaction mediated by iridium complex and reduction by boro-deuterides (Scheme 1.5). 43l Through changing the solvent, Crabtree's catalyst was able to control the selective deuteration of the substrate without over reduction. However, the deuterium incorporation was low (< 10%). Kerr's catalyst was found to be more efficient than Crabtree's catalyst for the deuteration. However, over reduction always occurred together with high deuterium incorporation. By contrast, labeling through reduction by boro-deuterides gave α-deuterated alcohol with high yield. Using LiB(OMe)3D as reductant, the conversion of the reaction could reach 99% with 91% of yield, and it was even applicable to tritium labeling by using LiB(OMe)3T. According to the authors, the catalyst acted as a homogeneous catalyst at 100 °C, but it could be easily recovered by filtration as a precipitate at room temperature due to the unique thermomorphic polyethylene properties. The advantages of the polyethylene-supported iridium catalyst were the low catalyst loading, short reaction time and its recyclable ability. When using 2 mol% of catalyst, the deuteration of acetophenone was still efficient after the third cycle of the catalyst in just 5 min reaction time.

However, the multistep synthesis of the catalyst and the narrow substrate scope (only 3 examples were given in the publication) have limited the application of the catalyst.

Iridium catalyzed deuteration involving nitrogen atom as directing group

Compared with oxygen, nitrogen atom displays stronger coordinating ability to transition metal catalysts because N-ligands are generally stronger Lewis bases than O-ligands, thus the coordination bond between transition metal and nitrogen is stronger than the one between transition metal and oxygen. Nitrogen can participate as coordinating atom in various functional groups, such as amines, sulfonamides and a series of N-heterocycles. Numerous works have been published recently based on the nitrogen directing groups.

Apart from the works of the deuteration involving oxygen atom, Kerr also applied his catalysts in the labeling of N-heterocycles 41e, 43h and primary sulfonamides. 41d For the labeling of N-heterocycles such as pyrimidine, imidazole, oxazole, oxazoline, isoxazole, thiazole, benzimidazole, benzoxazole and benzothiazole, catalyst 1.4.1a proved to be the most efficient (Scheme 1.6, a); 43h while for the labeling of unprotected tetrazoles, catalyst 1.4.2 worked best with the addition of Cs2CO3 as base since the reaction was a concerted metalation-deprotonation (CMD) pathway (Scheme 1.6, b). 41e Moreover, through the optimization of reaction conditions, deuteration of complex molecules 1.4.7-1.4.9 and deuteration/tritiation of valsartan 1.4.10, an angiotensin receptor blocker, were also achieved using the two catalysts separately (Figure 1.16). In 2014, Kerr reported the first general method allowing the selective deuterium labeling of primary sulfonamides using a modified Kerr's catalyst 1.4.11 (Scheme 1.7). 41d This catalyst had a sterically less hindered and more electron-rich chloride ligand, which could enhance the efficiency of the sulfonamide coordination and subsequent ortho-deuteration. A series of sulfonamides were selectively deuterated with various substituents on aryl rings, including two pharmaceuticals with good chemoselectivities (Scheme 1.7). However, a notable limitation of this method lies in the poor deuterium incorporation of some substrates due to their poor solubility in dichloromethane. A competition study was done to assess the chemoselectivity of the catalyst system, which revealed that the deuteration of primary sulfonamides could proceed smoothly with the presence of ketone, ester, nitro, and various amide directing groups; while the presence of N-heterocycles could change the chemoselectivity of the deuteration process to the labeling of these substrates. Scheme 1.7 Deuterium labeling of primary sulfonamides using a modified Kerr's catalyst More recently, V. Derdau and co-workers reported the selective deuteration of secondary sulfonamides and the first selective aromatic deuteration of tertiary sulfonamides as well as sulfonylureas based on Kerr's catalyst 1.4.12 and the commercially available Burgess catalyst 1.4.13 (Figure 1.17). 43q The Burgess catalyst 1.4.13, which was developed as a catalyst for the asymmetric hydrogenation of olefins, 44 has never been applied in H/D exchange reactions before their publication. By comparison of the catalytic activity of the two iridium complexes, the authors discovered that the Burgess catalyst 1.4.13 was more effective when conducting the deuteration reactions on tertiary sulfonamides, while the Kerr's catalyst 1.4.12 was more suitable for the labeling of secondary sulfonamides and ureas (Scheme 1.8). They also succeeded to adapt their method to the deuterium labeling of several drug molecules. Finally, the tritium labeling of glibenclamide was achieved after the optimization of reaction conditions (Scheme 1.8). Using 4 μmol of substrate, with 10 mol% of catalyst 1.4.12 and a reduced pressure of tritium gas (160-278 mbar), after heating at 100 °C in PhCl for 3 h, they succeeded to tritiate glibenclamide with a specific activity of 9 Ci/mmol. Scheme 1.8 Iridium complexes catalyzed isotopic labeling of sulfonamides 44 M. C. Perry, X. Cui, M. T. Powell, D. R. Hou, J. H. Reibenspies, K. Burgess, J. Am. Chem. Soc. 2003, 125, 113. 1.4.3 Iridium catalyzed deuteration of various compounds with distinct functional groups For the works described above, the catalysts could catalyze the H/D exchange of compounds with comparable functional groups. However, there are some more general catalysts that are able to catalyze H/D exchange of various compounds with different types of functional groups, such as Kerr's catalysts. 42, 43e, f, j, 45 For catalysts containing an NHC and a chlorine ligands, after screening catalysts with different substituents on carbene ligand (Figure 1.18), Kerr discovered that catalyst 1.4.12 was able to deuterate various aryl ketones efficiently. 42 The catalyst could also deuterate amides with moderate deuterium incorporation, and N-heterocycles with high deuterium incorporation.

Scheme 1.6 Labeling of N-heterocycles by Kerr's catalyst

For catalysts containing an NHC and a phosphine ligands, Kerr showed that all the catalysts (Figure 1.18) were active toward the labeling of aryl ketones, aryl amides and N-heterocycles, despite a little difference of activities was observed among different substrates. 43e, f One could choose different catalyst according to the functional groups of substrates. Kerr even succeeded to tritiate various molecules with different functional groups using catalysts 1.4.1a-1.4.1c respectively. Replacing the phosphine ligand with pyridine (Figure 1.18, 1.4.1f) also had similar catalytic activities towards various compounds with different functional groups. 43j Despite the broad application of Kerr's catalysts, some other complexes based on iridium have also been designed for H/D exchange reactions. In 2014, D. Muri and co-workers selected a series of reported highly active iridium catalysts for asymmetric double bond reductions with different N, Pligands to test their catalytic activities toward H/D exchange reactions. 43c In this publication, through the scanning of the iridium catalysts with different ligands for the deuterium labeling of 2phenylpyridine, the authors discovered that the catalysts containing electron-rich ligands (dicyclohexylphosphines or phosphinites) were excellent catalysts for efficient deuterium labeling of various compounds (Scheme 1.9). With these catalysts that contained electron-rich ligands, substrates with strong directing groups such as pyridines, ketones, and amides, as well as weak ligating units such as nitro, sulfones, and sulfonamides, could be labeled efficiently using D2 gas as the isotopic source. Scheme 1.9 H/D exchange catalyzed by iridium catalysts with N, P-ligands Interestingly, by adding tris(pentafluorophenyl)borane to the reaction mixture, the authors were able to deuterate acetylbenzonitrile efficiently, which contains a strongly coordinating substituent, through the coordination of borane to nitrile group. Finally, they also developed an iridium catalyst that contained an achiral ligand (Scheme 1.9, 1.4.18). After testing the reactivity of the new catalyst, they claimed that it was very efficient toward a variety of substrates in the H/D exchange process.

Later in 2016, E. Peris reported the synthesis of three iridium(III) complexes with pyrene-containing N-heterocyclic carbenes (Figure 1.19) and their catalytic activities toward H/D exchange reactions. 43o Several substrates with different functional groups were tested with the three synthesized catalysts. Among them, the chloride complex 1.4.19 worked best for the deuteration of styrene and transstilbene with the addition of AgOTf as additive, while the carbonate complexes 1.4.20 and 1.4.21 deuterated THF efficiently without any additive; the latter was the best catalyst for the monodeuteration of Benzo [h]quinoline. Besides, the catalysts were also tested for their catalytic activities for the C-C coupling of alcohols. Moderate to good yields were obtained for all catalysts, while complex 1.4.21 was the best catalyst for this transformation.

Figure 1.19 Iridium complexes synthesized by Peris

Recently, V. Derdau and co-workers reported the synthesis of iridium (I) complexes supported by phosphine-imidazolin-2-imine P, N ligands and its application in the H/D exchange reactions of aryl substrates. 43p A total of 12 iridium complexes were synthesized, one of those displayed good activity toward the H/D exchange process (compound 1.4.22, Figure 1.20). Various directing groups such as acetyl, N-heterocycles, amide, sulfone, ester and nitro group were tested with good deuterium incorporation. Moreover, through the optimization of the reaction conditions, substrates with the weakly coordinating methoxy group showed a sufficient degree of deuteration. A total of 23 substrates were deuterated using their method, which was highlighted by the deuteration of the structurally complex molecule Cabazitaxel (Figure 1.20). Figure 1.20 Iridium complex for H/D exchange reactions and example of substrate: Cabazitaxel Overall, the reaction conditions of Derdau's method were mild (5 mol% of catalyst, 1 atm D2 gas pressure and reacted for 1h in CH2Cl2 at ambient temperature), despite the fact that in order to achieve good deuterium incorporation for methoxy derivatives, higher temperature (50 °C), longer reaction time (5 h) and higher catalyst loading (25 mol%) were necessary. The major limitation of Derdau's method was the multi-step synthesis of the iridium catalysts, and most of the catalysts had poor catalytic activity toward most substrates they used.

Iridium catalyzed deuteration of alkenes

In 2016, T. Nishimura reported a selective H/D exchange of vinyl and methylidene groups promoted by an iridium catalyst generated in situ from a hydroxoiridium complex and N-mesylbenzamide (Scheme 1.10). 43n Various styrene derivatives were tested with good deuterium incorporations selectively at the vinyl group (Scheme 1.10, equation a). Moreover, the catalyst loading could be lowered down to 0.1 mol% with a prolonged reaction time (20 h) to achieve high level of deuterium incorporation, and the isotopic enrichment could also be improved by using a large excess of D2O (200 eq.). Besides, the in situ generated iridium catalyst could also catalyze the deuteration of 1,1disubstituded alkenes efficiently (Scheme 1.10, equation b), with a slightly increased amount of catalyst. The major disadvantage of this method was that it could not be applied to the H/D exchange of terminal alkenes having allylic protons such as 1-octene because of fast isomerizations into inactive internal alkenes. According to the authors, steric factors played an important role in the deuteration process, since no deuterium incorporation was observed at α-position of methyl group in the arenes. Heteroarenes such as furan and thiophene were also deuterated efficiently under these conditions; however, substrates with strong coordinating atom such as pyridine were not able to be deuterated by this method, due to deactivation of the catalyst by pyridine's coordination to the metal center. The authors also suggested a mechanism for their deuteration reactions (Figure 1.21). Both C6D6 and D2O could be used as the isotopic source, while cyclohexane-D12 should be used as solvent with D2O.

Besides, the catalyst could also catalyze the H/D exchange of tertiary silanes. However, no example of functionalized arene was given, and the fact that the catalyst would be deactivated with the presence of a coordinating atom had limited the application of the method.

In 2013, E. A. Ison's group reported the Ir-complex catalyzed deuteration of benzene and the mechanistic studies. 43b The authors tested a series of Ir-complexes (for example compound 1.4.27) for the deuteration of benzene in three different solvent (CD3OD, CD3COOD and CF3COOD), and they discovered that the deuteration process is dramatically influenced by the solvent used in the reactions.

For acetic acid-d4 and methanol-d4, through the observation of primary isotope effects, the deuteration process was supposed to be an organometallic mechanism (Figure 1.22, mechanism a); whereas inverse isotope effects were observed in trifluoroacetic acid-d1, thus an Ar-SE mechanism was more reasonable (Figure 1.22, mechanism b).

Figure 1.22 Proposed Mechanisms for H/D Exchange in different solvents

Besides, the authors demonstrated that the ancillary ligand of the catalyst also influences H/D exchange reactivity when using methanol-d4 as solvent. The most active catalysts in methanol-d4 contained strong donor ligands (PMe3 and NHC), and hydride species had been identified in catalytic H/D exchange reactions in this solvent. However, a minimal impact of the ancillary ligand on H/D exchange reactivity was observed when conducting the reactions with acetic acid-d4. In this solvent, C-H activation was proposed to proceed by an acetate-assisted σ bond metathesis mechanism. As a conclusion, the authors claimed that the proper choice of solvent and ancillary ligand could result in the rational design of new C-H functionalization catalysts.

H/D exchange reactions catalyzed by ruthenium catalysts

Compared with iridium catalyzed H/D exchange reactions, ruthenium catalyzed H/D exchange reactions is another research hotspot. Thanks to the excellent coordinating ability of many functional groups (alcohol, amine, ester, amide, alkene, (hetero)arene…and so on) to the ruthenium atom, many catalysts based on ruthenium have been developed allowing the efficient and selective C-H deuteration of various organic compounds. 41f, 46 1.5.1 Ruthenium catalyzed deuteration involving oxygen atom as directing groups As mentioned above, oxygen is an excellent coordinating atom to many metals, including ruthenium complexes. Since it exists in various functional groups such as alcohols and carbonyl groups, many H/D exchange processes based on oxygen directing groups have been achieved catalyzed by ruthenium complexes.

Carbohydrates are important components of living organisms, and all of them contain certain number of hydroxyl groups which can act as directing groups. In 2010, H. Sajiki's group developed a method for the regioselective deuteration of primary and secondary alcohols as well as diols and triols catalyzed by Ru/C in D2O under 1 bar of H2 gas. 47 Based on this work, the same group reported a stereo-and regioselective deuterium labeling of various sugars catalyzed by Ru/C in D2O under a hydrogen atmosphere. 48 The direct H/D exchange reaction could selectively proceed on carbons adjacent to the free hydroxyl groups. A series of pyranosides were deuterated with high isotopic enrichment and high isolated yield (Scheme 1.11). The products were transferred into the corresponding acetates in order to better analyze them by 1 H NMR. However, the deuteration of furanosides failed because they were easily hydrolyzed under heated aqueous conditions. Scheme 1.11 Ru/C catalyzed deuteration of pyranosides Later in 2012, Sajiki improved this method by adding an inorganic base, such as NaOH and LiOH, to the reaction mixture. 46b By the addition of an inorganic base, the deuterium labeling of furanosides was realized (Scheme 1.12, compound 1.5.2). Furthermore, through selective protection of the hydroxyl groups, the site selective deuteration of carbohydrates was achieved efficiently (Scheme 1.12, compounds 1.5.3 and 1.5.4). The inorganic base (NaOH or LiOH) was added in order to avoid deprotection of the acetal moiety due to the Lewis acidity of the Ru/C or residual acidic constituent from the preparation process of Ru/C. The use of Ru/C as catalyst had certain advantages, such as its air stability, commercial availability and the convenient isolation of deuterated products by simple filtration. However, the use of D2O under H2 atmosphere made it difficult to determine the real deuterium source, due to the exchange between D2O and H2 to produce D2. Scheme 1.12 Ru/C catalyzed deuteration of furanosides and protected pyranosides Later in 2013, D. Milstein's group reported a ruthenium pincer catalyzed deuteration of primary and secondary alcohols. 46c The air-stable homogeneous ruthenium catalyst (1.5.5, Scheme 1.13) could selectively deuterate alcohols with a low catalyst loading (0.2 mol%) by using D2O as the deuterium source. NaOH was needed to promote the H/D exchange reaction. A number of functional groups were tolerated in their reaction conditions, such as amines, unactived double bonds and C-F bonds.

However, the general need of high reaction temperature (120 °C) and the loss of chirality when dealing with chiral alcohols had limited the application of the method. And the use of D2O as the isotopic source also limited the possibility to transfer this method for tritium labeling. Detailed mechanisms were proposed by the authors concerning the different catalytic activities. The H/D exchange reactions proceeded through reversible dehydrogenation/hydrogenation of alcohols involving hydride species and H/D exchange among D2O and hydride species. The different regioselectivities of the H/D exchange reactions could be related to the relative ease of exchange reactions of ruthenium hydride intermediates with D2O.

Scheme 1.14 H/D exchange reactions catalyzed by different ruthenium complexes

The authors also extended the substrate scope for the H/D exchange reactions catalyzed by 1.5.7. A series of primary and secondary alcohols were tested under the reaction conditions. The results showed that secondary benzylic alcohols were the best candidates under the reaction conditions; primary alkyl alcohols were less effective at the β-carbon positions; secondary alkyl alcohols were less reactive than primary alcohols. Although higher contents of deuterium could be achieved by increasing the reaction time, there was still a limitation which was the existence of a coordinating atom, such as nitrogen, strongly decreased the deuterium incorporation. This fact limited the application of the method for the labeling of many drug candidates which contained other coordinating moieties. More importantly, the use of D2O as isotopic source limited the method for tritium labeling because pure tritiated water is corrosive and the most common tritium source is the tritium gas.

Soon after Jia's publication, a similar work concerning the selective α-deuteration of primary alcohols and α,β-deuteration of secondary alcohols catalyzed by a ruthenium pincer catalyst (Ru-MACHO, Figure 1.23) 49 was reported by C. Gunanathan. 46i In Gunanathan's protocol, the isotopic source was also D2O, but only 0.2 mol% of the catalyst was used, together with 0.5 mol% of t-BuOK as base.

Figure 1.23 Ru-MACHO catalyst

Under their reaction conditions, aryl methanols were efficiently deuterated, however, slight deuterium incorporation at the β-carbon positions was observed when dealing with other kinds of primary alcohols. In the case of secondary alcohols, β-carbon positions were deuterated as efficiently as αcarbon positions. The authors explained that the different results might be due to the intermediate ketones which were more long-lived than aldehydes, resulting in the effective β-deuteration by H/D exchange via keto-enol tautomerism and the subsequent hydrogenation providing α,β-deuterated secondary alcohols. A mechanistic study indicated the formation of carbonyl species during the deuteration reactions, similar to that of Milstein's and Jia's cases.

As a complementary work of Milstein, Jia and Gunanathan, R. M. Gauvin and co-workers reported the deuterium labeling of alcohols using a series of ruthenium PNP pincer complexes in 2016. 46l Through screening the ruthenium pincer catalysts, minor differences in terms of yield and regioselectivity were observed upon substitution of the chloride ligand by borohydride (Figure 1.24, ligand X); however, the nature of the substituents on the phosphorous atoms had an impact on both activity and selectivity (Figure 1.24, R group). Bulky tert-butyl substituent resulted in inactivation for deuterium labeling (1.5.12b), while cyclohexyl substituent (1.5.8c and 1.5.9c) led to high regioselective activity for the αselective deuteration of alcohols.

Figure 1.24 Ruthenium pincer catalysts screened by Gauvin

Apart from the deuteration of alcohols (including carbohydrates), the H/D exchange of carboxylic acids catalyzed by a ruthenium complex has been reported by S. Komiya and co-workers in 2013. 46d However, this method suffered from the narrow substrate scope (only six examples were deuterated) and long reaction time (as long as 315 h), leading to few catalyst applications.

Ruthenium catalyzed deuteration involving nitrogen atom as directing groups

In 2012, M. Schnürch's group reported a Ru(0) catalyzed deuteration of aza-heterocycles using t-BuOD as deuterium source. 46a Using Ru3(CO)12 (5 mol%) as catalyst, both electron-rich and electronpoor N-heteroarenes such as (aza)indoles, deazapurines, benzimidazole, (iso)quinolines, and pyridines were selectively deuterated at specific positions (Scheme 1.15). Indoles were selectively deuterated at C-3 position; pyridines were labeled at α position of N; interestingly, benzylic positions could also be deuterated when it existed in the substrate. The isotopic enrichment could also be improved by repeating an additional catalytic cycle. By synthesizing t-BuOD from t-BuONa and CF3CO2D, the authors also claimed that the method could be applied to tritium labeling by the synthesis of t-BuOT from t-BuONa and CF3CO2T. However, no example was given by the authors.

Scheme 1.15 Examples of deuteration by Schnürch's group

bioactive amines using Shvo catalyst, 41f a commercially available catalyst for transfer hydrogenation (Figure 1.25). 50 The selective deuteration could be explained by the so-called "borrowing hydrogen mechanism" involving the formation of an enamine intermediate (Figure 1.26). Reactions could be carried out by either heating or microwave irradiation, both with high levels of deuterium incorporation. The authors also demonstrated the possibility of using different deuterated solvents to conduct the reaction, which could possibly enlarge the substrate scope. Moreover, the authors applied their method to the labeling of several bioactive compounds, including three actual marketed drugs (Figure 1.27). However, substrates with the presence of primary aliphatic amines were not able to be labeled by this method, owing to the side reactions of the formation of the corresponding imine. More importantly, the high reaction temperature and the use of D2O or deuterated alcohols as isotopic source limited the method for tritium labeling. More recently, Gunanathan's group also developed a method allowing the deuterium labeling of amines and amino acids. 46o Using a monohydrido-bridged ruthenium complex (1.5.17, Figure 1.28), α-selective deuteration of primary and secondary amines was achieved successfully. However, the deuterium labeling of amino acids failed due to the reaction between the proton of the amino acid and the hydride of the catalyst. Therefore the preparation of potassium salts was needed to allow the labeling of amino acids. However, the existence of potassium carboxylate might affect the deuteration process, as in the case of the labeling of pregabalin.

Figure 1.28 Monohydrido-bridged ruthenium complex

Similar to the mechanism of the deuterium labeling of alcohols, the deuterium labeling of amines and amino acids went through an imine intermediate. As a result, this protocol could be used to label primary and secondary amines, but not tertiary amines. Moreover, they were unable to label amino acids enantiospecifically. This fact strongly limited the application of this method to the life science, because the chirality of amino acids is of great importance for peptides and proteins.

Later, a stereoretentive deuteration of primary amines catalyzed by Ru-bMepi (Scheme 1.16, bMepi = 1,3-(6'-methyl-2'-pyridylimino)isoindolate) complex was reported by N. K. Szymczak. 46p This method was the first example of stereoretentive H/D exchange catalyzed by a homogeneous catalyst. It was an efficient and stereoretentive deuteration process, despite the poor regioselectivity. Moreover, the isolated yields of deuterated products were generally low to moderate, although the authors claimed that the workup was convenient, performing a simple acidic workup to remove the ruthenium catalyst.

Scheme 1.16 Ru-bMepi catalyzed stereoretentive deuteration

The authors also tested the functional group tolerance of their method by adding additives to the deuteration procedures. According to the results, the deuterium incorporation of amines decreased significantly in the presence of a competitive coordinating ligand, such as heterocycles and ester group; and the deuteration was totally blocked in presence of a double bond. It meant that the method is not able to efficiently deuterate more complex molecules that contain other coordinating functional groups.

The low isolated yields, poor functional group tolerance, together with inapplicability to tritium labeling (D2O as the isotopic source) may limit the application of the method.

In addition to the works above, our research group is interested in the development of new methods of labeling by catalytic H/D and H/T exchange reactions. The research group of B. Chaudret at INSA Toulouse is a specialist in the synthesis of various well-characterized nanoparticles. 51 In 2001, Chaudret reported the synthesis of RuNp@PVP (polyvinylpyrrolidone) from the decomposition of the precursor Ru(cot)(cod) in THF and in the presence of polymer PVP (Ru/polymer = 5% by weight) under 3 bar of H2 (Scheme 1.17). 52 The obtained nanoparticles, containing 7.6% by mass of ruthenium, was then characterized by infrared (IR) spectroscopy after CO adsorption, transmission electron microscopy (TEM), high resolution electron microscopy (HREM), X-ray diffraction (XRD), wideangle X-ray scattering (WAXS) and X-ray photoelectron spectroscopy (XPS). In IR, the nanoparticles exhibited an absorption band at 2014 cm -1 , which corresponds to the end groups of CO adsorbed on Ru (0). High resolution microscopy showed that the particle size distribution was homogeneous [about 54 The ruthenium nanoparticles were prepared by decomposition of Ru(cod)(cot) in pentane under 3 bar H2 at room temperature in the presence of two different carbenes as stabilizing agents. The mean size of the nanoparticles varied with the equivalent of carbene ligands employed: when using 0.2 eq. of L2 or 0.5 eq. of L1, the mean size of the nanoparticles was 1.7 nm; when using 0.5 eq. of L2, the mean size was 1.5 nm. The nanoparticles were homogeneous in size and shape and presented the hcp structure, and they were characterized by IR, TEM, HREM, WAXS and NMR spectroscopies. In order to study the influence of the nanoparticle surface on the catalytic properties, two tin-decorated ruthenium nanoparticles Ru-SnNp@PVP and Ru-SnNp@dppb were synthesized by reacting RuNp@PVP and RuNp@dppb with tributyltin hydride respectively. 55 In collaboration with Chaudret's group, we have demonstrated the exceptional capacity of ruthenium nanoparticles to catalyze H/D exchange. 29, 46j In 2014, our group developed an efficient H/D exchange method allowing the deuteration of pyridines, quinolines, indoles, and alkyl amines using D2 and RuNp@PVP nanoparticles (Scheme 1.19). 29 By a general and simple procedure involving mild reaction conditions (3 mol% RuNp@PVP, 1-2 bar D2, 20-55 °C in THF) and simple filtration to recover the labeled product, the isotopic labeling of 22 compounds, including eight biologically active compounds, proceeded in good yield with high chemo-and regioselectivity (Scheme 1.19).

Remarkably, the labeled compounds were obtained with conservation of the enantiomeric purity, even though the labeling took place in the vicinity of the asymmetric center. Furthermore, our method was readily applicable to tritium labeling because it used gas as an isotopic source.

Scheme 1.19 H/D exchange reactions catalyzed by RuNp@PVP

Encouraged by the results above, and to further explore the reactivity of RuNp@PVP, the same group examined the catalytic ability of RuNp@PVP in the H/D exchange of amino acids and peptides. 46j To our delight, three different chiral amines used as model compounds were efficiently deuterated with high isotopic enrichment (99%) and full retention of configuration (Scheme 1.20).

Scheme 1.20 Enantiospecific deuteration of chiral amines by RuNp@PVP

After obtaining the encouraging results, our group started to test the H/D exchange on amino acids.

Gratifyingly, this reaction occurred enantiospecifically at the Cα(sp 3 ) position with full retention of configuration. Further investigations demonstrated that the reaction proceeded with high regioselectivity and full enantiospecificity in different solvents (D2O, THF, DMF), thus demonstrating the broad potential of the C-H activation process catalyzed by this ruthenium nanocatalyst.

Application of this method to the deuterium labeling of peptides were also achieved without detectable epimerization of the substrates (Figure 1.35). 

Ruthenium catalyzed deuteration of various compounds with distinct functional groups

In 2014, S. P. Nolan reported a ruthenium catalyzed regioselective H/D exchange of organic compounds with N-and O-containing directing groups. 46g Using an organosilicon ruthenium complex (Scheme 1.21, 1.5.25), which could be synthesized in one step starting from a commercially available ruthenium complex (Scheme 1.21, 1.5.24), the authors succeeded to label various heteroarenes and aryl carbonyl compounds (Scheme 1.21). However, this method didn't permit to label benzaldehyde and alkyl aryl ketones, probably due to the tautomerization of the ketones to the corresponding enols.

The authors also applied their method to the labeling of (S)-ketoprofen, an anti-inflammatory drug. As a result, complete and regioselective labeling was achieved with only a slight decrease of the enantiomeric excess (from 99% to 95%).

Scheme 1.21 Organosilicon ruthenium complex and its application in H/D exchange reactions

Later in 2016, a stereoretentive H/D exchange of amines and alcohols catalyzed by an electroactivated heterogeneous ruthenium particle was reported by J. E. Jackson's research group. 46m This publication applied electrochemistry to the deuterium labeling of various organic compounds by using ruthenium particles supported on activated carbon cloth (Ru/ACC) as cathode, platinum wire as a counter electrode and 0.01 M phosphate buffer (pH 7) prepared in D2O as the electrolyte (Figure 1.37).

Deuterium gas was produced simultaneously as the reaction proceeded. This method resulted in high deuterium incorporation for most substrates, and the catalyst retained its catalytic activity over multiple runs; however, the yields of the deuterated products were extremely low (as low as 5%, mostly below 50%). The authors explained the low yield by substrate migration to the anodic cell compartment through the Nafion® membrane and substrate adsorption by the activated carbon cloth.

Whatever, the low yields of the deuterated products had strongly limited the application of this method. In addition to the works mentioned above, there are some other ruthenium based catalytic systems reported to catalyze H/D exchanges with different kinds of organic compounds. For example, G. I.

Nikonov reported the catalytic H/D exchange of unactivated aliphatic C-H bonds of various types of molecules ((hetero)arenes, ethers, alkanes, alkyl nitriles…) by ruthenium hydride complex using C6D6 or D2O as the deuterium source. 46e Despite the broad substrate scope, this method suffered a general limitation that it needed a long reaction time (as long as 33 d) and high reaction temperature (100 °C).

Besides, only (hetero)arenes gave good deuterium incorporation under the reaction conditions, other substrates gave poor deuterium incorporation even with long reaction time.

B. Chaudret also reported an application of RuNp@PVP in the catalytic H/D exchange for phosphines in 2015. 46k Under the reaction conditions (3.3 mol% RuNp@PVP, 2 bar D2, THF, 80 °C, 48 h or 88 h), phenyl rings in phenyl-or phenyl-alkylphosphines were selectively deuterated at the ortho positions, while full reduction of aryl rings was detected in the case of arylphosphine oxide derivatives and no reaction occurred in the case of arylphosphite (Scheme 1.22). This different behavior provided information about the coordination mode of each ligand. In the case of phosphine, the selective deuteration of C2 carbons indicated that the ligand was coordinated through the phosphorus atom, similarly to what had been previously observed for nitrogen donors 46j and that the C-H bond could approach the nanoparticle surface, which favored an H/D exchange. For phosphine oxides, the phenyl ring reduction could be explained considering that coordination to the nanoparticle took place through the aromatic rings. Triphenylphosphite was neither labeled nor reduced. The authors suggested that this result might be due to the aryl moieties being driven away from the surface of the catalyst by oxygen atoms, thus impeding the H/D exchange.

Scheme 1.22 H/D exchange of phosphorus ligands catalyzed by RuNp@PVP

Concerning the deuteration of phosphine ligand, M. Grellier and co-workers reported a case study of the H/D exchange of a polyhydride ruthenium phosphine complex using C6D6 as the deuterium source. 56 The deuteration occurred at the phosphine ligand of the catalyst, thus it was not a catalytic process. Besides, there was no universality of this method because only tricyclopentyl phosphine was studied for the H/D exchange.

With the same Ru-MACHO catalyst for the deuteration of alcohols, Gunanathan also succeeded to apply it to the H/D exchange of terminal alkynes. 46n Using similar reaction conditions to the deuteration of alcohols (0.5 mol% catalyst, 1 mol% t-BuOK, D2O), the terminal alkynes were deuterated with high chemoselectivity for various functional groups (amine, alcohol, unactivated double bond…). A mechanistic study showed that the reaction intermediate was the Ru-acetylide species (1.5.26, Scheme 1.23). The deuteration took place after the H/D exchange of 1.5.26 with D2O followed by reductive elimination.

Scheme 1.23 Formation of Ru-acetylide intermediate 1.6 H/D exchange reactions catalyzed by other metals

Apart from the great achievements of H/D exchange process obtained using iridium and ruthenium complexes, there are still many excellent works accomplished with other transition metals such as palladium 57 , rhodium 58 , platinum 59 , even some specific examples with tungsten 60 and iron 38b recently. Despite the broad applications of HSCIE, the harsh reaction conditions are not applicable to some sensitive substrates. Besides, for tritium labeling, the high reaction temperature was a potential risk for safety. In another example of Pd-catalyzed H/D exchange reaction, a modification of the catalyst surface by organic bases has been reported to accelerate the efficiency of deuteration against hydrogenolysis of benzyl ethers. 57b However, it still required high reaction temperature (180 °C) to achieve good level of deuterium incorporation, and poor regioselectivity was observed using these methods.

In 2014, a regioselective deuteration of arenes catalyzed by Pd(OAc)2 was reported by J.-Q. Yu's group. 57h Taking advantage of the weak coordination between the directing group of the substrate and the palladium catalyst, the authors realized the ortho-C-H deuteration of phenylacetic acids through protonolysis of palladacycles by using acetic acid-d4 as solvent and deuterium source. Various substituted phenylacetic acids were deuterated efficiently with high deuterium incorporation. However, the benzylic positions were also deuterated under the reaction conditions, thus an additional reprotonation step of the benzylic positions was needed to obtain the ortho-deuterated phenylacetic acids (Scheme 1.24). Other substrates derived from benzoic acid also underwent H/D exchange under the reaction conditions. However, low deuterium incorporation was observed for substrates with strong coordinating groups such as 2-phenylpyridine, suggesting that weakly coordinated palladacycle intermediates were more reactive towards protonolysis through an electrophilic-cleavage pathway.

Scheme 1.24 ortho-Selective deuteration of phenylacetic acids

Overall, this method offered a one-step method to access ortho-deuterated phenylacetic acids and other related compounds. The major limitation of this method lay in the need of a reprotonation step, the high reaction temperature and the use of large amount of expensive deuterated solvent (5 mL acetic acid-d4).

Later in 2015, K. W. Jung also reported an ortho-selective ligand-directed H/D exchange catalyzed by palladium catalyst with an NHC ligand. 57l Using CF3COOD as the deuterium source, this method was effective for the deuteration of aromatic substrates ranging from ketones to amides and amino acids.

However, most substrates could be deuterated in the absence of the catalyst by acid-catalyzed electrophilic deuteration. The catalyst could just improve a little bit the deuterium incorporation in some cases. Moreover, for most substrates tested, poor deuterium incorporation was obtained with a poor regioselectivity, since multi-deuteration occurred in most cases.

Overall, despite the success of palladium achieved in the catalytic C-H functionalization, the application of palladium catalysts in the H/D exchange reactions remained less explored. The reaction conditions of palladium catalyzed deuteration processes were generally harsher than the ones using iridium and ruthenium catalysts.

Rhodium catalyzed H/D exchange reactions

Rhodium is another metal used for C-H activation reactions. It is usually used as a homogeneous catalyst, except for some cases of heterogeneous Rh/C or rhodium black. 58e

In 2012, W. D. Jones reported the synthesis of two rhodium complexes and an iridium complex that contained a common core structure of 1.6.1 (Figure 1.39). 58b The authors examined the catalytic activity of the rhodium complex 1.6.1a for the H/D exchange reaction using AgOTf as additive and CF3COOD as solvent and deuterium source. Moderate deuterium incorporations were obtained using this method for various substituted benzene derivatives. Interestingly, although no selectivity was observed in the deuteration of aryl rings, branched alkyl substituents showed an affinity toward deuterium exchange in the β-alkyl position only (Scheme 1.25). DFT calculations suggested that the η 1 -C-H bond of the arene coordinated to the metal center and the H/D exchange occurred by baseassisted C-H activation of the β-C-H bond. Later the same year, M. S. Sanford reported the synthesis of rhodium(III) complexes, containing a cationic bipyridine ligand, and their catalytic activity toward the H/D exchange reactions. 58a This new type of rhodium catalysts exhibited modest catalytic activity for the deuteration of benzene and 2phenylpyridine using acetic acid-d4 as the deuterium source. In spite of their low catalytic activity, they offered a new way to synthesize metal complexes with cationic ligands, which might have different reactivity from normal neutral ligands.

In 2014, L. A. Oro and co-workers reported the synthesis of a series of neutral and cationic Rh(III)hydride and Rh(III)-ethyl complexes bearing a NHC ligand (Figure 1.40) and their application for H/D exchange of styrene using CD3OD as the deuterium source. 58c Most of the synthesized catalysts were able to selectively catalyze the H/D exchange of styrene at the vinyl β-position without concomitant deuteration of the aromatic ring. It had been observed that the NHC ligand played an important role in the catalytic activity and selectivity. According to the authors, the electronic property and steric effect of the carbene ligand had a strong influence on the activity and selectivity of the catalyst; the existence of chloride ligand was essential for the catalyst; replacement of the chelating quinolinolate ligand by weakly bonded acetonitrile ligands increased the catalytic activity but decreased the selectivity of the catalyst. Overall, although the authors didn't show the catalytic activity of these catalysts for other substrates, this work represented an in-depth study for developing improved catalytic systems by ligand modification. In another example, the synthesis of two rhodium complexes with bidentate nitrogen ligands and their catalytic H/D exchange between benzene and CF3CO2D were accomplished by W. A. Goddard and coworkers. 58d This method focused on the reactivity of the catalyst toward the deuteration of benzene by comparing the turnover frequency of the reaction with other reported metal catalysts. Since the authors didn't test the catalytic activity of the catalyst for the labeling of other substrates, the application of the catalyst remained to be explored.

Generally speaking, the substrate scope of rhodium cayalyzed H/D exchange process was not comparable to that of iridium or ruthenium catalyzed H/D exchange process; the reactivity of rhodium complexes have to be explored for more functionalized molecules.

Platinum catalyzed H/D exchange reactions

Platinum is one of the first metal catalysts used in H/D exchange reactions. 30 Many years after the work of Garnett, M. S. Sanford reported a similar process regarding the deuteration of benzene using a series of diimine Pt(II) complexes as catalysts (Scheme 1.26). 59a Accordingly, substitution at the 2and 6-positions of the N-aryl group, especially with halogens, led to significant increases in catalyst activity. The most active catalyst was bromo-substituted one, which was explained by the coordination and stabilization of the bromine atom to the metal center.

Scheme 1.26 H/D exchange of benzene catalyzed by Pt(II) complexes

A similar platinum catalyst with a nitrogen bidentate ligand was studied for H/D exchange reaction at the carbons sp 3 of the ligand. 59c With a sterically strained nitrogen bidentate ligand (2,9-dimethyl-1,10phenanthroline), the H/D exchange proceeded efficiently at the methyl groups; whereas with a more flexible nitrogen bidentate ligand (6,6'-dimethyl-2,2'-bipyridyl), the H/D exchange proceeded at a much slower rate and with lower deuteration incorporation at the methyl groups.

In 2013, H. Sajiki reported a Pt/C catalyzed H/D exchange reaction of various aromatic compounds using isopropyl alcohol and cyclohexane as co-solvent and D2O as the deuterium source under an argon atmosphere. 59b Using this method, deuterium-labeled compounds with high deuterium contents could be easily isolated by filtration of Pt/C and simple extraction, and various arenes possessing a variety of reducible functionalities could be effectively and directly deuterium-labeled without undesired reduction (Scheme 1.27).

Scheme 1.27 Pt/C catalyzed H/D exchange reaction and selected examples

One possible limitation of this method was the poor selectivity. For all substrates tested, minor difference was observed regarding the regioselectivity on the aromatic rings. Lower deuterium incorporation was obtained at the positions adjacent to steric hindered substituent. 1.6.4 Iron catalyzed H/D exchange reactions Among the metal catalysts used for isotopic labeling described above, the site selectivity of H/D exchange is either negligible or relies on directing groups to enable reactivity of the ortho positions in aromatic and heteroaromatic rings. While in 2016, P. J. Chirik and co-workers described an ironcatalysed method for the direct deuterium and tritium labeling of pharmaceuticals by hydrogen isotope exchange, using deuterium/tritium gas as the isotopic source. 38b Notably, the regioselectivity of the iron catalyst was orthogonal to currently used iridium or ruthenium catalysts and allowed isotopic labeling of complementary positions in drug molecules (Scheme 1.28), providing a new diagnostic tool in drug development. Using the iron catalyst 1.6.12, a series of (hetero)arenes as well as several drug molecules were efficiently deuterated. Moreover, they applied their method successfully to the tritium labeling of some commercially available pharmaceuticals. The specific activities of labeled molecules were generally higher than the results got from the use of Crabtree's catalyst. The deuteration reactions are usually catalyzed by a single metal catalyst; however, the use of mixed metal catalysts sometimes gives better results than a single catalyst. 36,65 For example, S. C. Schou reported that the deuteration of compound 1.6.13 and 1.6.14 was achieved by using Crabtree's catalyst and rhodium black as co-catalyst (Scheme 1.29). However, the use of either Crabtree's catalyst or rhodium black alone gave no deuteration of these two compounds. Therefore, the different combinations of catalysts give more possibilities to conduct reactions that are impossible to realize with a sole catalyst.

Scheme 1.29 Deuteration of compounds using co-catalyst

Using Pt/C (10 wt%) and Pd/C (10 wt%) as co-catalysts, T. A. Darwish and co-workers described a method allowing the H/D exchange of primary and secondary arylamines using D2O as solvent and isotopic source at 80 °C. 65a Four arylamines were deuterated successfully on multi-gram scale (Figure 1.41), which could be used in the preparation of optoelectronic devices; while the attempts to deuterate tertiary arylamines failed. Almost at the same time, H. Sajiki reported a multiple deuteration method for alkanes catalyzed by the combined use of heterogeneous Pt/C and Rh/C catalysts in i-PrOD-d8 and D2O as solvents. 65c This method had been applied to the deuteration of wide variety of linear, branched and cyclic alkanes (Scheme 1.31). Interestingly, the combined use of Pt/C and Rh/C catalysts had a synergistic effect, since lower deuterium incorporation was obtained by using a single catalyst.

Scheme 1.31 Deuteration of alkanes by Rh/C and Pt/C

Thioether is an important substructure in various organic compounds, including bioactive compounds.

For example, methionine is an essential amino acid in humans which contains a thioether moiety (Figure 1.42). It is important in angiogenesis, the growth of new blood vessels, and supplementation may benefit those suffering from Parkinson's disease, drug withdrawal, schizophrenia, radiation side effects, copper poisoning, asthma, allergies, alcoholism, or depression. Pergolide is an ergoline-based dopamine receptor agonist used in some countries for the treatment of Parkinson's disease. There is also a methio-moiety within pergolide (Figure 1.42). Benzthiazide is a thiazide diuretic used in the treatment of high blood pressure and edema. A sulfur atom is present between the bicyclic core structure and the benzyl group (Figure 1.42). These compounds are important to study their biological profiles and in vivo fates, thus a general method allowing the deuteration/tritiation of these compounds are highly desired.

Figure 1.42 Examples of pharmaceutically relevant thioether-containing molecules

In spite of their occurrence in bioactive molecules (Figure 1.42), no general approach for the labeling of organosulfur compounds has been reported to date, only some limited examples describing the general H/D exchange process using directing groups involving a sulfonamide, which involved the coordination of either oxygen or nitrogen to the metal catalyst. 41d, 43q One plausible reason for this lack of methods may be the propensity of sulfur atoms to poison noble metal catalysts. In this context, developing a general method allowing the deuteration of organosulfur compounds is of great importance and challenging work. Based on the results we have obtained from the labeling of nitrogen-containing compounds, 29, 46j we decided to develop a general method allowing the labeling of organosulfur compounds.

Results and discussion

The investigation of the H/D exchange of thioethers

During the course of our studies toward the labeling of aza-compounds, 46j when using methionine as substrate, we observed low (0.3 D) but exclusive deuterium incorporation at α-positions of the sulfur atom. Encouraged by this observation, we decided to examine the sulfur-directed C-H deuteration.

Using dihexylsulfide 2.1 as model substrate, the catalytic activity of various heterogeneous Ru sources towards this sulfur-directed C-H deuteration was examined under 2 bar of deuterium gas (Table 2.

1).

For all the reactions conducted, the ruthenium catalysts were stirred under 3 bar of D2 for 3 hours before adding the substrates and solvents in order to remove the potential oxide species at the surface of the catalysts and do H/D exchange at the surface of the catalysts. The deuterium incorporation was quantified by the decrease of 1 H NMR integral intensities at the specified positions compared to the starting material. Integral intensities were calibrated against hydrogen signals that did not undergo H/D-exchange. For example, the 1 H NMR of unlabeled 2.1 was shown in Figure 2.1. After the deuteration process, the 1 H NMR of labeled 2.1 was shown in Figure 2.2. The protons at the αpositions of sulfur atom had a chemical shift around 2.5 ppm. After deuteration, we chose the hydrogen signal of terminal methyl group as the reference integral intensity since it was not labeled during the reaction. The integral intensity of the protons at position 1 decreased from 4 to 0.36, which meant that 91% of C-H bond was transformed into C-D bond. The isotopic enrichments obtained from 1 H NMR were compared to the results of mass spectrometry quantification analysis, which was performed by subtraction of the mean molecular masses of the product and substrate isotopologue clusters in order to eliminate the contribution of the natural isotope abundance to the total mass.

LG-Hexyl sulfide.010.esp We screened first the catalyst used for the labeling of nitrogen-containing compounds, RuNp@PVP.

Unlike its good catalytic activity toward the labeling of nitrogen-containing compounds, this nanocatalyst gave only slight deuterium incorporation at the α-position of sulfur atom under the conditions used for the deuteration of aza-compounds (Table 2.1, Entry 1). The nano-catalyst with a phosphine ligand RuNp@dppb also gave a similar result (Table 2.1, Entry 2). To our delight, the use of commercially available catalyst Ru/C (from Aldrich) gave enhanced deuterium incorporation (Table 2.1, Entry 3). Furthermore, by increasing the catalyst loading and extending the reaction time, a high level of deuterium incorporation (91%) was obtained at the α-positions of the sulfur atom (Table 2.1, Entries 4 and5). Other ruthenium catalysts and other metal catalysts supported on carbon gave lower deuterium incorporation under the same reaction conditions, demonstrating the robustness of Ru/C (Table 2.1, Entries 6-9). In order to explore the potential applications of the method, we also tested the deuteration reaction in other polar aprotic solvents, which gave positive results but lower deuterium incorporation (Table 2.1, Entries 10-12). The lower deuterium incorporation with these solvents might be due to the competitive H/D exchange with the solvents, which was observed by conducting the H/D exchange without any substrates. A decrease of the isotopic enrichment of the gas phase was detected after reaction. An attempt to run the reaction at room temperature gave much lower deuterium incorporation, with only 25% isotopic enrichment (Table 2.1, Entry 13), meaning that heating was essential to overcome the energy barrier of C-H bond activation. Thus, the best reaction conditions for the labeling of organosulfur compounds were as followed: 30 mol% of Ru/C as catalyst and reacted for 3 days in THF at 60 °C under 2 bar of D2 gas. We then explored the applicability of this transformation to the labeling of bioactive molecules, including amino acids and peptides derived from methionine and drugs containing a thioether substructure. Different solvents were used according to the solubility of the different substrates.

Remarkably, in all cases, no racemization or epimerization occurred (checked by chiral HPLC analyses), and the deuterated products were obtained with retention of the stereochemistry.

Methionine 2.5 was deuterated in D2O with an incorporation of 1.3 deuterium atoms using 30 mol% Ru/C as catalyst under 2 bar of D2 gas at 60 °C (Table 2.3, Entry 1). Attempts to increase the isotopic enrichment by increasing either the catalyst loading or reaction temperature failed, both giving lower deuterium incorporation (Table 2.3, Entries 2 and 3), perhaps due to more side product formation under these conditions (see section 2.4, page 72 for more details). Considering the competing coordination to catalyst surface of nitrogen atom with sulfur atom, we transformed methionine into the corresponding hydrochloride salt so that the sulfur atom could coordinate more strongly to the surface of the catalyst. Pleasingly, the isotopic enrichment was improved significantly by this transformation (Table 2.3, Entry 4), proving that the coordination of the amino group to the surface of the catalyst had impeded the H/D exchange of methionine. Chiral high-performance liquid chromatography (HPLC) analyses were employed to determine the stereochemistry of the deuterated product. By injecting D,L-methionine into chiral HPLC, L-methionine and D-methionine could be separated (Figure

2.3, Run 3

). The injection of optically pure L-methionine under the same conditions proved that the peak with a shorter retention time was the L-methionine (Figure 2.3, Run 2). Thus, the deuterated product was injected into chiral HPLC using the same analytical conditions. As shown in Figure 2.3, the labeled methionine contained only L-methionine (Run 1), no epimerization occurred under the reaction conditions. Therefore, the stereochemistry of methionine was retained after this C-H deuteration process.

Entry x T (°C)

Isotopic Enrichment 2.4, Entries 1-3). By using DMF as solvent, moderate deuterium incorporation was obtained; while the use of D2O

or CD3OD gave better results in this transformation, perhaps owing to the better solubility of compound 2.6 in D2O and CD3OD. Thus, in order to better solubilize the substrate, it was transformed into the corresponding sodium salt and then used as substrate under the same reaction conditions using D2O as solvent. The deuterium incorporation at position 2 increased through this transformation;

however, the deuterium incorporation at position 1 decreased at the same time (Table 2.4, Entry 4), which might be due to the different coordinating mode of the sodium salt to the surface of the catalyst.

Increasing the D2 pressure to 4 bar didn't lead to any increase of the isotopic enrichment ( a : sodium salt was used as substrate; b : 4 bar D2 was used for deuteration.

Table 2.4 Conditions screening for the deuteration of N-Acetyl-L-methionine

Dipeptide Pro-Met 2.7, a substrate of prolinase, was regioselectively deuterated at the α-positions of the sulfur atom together with a slight deuteration at position 3 (which was due to the coordination of the nitrogen atom or amide group to the surface of the catalyst) (Table 2.5, Entry 1). In order to prevent the coordination of the nitrogen atom, the dipeptide was transformed into the corresponding hydrochloride salt. Surprisingly, by using the hydrochloride salt of 2.7 as substrate, a similar result was obtained, and the deuteration at position 3 was still observed (Table 2.5, Entry 2). Since the amine has been transformed into the corresponding hydrochloride salt, the deuteration at position 3 might be due to the coordination of the amide group to the surface of the catalyst. Increasing the catalyst loading to 50 mol% gave a higher deuterium incorporation at position 2 and 3, with totally 2.3 D incorporated ( For these two peptides 2.7 and 2.8, the retention of stereochemistry of the labeled products was demonstrated by chiral HPLC analyses. Thus, acid catalyzed hydrolysis of the labeled peptides was performed, and the resulting amino acids obtained after hydrolysis were analyzed by chiral HPLC. For Therefore, these results demonstrated that the stereochemistry of labeled products was retained.

*Peak of unknown compound related to the polymerization of the peptide. The labeling of benzthiazide 2.13, a diuretic used in the treatment of high blood pressure and edema, was quite tricky (Table 2.7). Selective labeling on the methylene group adjacent to the sulfur atom was observed using 30 mol% Ru/C as catalyst in DMF under 2 bar of D2 gas (Table 2.7, Entry 1).

However, it was worth noting that deuterated 1-methylchlorothiazide 2.14, formed through the cleavage of C-S bond, was identified as a side product with a ratio of about 1:3.3 to 2.13. The crude product was purified by column chromatography, giving pure deuterated benzthiazide. However, a significant decrease of isotopic enrichment (61% labeling at position 1 and 0% labeling at position 2)

was observed after the purification, perhaps due to the reprotonation of labeled product during the purification process due to the acidity of the C-H bonds. Changing the solvent with THF/D2O resulted in a lower deuterium incorporation (Table 2.7, Entry 2) and higher ratio of side product (2.13:2.14 = 1.2:1). The uses of DMA and THF as solvents were even worse, giving poorer deuterium incorporation (Table 2.7, Entries 3 and 4) and/or more side product formation (2.13:2.14 = 1:1.2 and 1.4:1 respectively), perhaps due to poorer solubility of 2.13 in these solvents. Reaction ran at a higher temperature using 2-MeTHF as solvent gave complex results (Table 2.7, Entry 5), perhaps due to more degradation of the substrate. In order to explore the mechanism of the C-S bond cleavage, more experiments were done using THF/D2O as co-solvents (Table 2.7, Entries 6-8). The use of higher catalyst loading (60 mol%) led to the formation of more side product (2.13:2.14 = 1:10). Replacing D2 by H2 with high catalyst loading (60 mol%) also led to the formation of side product 2.14; however, the ratio was lower than the use of D2 (2.13:2.14 = 1:3.4). Notably, although no D2 was used, a high deuterium incorporation was observed from the undegraded benzthiazide (Table 2.7, Entry 7), which might be due to the formation of D2 or HD from the H/D exchange between H2 and D2O or the labeling of 2.13 directly by D2O. To confirm this observation, the reaction was conducted under an argon atmosphere. Surprisingly, the deuteration of benzthiazide proceeded efficiently without the formation of any side product ( As mentioned above, one of the most important applications of deuterated compounds is related to their use as internal standards for quantitative LC-MS analysis, which requires an incorporation of 3-5 deuterium atoms and where the remaining amount of unlabeled (D0) compound is negligible. 9a In this context, dipeptide 2.7 and pergolide 2.9 were selected as examples to conduct the deuteration process with a modified procedure: 0.2 mmol of substrate in D2O were stirred at 60 °C for 24 h under 2 bar of D2 gas. Then the crude product was filtered to remove the catalyst, dried and the deuteration procedure was repeated for twice. Pleasingly, for both substrates tested, significant improvement in deuterium incorporations were observed after the third cycle of deuteration (Figure 2.7): 3.8 deuterium atoms were incorporated in compound 2.7, while 4.3 deuterium atoms were incorporated in compound 2.9 (determined by 1 H NMR). Moreover, both labeled products were obtained with negligible amounts of unlabeled compounds, and the amounts of monodeuterated (D1) and dideuterated (D2) materials were also detected within the system resolution (±5%) (Table 2.9), which meant that they were able to be used as internal standards in quantitative LC-MS analysis. The small differences of deuterium incorporation between 1 H NMR and MS analyses might be due to system resolution, which could be disregarded. The fact that the isotopic enrichment could be improved by repeating the deuteration procedure could be due to the poisoning of the catalyst by sulfides, which were derived from the cleavage of the C-S bonds of the substrates. Thus, the use of new batch of Ru/C reactivated the H/D exchange process, hence improving the isotopic enrichments. The cleavage of C-S bonds of the substrates was confirmed by the observation of small amounts of degraded products together with the desired deuterated products after reaction. Thus, the final deuterated products were purified by preparative HPLC and the isotopic enrichments were recorded from the purified products. In order to further demonstrate the practicality of our method, we tried to label pergolide with tritium atoms because of its important medicinal properties and structural complexity. Besides, no direct exchange method on pergolide has been reported, only an example of multi-step synthesis. 66 Tritium labeling is more challenging than deuterium labeling, because: 1) aprotic solvent should be used instead of tritiated water to prevent the isotopic exchange between tritium gas and the solvent; 2) lower volume of tritium gas should be used for tritiation due to safety concerns; 3) with a lower volume and lower T2 gas pressure, an incorporation of at least 0.5 tritium atom should be achieved in order to satisfy the need of specific activity for biological applications. In this context, optimization of the reaction conditions was conducted. D2 was used instead of T2 in the optimization for convenience.

The results were shown in Table 2.10 Optimizing the reaction conditions for the tritium labeling of pergolide 2.9

As mentioned above, all the H/D exchange reactions were conducted by using pre-activated Ru/C (by 3 bar of D2 gas for 2 hours) as catalyst. However, to simplify the operations for tritium labeling, an attempt to use unactivated Ru/C for deuteration of pergolide was conducted using DMF as solvent under 1.4 bar of D2 gas at 60 °C for 3 days. Pleasingly, with the lower D2 pressure, a similar isotopic enrichment was obtained (Table 2.10, Entry 2). Encouraged by this result, we tried to run the reaction under a lower D2 pressure at room temperature in a 5 mL flask. However, no deuteration was observed in this case (Table 2.10, Entry 3), suggesting that heating was essential for the activation of C-H bond.

We then tried to run the reaction for a shorter reaction time in order to optimize the reaction conditions.

Lower deuterium incorporation was obtained even if the reaction was run at a higher temperature (80 °C) for 1 day (Table 2.10, Entry 4), suggesting that the kinetics of the H/D exchange was slow and the reaction was more dependent on time than on temperature. Changing the solvent with DMA slightly decreased the isotopic enrichment at the methyl group, while significantly increased the isotopic enrichment at the methylene group, leading to a similar deuterium incorporation (Table 2.10, Entry 5). These conditions could be applied to tritium labeling already, however, in order to decrease the amount of labeled waste, we tried to conduct the reaction in a 5 mL flask with smaller amount of substrate (3 mg). The deuterium incorporation decreased a little in this case using DMA as solvent (Table 2.10, Entry 6), perhaps due to the use of lower volume of D2. Considering that THF was a good solvent in the deuteration of many substrates, we tried 2-MeTHF as solvent. However, the deuterium incorporation was even lower compared with the use of DMA (Table 2.10, Entry 7). Since we used a very small amount of substrate for tritium labeling, the corresponding amount of catalyst was also little. Thus, we decided to conduct the deuteration of pergolide with a higher catalyst loading to improve the isotopic enrichment because higher isotopic enrichment was observed by using higher amount of catalyst for the labeling of compound 2.7. The reaction was conducted using 3 mg of pergolide mesylate with 80 mol% Ru/C in 0.5 mL DMF under 1 bar of D2 gas in a 5 mL Fisher-Porter bottle for 24 h. As a result, a total of 2.1 D was incorporated by this means (Table 2.10, Entry 8), suggesting that the use of higher amount of Ru/C would promote the C-H activation process. Thus, the best conditions for the tritium labeling of pergolide mesylate were: 80 mol% Ru/C as catalyst, DMF as solvent and reacted under 1 bar of D2 gas for 24 h at 80 °C.

With the best conditions in hand, the tritium labeling of pergolide mesylate was conducted. Thus, starting with 3 mg of pergolide mesylate and using 80 mol% of Ru/C as catalyst in DMF under 0.9 bar of T2 gas, tritiated pergolide with a total activity of 18 mCi and a specific activity of 15.6 Ci/mmol (>0.5 T incorporated) was obtained after purification using preparative HPLC. The tritium NMR spectrum showed regioselective tritium incorporation (more than 96%) on the methyl group at the αposition of the sulfur atom (Figure 2.8). The three peaks observed were attributed to the 3 isotopologues CTH2 (2.13), CT2H (2.11) and CT3 (2.08). These different chemical shifts were due to the isotope effect of the tritium atom.67 A small additional tritium incorporation was also observed at the α-position of the sulfur moiety (CH2 group). The obtained tritiated product had a specific activity high enough for most of the experiments required for ADME studies, demonstrating the usefulness of our method.

LG-T-h2o-3H-070617.020.esp In order to understand the mechanism of our HIE process, several experiments were conducted. First of all, we studied the kinetics of the H/D exchange reaction using dihexylsulfide 2.1 as substrate.

Using the same reaction conditions except the reaction time, the isotopic enrichments of labeled products were obtained by 1 H NMR and shown in Table 2.11 and Chart 2.1. As we could see, the isotopic enrichment increased quickly at the beginning; while after 1 day, the deuteration rate slowed down. This observation indicated that the catalyst was deactivated after a certain period of time, which might be due to the cleavage of C-S bond of the substrate and the resulting sulfur compound poisoned the catalyst. The results also suggested that the H/D exchange occurred at the surface of the catalyst, and the observation that Ru/C purchased from different commercial sources displayed different catalytic activities (see the deuteration of compound 2.4) also supported a surface catalytic mechanism, since the particle sizes, shapes, surface chemistry and other physical properties of Ru/C might be different from different commercial sources. Interestingly, during the course of improving the isotopic enrichment for the application of quantitative LC-MS analysis, when using methionine 2.5 as the substrate, most of the substrate was transformed into compound 2.16 as the side product after conducting the deuteration procedure for a second run (Scheme 2.4). The side product was formed through the cleavage of C-S bond of the substrate. This observation could explain the need of relatively large amount of catalyst loading of our reaction procedure, since the methyl sulfide could poison the catalyst and thus block the catalytic cycle.

Entry Reaction time

In fact, other substrates that underwent a second run of deuteration (compound 2.6, 2.7 and 2.9) also gave the corresponding side products, but only small amount of them were observed. The cleavage of the C-S bond of methionine was much more significant than the other substrates, which might be due 

Kinetic studies

to the strong coordination of both sulfur atom and nitrogen atom, similar to the case for the deuteration of benzthiazide 2.13, thus slowing down the desorption process and increasing the possibility of C-S bond cleavage.

Scheme 2.4 C-S bond cleavage of methionine

Overall, combining the kinetic studies and the observation of side product formation by C-S bond cleavage, the mechanism for the H/D exchange of thioethers could be proposed as follow: first of all, the substrate reversibly coordinated to the surface of the catalyst by the sulfur atom; then the C-H bond adjacent to sulfur atom was activated by ruthenium atom, followed by the H/D exchange at the metal center; finally, the deuterated product was reversibly dissociated by elimination from the metal center and then another catalytic cycle could start (Scheme 2.5). According to this proposed mechanism, the mechanism for C-S bond cleavage of methionine was also proposed as shown in Scheme 2.6: the reversible coordination of both sulfur atom and nitrogen atom to the surface of the catalyst was the first step; then the C-H bond of the CH2 group was activated by ruthenium, which was followed by deuterium assisted C-S bond cleavage; the degraded product was formed and then dissociated from the surface of the catalyst. In summary, through the optimization of reaction conditions, we have realized the isotopic labeling of a series of thioethers through H/D exchange reactions. In all cases, high isolated yields were obtained and pure deuterated compounds were recovered after simple filtration to remove the catalyst. Different solvents were tolerated under our reaction conditions, while the choice of appropriate solvent could permit the deuteration process. Different commercial sources of Ru/C were found to have different catalytic activities; the amount of catalyst also had an influence on the deuterium incorporation.

Besides, the isotopic enrichment could be improved by repeating deuteration procedures, providing the access to labeled compounds with high isotopic enrichment. Two bioactive compounds, dipeptide 2.7

and pergolide 2.9, were deuterated with high isotopic enrichments by repeating the deuteration procedure for 3 times and could be used as internal standards for quantitative LC-MS analyses, which provided a simple and practical method for the preparation of internal standards for quantitative LC-MS analyses. Application of our method to tritium labeling was also achieved after optimization of reaction conditions using pergolide 2.9 as the substrate, and a high specific activity of 15.6 Ci/mmol was obtained. The results obtained from the labeling of thioether compounds under optimized reaction conditions were depicted in Figure 2.9.

Figure 2.9 Summary of Ru/C catalyzed deuteration of thioethers

Besides the important substrate scope efficiently deuterated using our reaction conditions, there were some substrates that gave no deuteration or quite low deuterium incorporation under our reaction conditions, which were listed in Figure 2.10. For compound 2.17, no deuteration was observed after standard reaction conditions using D2O as solvent, and all the starting material was recovered after removing the catalyst by filtration. Total degradation was observed for the labeling of compound 2.18 in D2O, which might be due to a similar C-S bond cleavage mechanism as methionine 2.5 to give complex results. Albendazole 2.19, a medication used for the treatment of a variety of parasitic worm infestations, was labeled on the phenyl ring and at the α-position of sulfur using THF as solvent at 60 °C. However, the isotopic enrichment was low, perhaps due to the competition of coordination between the sulfur atom, the nitrogen atom and the carbamoyl group to the surface of the catalyst. No deuterium incorporation was observed when using peptide 2.20 as the substrate in D2O at 55 °C, while a small amount of deuterium incorporation (0.47 D) was observed by MS when the reaction was conducted at 100 °C. Similarly, peptide 2.21 was not deuterated in D2O at 55 °C, while a detectable amount of deuterium incorporation was observed when the reaction was conducted at 100 °C (Figure

2.10).

The reason that peptides 2.20 and 2.21 couldn't be labeled at a lower temperature might be due to the steric effect of the molecules or the coordination of other functional groups such as the amine group to the surface of the catalyst.

Figure 2.10 Substrate limitation of our method

In perspective, our future work will concentrate on the detailed mechanism of this H/D exchange process, by combination of computational studies and experimental studies. Moreover, deep investigation for the mechanism of the cleavage of C-S bond will be explored as well as more examples for tritium labeling. Besides, we are trying to find new catalysts allowing the efficient deuteration of thioethers with a lower catalyst loading and without the cleavage of C-S bonds.

Exploring the catalytic activities of different kinds of ruthenium catalysts

As we observed the robust catalytic activity of Ru/C in the deuteration reactions of sulfur containing compounds, we wanted to explore the catalytic activities of different kinds of ruthenium catalysts in order to further investigate the C-H activation reactions. In this context, we studied the catalytic activities of different ruthenium catalysts on H/D exchange reactions using 2,4-lutidine 2.6.1 as the substrate (Chart 2.2). The H/D exchange was conducted using 0.2 mmol of substrate with 5 mol% ruthenium catalyst and THF as solvent under 2 bar of D2 gas at room temperature. As shown in Chart 2.2, both Ru/C and RuNp@PVP gave high deuterium incorporation at position 1 of the labeled product, while Ru/C also deuterated the 2-methyl group at position 2 with a low isotopic enrichment;

Ru/alumina gave only negligible deuteration at position 1, and no deuteration was observed at position 2. Thus, we decided to investigate the influence of D2 pressure on H/D exchange reactions by using both Ru/C and RuNp@PVP as catalysts for the H/D exchange of this substrate. pressure. Generally, the isotopic enrichment of the product decreased with the decrease of D2 pressure.

Both RuNp@PVP and Ru/C gave high deuterium incorporation with 2 bar of D2 gas; however, the catalytic activities of the two catalysts became different with the decrease of D2 pressure: both catalysts remained active with a D2 pressure of 1 bar; while RuNp@PVP lost its catalytic activity For the labeling of compound 2.6.2, the desired ortho-deuterated product P1 was obtained together with small amount of the reduced product P2 when using RuNp@PVP and Ru/C as catalyst (Table 2.12, Entries 1-4). With a D2 pressure of 2 bar, both RuNp@PVP and Ru/C gave high deuterium incorporation of the desired product P1, while Ru/C gave a higher ratio of reduced product P2. The isotopic enrichment of P1 and the ratio of P2 both decreased with a lower D2 pressure of 0.5 bar.

Interestingly, when using tin-decorated ruthenium nanoparticle Ru-SnNp@PVP as catalyst, 55 the labeled product P1 was obtained as the only product, although the isotopic enrichment was lower (Table 2.12, Entries 5 and 6). Besides, Ru-SnNp@PVP displayed different catalytic activity compared with RuNp@PVP and Ru/C: its catalytic activity was slightly improved when using a lower D2 pressure. These results suggested that the surface chemistry of Ru-SnNp@PVP was quite different compared with RuNp@PVP, which might be due to the modification of active sites on the ruthenium nanoparticles by tin, and it might have new catalytic activity for C-H activation reactions. a : crude product was removed by vacuum.

Entry

Table 2.12 H/D exchange of 4-tert-butylpyridine Indole 2.6.3 was labeled at three positions: C1 position (position 1) and C2 position (position 2) in the pyrrole ring and C6 position (position 3) in the benzene ring. The labeling of position 1 and position 3 could be attributed to the coordination of nitrogen atom to the surface of the catalyst, while the labeling of position 2 could be reasoned by the coordination of pyrrole ring to the ruthenium centers.

With a D2 pressure of 2 bar, both RuNp@PVP and Ru/C deuterated position 1 and position 2 of indole with high isotopic enrichment, while the deuterium incorporation of position 3 was lower (Table 2.13, Entries 1 and3). Trace amount of reduced product I2 was also observed by LC-MS. These results indicated that the coordination of pyrrole ring to the ruthenium centers was comparable to the coordination of nitrogen to the surface of the catalyst. With a lower D2 pressure of 0.5 bar, Ru/C displayed a stronger catalytic activity than RuNp@PVP (Table 2 Alkyl amine 2.6.5 was more sensitive to D2 pressure: with a D2 pressure of 2 bar, both RuNp@PVP and Ru/C gave high deuterium incorporation of the desired product at the α-position of nitrogen (Table 2.15, Entries 1 and 3); however, both catalysts lost their catalytic activity when the D2 pressure was decreased to 0.5 bar (Table 2.15, Entries 2 and 4). These results suggested that the activation of C(sp 3 )-H bond was more difficult than the activation of C(sp 2 )-H bond. The use of Ru-SnNp@PVP gave low deuterium incorporation even with high D2 pressure of 2 bar (Table 2 From the H/D exchange of compounds 2.6.1 to 2.6.5, we can conclude that: 1) the D2 pressure is a key parameter in the H/D exchange reactions, the use of 2 bar of D2 gas is suitable to obtain deuterated product with high isotopic enrichment in most cases; 2) RuNp@PVP is more selective than Ru/C with a D2 pressure of 2 bar, while Ru/C tend to produce more reduced product; 3) Ru/C is more active than RuNp@PVP under low D2 pressure; 4) Ru-SnNp@PVP has unique catalytic activity compared with RuNp@PVP, which has a better selectivity for H/D exchange reactions in most cases, while the activity is usually weaker; 5) the activation of C(sp 3 )-H bond is more difficult than the activation of C(sp 2 )-H bond, and it requires relatively higher D2 pressure to achieve high deuterium incorporation for RuNp@PVP and Ru/C.

Based on the results above and the previous studies about the H/D exchange reactions, 29, 46j Inc. and used as received. THF was dried over sodium and benzophenone, distilled and then thoroughly degassed before use. DMF anhydrous was purchased from Aldrich and used without further purification. 1 H NMR (400 MHz), 13 C NMR (100 MHz) spectra were recorded on a Bruker

Avance 400 MHz spectrometer. Chemical shifts are reported in parts per million (ppm) downfield from residual solvent peaks and coupling constants are reported in Hertz (Hz). Splitting patterns are designated as singlet (s), doublet (d), triplet (t). Splitting patterns that could not be interpreted or easily visualized are designated as multiplet (m). Electrospray mass spectra were recorded using an ESI/TOF Mariner Mass Spectrometer. Optical rotations were measured using a Perkin Elmer Polarimeter 341.

Centrifugation was performed on a VWR Galaxy Ministar Mini Centrifuge. Chiral HPLC were recorded using Astec Chirobiotic T chiral column ( 25 Following the General Procedure A and using THF as solvent. After the final evaporation an 1 H NMR spectrum of the residue was recorded. Following the General Procedure A and using THF as solvent. After the final evaporation an 1 H NMR spectrum of the residue was recorded. Following the General Procedure A and using THF as solvent. After the final evaporation an 1 H NMR spectrum of the residue was recorded. Repeating the reaction with this material (using standard conditions) has led to higher deuterium incorporation (82%, product 2.4'). Following the General Procedure A and using D2O as solvent. After the final evaporation an 1 H NMR spectrum of the residue was recorded.

2.4:

1 H NMR (400 MHz, D2O) δ 3.85 (t, J = 6.1 Hz, 1H), 2.62 (t, J = 7.3 Hz, 1.8H), 2.25-2.02 (m, 3.9H). 13 C NMR (100 MHz, D2O) δ 174.3, 53.9, 29.7, 28.7, 13.9. Following the General Procedure B for 2.7a and General Procedure C for 2.7b using D2O as solvent.

After the final evaporation an 13 C NMR (100 MHz, D2O) δ 178. 0, 169.0, 59.8, 54.9, 46.5, 30.7, 29.7, 29.6, 23.8, 14.1.

2.7b:

1 H NMR (400 MHz, D2O) δ 4.39 (dd, J = 8.4, 7.0 Hz, 1H), 4.28 (dd, J = 8.9, 4.7 Hz, 1H), 3.51-3.31 (m, 2H), 2.62-2.41 (m, 1.8H), 2.20-1.90 (m, 5.4H). Following the General Procedure B and using D2O as solvent. After the final evaporation an 1 H NMR spectrum of the residue was recorded. Note that the reaction was conducted at 100 °C. 0, 156.7, 136.0, 126.8, 124.3, 121.9, 119.3, 118.2, 111.9, 108.6, 54.8, 52.2, 51.7, 40.5, 39.9, 30.6, 28.9, 27.9, 26.8, 24.4, 23.8, 21.7 (s, 2C), 21.2, 14.1. Pergolide (2.9):

Following the General Procedure B for 2.9a using D2O as solvent and General Procedure C for 2.9b using D2O as solvent. Note that the starting compound was pergolide mesylate.

In order to better analyze the result, the product 2.9a was transformed into hydrochloride salt. After evaporation the crude product was dissolved in ethyl acetate and aqueous Na2CO3 was added. The mixture was stirred for 15 min and extracted with ethyl acetate. Then organic layer was dried over MgSO4, evaporated to dryness and dissolved in THF and HCl (1M, 1 mL). After 30 min of stirring, the solution was evaporated to afford a brown solid (12 mg, 91% yield) 9, 131.2, 127.5, 124.7, 121.2, 114.8, 111.6, 109.1, 67.6, 58.5, 55.7, 39.1, 34.2, 31.7, 26.8, 18.4, 17.4, 16.9, 12.1. Experimental procedure for tritium labeling:

2.9b:

A 5 mL Fischer-Porter glassware with a magnetic stirrer was charged with pergolide mesylate (3.0 mg, 0.0073 mmol), Ru/C (4.4 mg, 30 mol %) and DMF (0.5 mL) under air. The Fischer-Porter glassware was then frozen using a liquid nitrogen bath, left under vacuum for 5 min and then pressurized with T2 gas (0.9 bar at room temperature). The reaction mixture was magnetically stirred and heated at 80 °C (sand bath) overnight. The solution was then cooled down to room temperature, further cooled using a liquid nitrogen bath, the extra T2 gas was then removed and replaced by N2. Then the solution was warmed to room temperature and filtered through syringe filter and evaporated under vacuum. The crude product was purified by preparative HPLC and the specific activity was determined on purified product 2.9c.

LG-T-h2o-3H-070617.020.esp Following the General Procedure A and using THF/D2O (1:1) as solvent. After the final evaporation an 1 H NMR spectrum of the residue was recorded. Note that degraded product (2.14) was detected after the reaction, leading to the product that contained deuterated methyl. After purification by column chromatography (eluent: ethyl acetate/cyclohexane = 1/1), the NMR spectra were recorded.

2.13:

1 H NMR (400 MHz, D2O) δ 8.45 (s, 1H), 7.46-7.32 (m, 3H), 7.22 (t, J = 7.6 Hz, 2H), 7.10 (t, J = 7.6 Hz, 1H), 3.93 (s, 1.9H), 3.52-3.48 (m, 1.1H). 13 C NMR (100 MHz, D2O) δ 160. 5, 140.3, 140.0, 139.1, 137.0, 130.4 (s, 2C), 129.7 (s, 2C), 128.2, 127.2, 121.3, 120.6, 37.1. 8, 165.4, 62.0, 60.3, 55.4, 39.8, 37.4, 28.3, 27.7, 25.7. Following the General Procedure A and using D2O as solvent. Note that the starting compound was biotin sodium salt. After the final evaporation an 1 H NMR spectrum of the residue was recorded.

2.14:

Before 8, 165.4, 62.0, 60.3, 55.4, 39.8, 37.3, 28.3, 27.7, 25.7. The rapid synthesis of complex molecules with various functional groups is one of the most important challenges in organic chemistry. For this purpose, metal catalyzed C-H bond activation followed by functionalization has been proved to be a predominant way. 75 Compared with multistep synthesis and traditional cross-coupling methods such as Suzuki, Stille, Hiyama, and Negishi reactions that involved pre-functionalization of substrates, 76 C-H activation/functionalization is preferred because it is more environmentally-benign and economically attractive.

During the last decade, C-H activation/functionalization has been broadly applied for the preparation of pharmaceuticals, the synthesis of biologically active natural products, agrochemicals and molecules used in material science. 77 Although numerous advances have been achieved in C-H activation field, it remains a challenge to solve the site selectivity in such process. One common solution to attain this goal is the employment of a directing group. Taking advantage of the coordination abilities of functional groups to various metal catalysts, a considerable amount of C-H activation processes have been developed for the construction of various useful structures.

According to the nature of the catalysts used in such reactions, they can be divided into two kinds of categories: homogeneous and heterogeneous catalyses. Homogeneous catalysis refers to the catalytic reactions where the catalyst is in the same phase as the reactants. Heterogeneous catalysis is the alternative to homogeneous catalysis, where the catalysis occurs at the interface of two phases, such as liquid-solid phases. So far, the majority of C-H activation processes have been achieved with

The good regioselectivity, the use of simple Pd/C and CuCl as co-catalyst, the tolerance of air and water formed the advantages of this method. Besides, detailed investigations about the active catalytic species were conducted by the authors, indicating a heterogeneous catalysis of the reaction process.

However, the limited scope of substituted benzo [b]thiophenes and the harsh reaction conditions were the limitations of the method.

Based on the work above, the same group developed a method for completely C3-selective arylation of thiophenes by using Pd/C as catalyst without ligands or additives (Scheme 1.3). 78b Same as the previous method, this method was insensitive to air and water. Moreover, the reaction conditions were milder (ethanol as solvent, lower reaction temperature and shorter reaction time). Besides, this reaction is also applicable to the arylation of benzo [b]thiophenes, with the same regioselectivity, thus the substrate scope of this method is broader. In addition, nitrogen-and oxygen-containing heterocycles could be functionalized regioselectively at C2 positions (Figure 1 Several experiments, including three-phase tests, mercury poisoning and hot-filtration test, were conducted by the authors to identify the active catalytic species of the reaction. As a result, these experiments suggested a heterogeneous active catalytic species, which was the same as their previous reported method.

The mild reaction conditions, broad substrate scope and good regio-and chemoselectivities were the advantages of this method. However, the required iodonium salts as arylation reagents limited its application. Moreover, the catalysts used in the two methods described above could not be recycled.

In 2015, the same group developed a method allowing the C-H arylation of triphenylene, naphthalene and related arenes with aryliodonium salts using Pd/C as catalyst and dimethoxyethane (DME) as solvent (Scheme 1.5). 78c It was the first method for the C-H functionalization of triphenylene (type I),

and it proceeded at the most sterically hindered position. Other related arenes were also functionalized with good regioselectivity. Various aryliodonium salts with diverse electronical and sterical effects were tolerated under the reaction conditions, giving generally moderate yields. Using the same catalyst, the authors also realized the C-H arylation of thiophenes and indoles using iodobenzene as the arene source (Figure 1.2). Thus, 2-alkylthiophenes were regioselectively functionalized at C5 positions (compounds 1.1.14 and 1.1.15) with high yields, while 1-methylindole was arylated with poor regioselectivity (the ratio of 2-arylated, 3-arylated and 2,3-diarylated products was 4:2:1). Moreover, by using 490 mol ppb of SiNA-Pd (0.000049 mol% Pd) for the Mizoroki-Heck reaction, high turnover number (TON) of 2000 000 and turnover frequency (TOF) of 40000 h -1 were obtained.

Figure 1.2 C-H functionalization products using SiNA-Pd as catalyst

The recyclability of SiNA-Pd was investigated by the authors, and the recovered catalyst was found to remain its activity after ten cycles, giving 98% yield of the coupling product in the tenth use of the catalyst. Inductively coupled plasma atomic emission spectrometry (ICP-AES) analysis of the reaction mixture showed no leaching of Pd; the hot-filtration test showed the termination of the reaction upon removing the catalyst. These results suggested a heterogeneous catalysis of the reaction process.

Besides the works described above, there are some other C-H activation processes accomplished with Pd-based nanoparticles. 84 These works all concerned with the C-H arylation reactions, and most of the catalysts could be reused for several cycles, demonstrating the advantages of using heterogeneous catalysts.

C-C bond formation based on heterogeneous ruthenium catalysts

In addition to the use of Pd-based heterogeneous catalysts, some Ru-based heterogeneous catalysts were developed for the C-H functionalization of various compounds. Among them, Ru/C showed strong activity towards some transformations based on C-H activation. In 2007, N. Chatani's group developed a method for the C-H carbonylation of 2-phenylpyridine derivatives using Ru/C as catalyst (Scheme 1.10). 85a Regardless of the electronical nature of the substituents on the phenyl ring, various functional groups were tolerated under the reaction conditions, although electron-deficient substituents gave lower yields of products. Moreover, regioselective carbonylation at the less hindered C-H bonds was observed for meta-substituted substrates, showing the good regioselectivity of the reaction. Other N-heterocycles such as 1-phenylpyrazole and 2phenylpyrimidine also underwent regioselective C-H carbonylation to give the corresponding ketones, increasing the substrate scope of the reaction.

Scheme 1.10 Ru/C catalyzed carbonylation of 2-arylpyridine

Performing the reaction with recovered catalyst gave no reaction at all, indicating the loss of catalytic activity of the recovered catalyst. Meanwhile, the filtrate obtained from heating the Ru/C under the reaction conditions in the absence of any substrates showed comparable catalytic activity (90% yield of the product). These results clearly indicated that the active ruthenium species leached from the Ru/C into the solvent under the reaction conditions. Based on the observations, the authors suggested that the active catalytic species could be Ru3(CO)12, which was reported to catalyze the same reactions under the reaction conditions. 86

In 2012, Y. V. D. Nageswar reported a Ru/C catalyzed oxidative α-cyanation of tertiary amines with ethyl cyanoformate by using tert-butylhydroperoxyde (TBHP) as oxidant. 85b Various α-aminonitriles were synthesized from N,N-dialkylanilines in good to excellent yields with high selectivity. Besides, the use of ethyl cyanoformate as cyanide source was less toxic, and the reaction conditions were mild (low catalyst loading, methanol as solvent, short reaction time). Moreover, the use of recovered Ru/C as catalyst showed no significant loss of catalytic activity after four reaction cycles. TEM analysis showed no significant differences on the morphology, shape and size between the recovered catalyst and original Ru/C. Heteroaryl chlorides such as 2-chlorothiophene and 2-chloropyridine also gave good yields of the arylated products. ICP-AES analysis of the solution after the reaction showed 2.6% of Ru species leaching in the solution, and the catalyst could be recycled and reused for 3 reaction cycles without loss of catalytic activity. The active catalytic species in the reactions were considered to be low-valent Ru species generated from Ru(IV) species on CeO2, which was observed from FTIR study from the fresh Ru/CeO2 catalyst (a distinct band at 975 cm -1 , which corresponded to a ruthenium-oxo species).

Notably, aryl bromides and aryl iodides could also be used as arylation reagents. However, most arylation reactions used benzo [h]quinoline as the substrate, and the use of 2-phenylpyridine and 1phenylpyrrole as the substrates gave a mixture of mono-and diarylated compounds as the product. The narrow substrate scope and harsh reaction conditions limited the application of the method.

In the same year, the same group reported that Ru/CeO2 was able to catalyze the addition of a C-H bond of aromatic ketones to vinylsilanes in the presence of PPh3 (Scheme 1.14). 88 Similarly to the previous method, the reaction efficiency was greatly affected by the nature and amount of phosphorus additives, which might serve as ligands for active catalytic species of Ru (the best additive was 4 equivalents of PPh3). The reaction temperature also strongly affected the reaction process, since a lower yield was obtained if the reaction was conducted below 160 °C. The authors suggested that high temperatures were essential for transforming Ru(IV) species on CeO2 into active catalytic species.

Interestingly, the use of PPh3-modified catalyst 4PPh3-Ru/CeO2 (treatment of Ru/CeO2 at 100 °C for 20 min in the presence of 4 equivalents of PPh3 under an H2 atmosphere) resulted in completion of the reaction within 90 min at a lower temperature of 140 °C. inductively coupled plasma (ICP) analysis showed no detectable Pt present in the filtrate. Moreover, the recovered catalyst could be used at least for three reaction cycles without significant loss of catalytic activity. These results strongly indicated a heterogeneous active catalytic species of the reaction.

Scheme 1.15 Pt/C catalyzed C-H perfluoroalkylation of (hetero)arenes

Despite the remarkable importance and considerable advances on C-H activation reactions in organic synthesis, traditional C-H activation processes require the use of a pre-functionalized coupling partner, such as halocarbons, boronic acids/esters, triflate ester or organometallic reagents and so on (Scheme 1.1). These C-H activation processes are quite efficient to obtain various structures. However, large quantities of wastes such as halide salt, boronic acids or organo-residues are formed with the desired products. These wastes may cause significant environmental pollution, which must be considered in industrial productions.

A more environmentally friendly and more economical way is the cross-dehydrogenative coupling (CDC) reactions (Scheme 1.16). 91 This protocol requires no pre-synthesis of any reactants, and the only by-product is formally H2. Thus, it is more environmentally friendly and potentially applicable to more substrates. Recently, numerous advances have been achieved with the CDC reactions using heterogeneous catalysis involving the formation of C-C, C-O 92 or C-N bonds. In Li's protocol, both electron rich and electron deficient aryl groups attached to the nitrogen were tolerated, while higher yield was obtained with electron rich arenes. Nitroalkanes were used both as reactant and solvent; the chain length of nitroalkanes strongly influenced the yield: nitromethane gave the best yield, nitroethane gave a lower yield, and nitropropane gave the lowest yield. Other type of tertiary amine such as 1-phenylpyrrrolidine was also tested, giving a much lower yield of desired product. In addition to nitroalkanes, the authors also tried acetone as the coupling partner. The reaction proceeded but with a lower yield.

The reusability of the nanoparticles was tested by the authors. It was shown that the catalyst could be easily recovered and reused nine times without significant loss of catalytic activity. However, despite the robust catalytic activity of the nanoparticles, the use of largely excess nitroalkanes and the limited substrate scope constituted the limitations of this method. Although the authors developed a new CuFe2O4 nanoparticle that could catalyze the same reaction with higher yields, 94e the limitation of this reaction was not solved.

Further substrate scope extension of this CDC reaction was achieved by M. Rueping and co-workers through the use of commercially available TiO2 nanoparticles (Evonik-Degussa Aeroxide P25) as catalyst. 94c Using this photocatalyst, the authors were able to realize the coupling between compound 1.2.1 and both nitromethane and acetone that Li had accomplished. 94a Besides, cyanation of compound 1.2.1 was also achieved with the same catalyst, giving high chemical yields (Scheme 1.18). Moreover, by replacing TiO2 with ZnO as the photocatalyst, the authors also succeeded to couple compound 1.2.1

with diethylphosphite, providing the amino-phosphonates 1.2.5 (Scheme 1.18).

Scheme 1.18 Photocatalyzed CDC reactions

Compared with Li's method, this method used a cheaper and more readily available photocatalyst, which could catalyze the CDC reactions at ambient temperature using ethanol as solvent. Besides, both TiO2 and ZnO could be recycled by simple centrifugal separation, and they could be reused in the catalytic reactions in consecutive catalytic cycles without loss in reactivity and selectivity. However, this protocol suffered a limitation of the need of stoichiometric amount of catalysts. Decreasing the catalyst loading of TiO2 resulted in lower yields of the products.

By using the in situ generated graphene-supported RuO2 nanoparticles as catalyst, L.-Z. Wu and coworkers realized the CDC reaction between compound 1.2.1 and 1.2.2. 94d Compared with Li's protocol, the graphene-supported RuO2 nanoparticles required less equivalents of nitroalkanes and lower Scheme 1.20 Ying's protocol for the Fujiwara-Moritani reactions 15 substrates were tested by this method, providing moderate to good yields. However, the substrate scope of Ying's protocol was quite narrow, only applicable to the coupling of anilides and acrylates.

To determine the active catalytic species, a hot filtration test was done by the authors. After removal of solid catalyst, no further formation of product was observed by heating the filtrate. Inductively coupled plasma-mass spectrometry (ICP-MS) analysis of the filtrate showed a low amount of leaching palladium in the solution (7 ppm), thus confirming the heterogeneous nature of the catalyst. The catalyst could also be separated by centrifugation and reused at least for four times, although reloading of PV3Mo9 to the recovered solid should be done prior to the next run and a fractional loss of catalytic activity was observed from the recovered catalyst (76% yield for the first run, 60% yield for the fourth run). It was worth noting that Ying's method was also applied to the C-N bond formation between diarylamines and acrylates, yielding to the corresponding enamines.

C-C bond formation through heterogeneously catalyzed dehydrogenative arylation

The cross-dehydrogenative arylation (CDA) reaction is the most efficient and economic synthetic strategy for the synthesis of arylated compounds. However, the vast majority of CDA reactions were accomplished with homogeneous catalyst, only a handful of examples being reported with heterogeneous catalyst very recently. 96

In 2016, H. Yoshida and co-workers reported a C(sp 3 )-C(sp 2 ) coupling method allowing the arylation of dialkylethers using Pd/TiO2 as a bifunctional photocatalyst. 96a The catalyst was obtained by loading palladium nanoparticles on the TiO2 photocatalyst, and the two metals worked synergistically. Thus, the photocatalyst could activate the C(sp 3 )-H bond at the α-position of the oxygen atom in various ethers to form a radical species, then the palladium catalyst would promote the formation of the a C(sp 3 )-C(sp 2 ) bond between the radical species and benzene to produce the α-arylated ethers (Scheme

1.21).

96 a) A. Tyagi, T. Shindo's protocol provided a mild and operationally simple approach for the synthesis of biaryl amines; the reactions were conducted under an air or oxygen atmosphere with high regioselectivity, some reactions could even be accomplished at room temperature. Unfortunately, the substrate scope of this reaction was narrow (only with N,N-dialkyl-2-naphthylamines), which was a limitation of this reaction.

Recently, G. Satishkumar developed a method for the coupling between biphenylmethane and various substituted anisole by using a heterogeneous iron catalyst Fe/SBA-15 (iron grafted over mesoporous silica). 96c Ten examples were presented using the iron catalyzed CDA reactions with moderate isolated yields (Scheme 1.23). The coupling occurred regioselectively at the para position of the methoxy group, or meta position if para position was blocked.

Scheme 1.23 Iron catalyzed arylation of biphenylmethane

Notably, the iron catalyst was also effective for the coupling of arenes and arylboronic acids. A recycling study of the catalyst was performed for this coupling reaction. As a result, the catalyst could be successfully recycled for 5 times without significant loss in its activity. Overall, Satishkumar's protocol offered a practical way to construct C(sp 3 )-C(sp 2 ) bond through dehydrogenative coupling.

However, only diarylmethanes were used as substrates in this publication, which limited the substrate scope of this reaction.

C-C bond formation through heterogeneously catalyzed dehydrogenative alkynylation

In 2013, A. Corma et al. developed a method allowing the coupling between electron-rich arenes and propiolate in the presence of O2 by gold nanoparticles (Scheme 1.24). 99 However, this method was effective only with a quite limited number of substrates, and the propiolate underwent cyclotrimerization to form benzene derivatives without the presence of molecular oxygen or Michael addition to form styrene derivatives with cationic gold species. A hot filtration test was carried out for the dehydrogenative coupling, revealing that no active species were present in the solution after filtration. Thus, the reaction might occur at the surface of the catalyst. 

Scheme 1.26 Proposed reaction mechanism for CuFe2O4 catalyzed alkynylation

In order to establish the active catalytic species of the reaction, a hot filtration test was conducted by the authors. No further reaction was observed after the removal of the solid catalyst, suggesting that no homogeneous catalyst was produced by leaching during the reaction. In addition, ICP analysis of the filtrate showed that less than 0.39 ppm of dissolved copper was present in solution. The reusability of the catalyst was also examined, showing that the catalyst was still active after ten runs without significant loss of catalytic activity. These results strongly suggested a heterogeneous mechanism of the reaction.

A commercially available metal-organic framework MOF-199, a highly porous metal-organic framework based on copper ions which is formerly used in the field of gas separation and storage, was used as heterogeneous catalyst for the C(sp 3 )-C(sp) coupling between N,N-dimethylanilines and terminal alkynes by T. Truong, N. T. S. Phan and co-workers (Scheme 1.27). 100 According to the authors, copper was essential for the C(sp 3 )-C(sp) bond formation, since no product was detected when using cobalt or nickel complexes as catalysts. Besides, the solvent and oxidant also had an influence on the reaction conversion. The MOF-199 catalyst was easily recovered by filtration, and it remained active after ten catalytic cycles without a significant loss of catalytic activity. The reaction was blocked after removal of the solid catalyst, since no further conversion was observed when heating the filtrate under the same reaction conditions, supporting thus a heterogeneous catalysis.

Scheme 1.27 C(sp 3 )-C(sp) bond formation catalyzed by MOF-199

Generally speaking, the heterogeneously catalyzed dehydrogenative alkynylation reactions were less explored, and the substrate scope remained very limited. Only a handful of methods were developed dealing with some specific substrates. The development of methods for the coupling between various amines and terminal alkynes is still challenging for synthetic chemists.

C-C bond formation through heterogeneously catalyzed dehydrogenative homocoupling

Intermolecular dehydrogenative homocoupling of (hetero)arenes is one of the most useful tools for the preparation of symmetrically substituted 1,1'-biaryls. These 1,1'-biaryls are usually used as ligands for various transformations, including asymmetric catalysis. 101 Despite the usefulness of 1,1'-biaryls, there are only few methods to synthesize them. Among the methods reported, some of them were achieved using heterogeneous catalysts. 102 , 103 However, although these 1,1'-biaryls were all obtained using dehydrogenative coupling, most of them were obtained through radical coupling reactions, but not a C-H activation process. 102 The only reaction involving the C-H activation process is the homocoupling of pyridine derivatives. 103 In 2008, H. E. Hagelin-Weaver reported a method for the synthesis of 4,4'-dimethyl-2,2'-bipyridine through C-H activation by using palladium catalysts supported on nanoparticle alumina [Pd/nano-Al2O3(+)] (Scheme 1.28). 103c Although previous methods were available to obtain 2,2'-bipyridines through dehydrogenative homocoupling of pyridine derivatives, the yields were generally quite low (less than 10%). 103a,b In this context, through the preparation of various Pd/nano-Al2O3(+) synthesized from different methods, the authors discovered that the catalyst obtained from palladium precipitated onto nano-Al2O3(+) gave the best yield (75% or more of the raw yields). Interestingly, the homocoupling reaction was very sensitive to the quality of the 4-methylpyridine, which must be distilled over KOH in order to achieve high yields.

Scheme 1.28 Homocoupling of 4-methylpyridine catalyzed by Pd/nano-Al2O3(+)

Hagelin-Weaver's method improved significantly the efficiency for the homocoupling of 4methylpyridine. However, according to the authors, this method was probably not applicable to other pyridine derivatives, since the yield was strongly dependent on the quality of substrate. Thus, the application of this method was limited.

Summary and perspectives of CDC reactions through heterogeneous catalysis

The development of heterogeneous catalysis is important and it is urgent to fulfil the growing need of green chemistry processes. The recyclability and reusability of heterogeneous catalysts make them more environmentally friendly and economic. However, compared with homogeneous catalysis, it remains to be explored more deeply, especially in the field of C-H activation. As reviewed above, the more attractive CDC processes are still rarely reported. The existing works also have a general drawback of limited substrate scope and low isolated yields compared with similar transformations catalyzed by homogeneous catalysts. Thus, the development of new methods using heterogeneous catalysts, especially commercially available and less expensive ones, is a challenging and promising field.

catalyst, the H/D exchange could take place and then be followed by reductive elimination to form deuterated molecules. In the case of coupling reactions, the energy barrier of C-H activation was higher due to the lack of hydrides/deuterides, and the coupling partners might have weaker affinities to ruthenium centers than the heterocycles, thus the formation of C-C bond was hindered even if the C-H activation occurred.

More positive results were obtained using 2-phenylpyridine as substrate, which was also a good 3). To the best of our knowledge, there has never been described using a heterogeneous species as catalyst or pre-catalyst for such kind of dehydrogenative homocoupling reactions. Thus, we diverted our attention to the investigation of this reaction.

Scheme 2.3 Formation of homocoupling product

Firstly, we run the homocoupling reaction without the use of NBS. Interestingly, more homocoupling product was detected. In order to obtain the isolated yield of this reaction, a reaction using 1 mmol of substrate was conducted. As a result, homocoupling product 2.1.4 was isolated with 21% yield (Table 2.1, Entry 2). Encouraged by this result, optimization of reaction conditions was conducted for this transformation (Table 2 Although no experiment was conducted to demonstrate the reaction mechanism, the authors proposed that the homocoupling product was formed through the Ullmann coupling of iodinated 2phenylpyridine, which was formed by a single electron transfer (SET) or electrophilic metalation. The advantage of this method is the use of cheap reagents such as Cu(OAc)2 and I2, and the fact that the reaction is not air sensitive. However, the narrow substrate scope and the generally low yields limited the application of this method. Moreover, the use of stoichiometric amount of metal catalyst does not fit the requirement of green chemistry.

A ruthenium catalyzed oxidative homocoupling reaction of 2-arylpyridines was developed by G. Deng and C.-J. Li et al. (Scheme 2.8). 105c Under their reaction conditions, the yield of homocoupling product was influenced by the amount of oxidant used: the yield decreased both with a lower amount (0.5 equiv.) or a higher amount (1 equiv.) of the oxidant. The authors explained that with more FeCl3 being added, it coordinated with the nitrogen atom in 2-phenylpyridine, which prevented the coordination of ruthenium at the same site, thus reducing the efficiency of the coupling process.

Various substituted 2-arylpyridines were used as substrates under their reaction conditions, giving moderate to good yields. No obvious influence of the electronic effects on the phenyl ring was observed, while steric effects played an important role. For example, high yields were obtained for the method developed by Deng and Li, this method had no obvious advantage: no improvement of the yields; no better regioselectivity; no wider substrate scope. It could only be considered as an alternative method for the homocoupling of 2-arylpyridines.

The ruthenium complex [Ru(p-cymene)Cl2]2 was also employed by L. Ackermann's group for the oxidative homocoupling of 2-arylpyridines. 105d In Ackermann 's protocol, 2,4,6-trimethylbenzoic acid (MesCO2H) was used as an additive, while aryl chloride 2.2.12 was used as the oxidant, which acted as a hydrogen acceptor. Several o-substituted 2-phenylpyridines were successfully homocoupled using these reaction conditions. Arenes with other heterocycles such as pyrazole and 1,2,3-triazole also reacted to give the homocoupling products 2.2.14 and 2.2.15 with good yields. However, 1,2,3-triazole derivative with a methoxy substituent at the ortho-position of the phenyl ring didn't react under the reaction conditions, and no explanation was given by the authors. Notably, only electron-rich orthoalkylated arenes gave good yields of products using this method, since poor yields were obtained when using electron-deficient substrates (Scheme 2.10, compound 2.2.13).

Scheme 2.10 Ackermann's protocol for the homocoupling of 2-arylpyridines Taking advantage of electrochemistry, F. Kakiuchi and co-workers also developed a method for the homocoupling of 2-arylpyridines using Pd(OAc)2 as catalyst in the presence of I2 (Scheme 2.11). 105e

As shown in Scheme 2.11, Fakiuchi's method allowed the obtention of good regioselectivity for the homocoupling of meta-substituted substrates (only the products derived from the homocoupling of less steric hindered C-H bonds were obtained). According to these results, the authors proposed that the reaction mechanism was different from the one that Sanford had proposed: after the activation of the first C-H bond by Pd(OAc)2, a second C-H bond was activated to form the doubly chelated Pd(II) species M5, which was followed by reductive elimination to form the homocoupling product (Scheme 2.12). This mechanism involved the formation of a doubly chelated Pd(II) intermediate M5, so a might be due to the competing coordination of the solvent to the catalyst or the interaction with FeCl3, since the solvent was largely in excess compared with the substrate. Taking this into account, we conducted the reaction with nonpolar solvents such as chlorobenzene (Entry 5). To our delight, the homocoupling product was obtained with more than 50% of conversion. Thus, more nonpolar solvents were investigated. For example, the use of toluene as solvent increased the product conversion (Entry 6), while the use of xylene and dichloroethane (DCE) gave a lower conversion of the starting material (Entry 7, 8). These results also supported the previous assumption that polar solvents might either coordinate to the catalyst or have an interaction with FeCl3, preventing thus the homocoupling reactions. As a result, we could see that the use of acetic acid as solvent gave the best conversion of the product (Entry 1). However, the purification of the crude product when using acetic acid as solvent was problematic, leading to low isolated yield of the desired product. Besides, small amount of oligomer was detected when acetic acid was employed as solvent, while only the desired dimer product was observed using nonpolar solvents. Therefore, we chose toluene as the best solvent for our homocoupling reactions.

Entry solvent SM :TM Finally, we examined the effects of some other reaction conditions such as using different catalysts and changing the reaction time and temperature (Table 3.3). As shown in Table 3.3, decreasing the catalyst loading to 5 mol% resulted in the decease of the conversion (Entry 2); interestingly, increasing the catalyst loading to 20 mol% also led to a decrease of the conversion (Entry 3), perhaps owing to the aggregation of the catalyst. We then investigated the influence of the reaction temperature.

Decreasing the reaction temperature to 80 °C gave no conversion of the product (Entry 4), indicating that high temperature was required to generate the active catalytic species. 88 In contrast, increasing the reaction temperature to 150 °C strongly accelerated the homocoupling reaction, leading to a conversion of 86% and an isolated yield of 66% (Entry 5), indicating again that the formation of active catalytic species was promoted with high temperature. Extending the reaction time to 3 days further increased the isolated yield of the product to 86% (Entry 6). In order to know if Ru/C was the real catalyst and not another metal present in a trace amounts in the catalyst, different well-characterized ruthenium nanoparticles were used as catalysts for the homocoupling of 2-phenylpyridine (Entry 7-9).

As a result, all the ruthenium nanoparticles were found to catalyze the homocoupling reaction and gave the desired product with acceptable isolated yields. The use of polyvinylpyrrolidone (PVP) supported ruthenium nanoparticles RuNp@PVP as catalyst resulted in low yield, which might be due to the loss of products during the work-up, since aggregated solids were observed after reaction completed and the subsequent filtration resulted in low yield of the crude product. According to these results, we could conclude that the active catalytic metal was the ruthenium one and not the potentially existing metal impurities. We also tried Pd/C as catalyst, but only trace amounts of product were detected (Entry 10 We then tested the homocoupling reactions using substrates with electron-donating substituents on the phenyl ring. As shown in Figure 3.2, both methoxy-and phenoxy-substituted substrates were successfully homocoupled to give the corresponding products 2.2.19 and 3.2.5, with the isolated yield of 61% and 85% respectively. Thus, we were able to conduct the homocoupling reactions with both electron-withdrawing and electron-donating substrates of 2-phenylpyridines, which showed the broad substrate scope of our reaction. and compound 3.2.7 were lower than the one of compound 2.1.4, perhaps owing to the steric effect of the substrates, as observed for the synthesis of compound 2.2.2. We also conducted the homocoupling reactions using substrates with other heterocycles. The homocoupling of 2-(thiophen-2-yl)pyridine occurred chemoselectively and gave compound 3.2.8 as product with an isolated yield of 77%.

Replacing the pyridine group of the substrate with other N-heterocycles such as pyrazole also gave the corresponding product of 3.2.9 with an isolated yield of 66%. These results further extended the substrate scope of our reaction conditions, and it provided a general method for the preparation of biaryl compounds. In order to examine the regioselectivity of our catalytic system, several unsymmetrical substrates were synthesized according to the literature method. 111 As a result, when employing these substrates to the homocoupling reaction conditions, the products resulting from the coupling of less steric hindered C-H bonds were obtained as sole products (Figure 3.4), which demonstrated the excellent regioselectivity obtained using our catalytic system. For example, compound 2.2.4a was obtained by Sanford's group as one of the regioisomer under their reaction conditions, the ratio of compound 2.2.4a and its regioisomer 2.2.4b was 1.7:1 with a total yield of 44% (Scheme 2.5). However, 2.2.4a was obtained as sole product with an isolated yield of 78% under our reaction conditions. Moreover, the homocoupling of 3,4-dimethoxy substituted substrate also occurred in a regioselective manner, giving compound 3.2.10 as sole product with an isolated yield of 43%. The relatively low yield of compound Finally, in order to obtain more diverse structures of the biaryl compounds, we decided to conduct the heterocoupling reaction between two different 2-arylpyridines. In order to separate the products after the coupling reaction, the two substrates should have enough difference in terms of polarity. Thus, we chose two 2-phenylpyridines with different substituents on the phenyl ring, one with a methoxy group and the other with a bromo group. As shown in Scheme 3.2, the two substrates were employed with a molar ratio of 1:1, while the catalyst loading and the number of equivalents of FeCl3 were calculated according to the total molar amount of the two substrates. After heating at 150 °C in toluene for 3 days, the desired heterocoupling product 3. activation of these two substrates was more difficult. Overall, we proved that the heterocoupling reactions was repeatable, and different biaryls with N,N-bidentate could be synthesized using our method.

Experiments for mechanism studies

In order to understand the reaction mechanism of the homocoupling reactions, we studied the kinetics of the homocoupling reaction using 2-phenylpyridine 2.1.1 as the model compound. Notably, the heater should be preheated to 150 °C before placing the reaction tubes in order to have the accurate reaction time. As shown in Chart 3.1, the conversion (determined by 1 H NMR of the crude product) increased quickly at the beginning of the homocoupling reaction, and the induction period of the reaction was very short (within 30 min), indicating that the formation of active catalytic species was fast under the reaction conditions. When the reaction was conducted for 4 hours, the conversion reached 64%, suggesting that the kinetics of the homocoupling reaction was fast at the beginning, and it slowed down significantly in the later period, since the reaction required 72 hours to reach high yield of the product. This could be explained by the better coordinating ability of the 2-arylpyridine dimers to the ruthenium center compared with the monomers, which resulted in the stronger coordination at the surface of the catalyst and thus slowed down the subsequent homocoupling reactions. The determination of the nature of the active catalyst is undergoing in our lab. Three-phase test, mercury poisoning, detection of leaching ruthenium and adding metal scavenger to the standard reaction conditions will be conducted in the future.

Applications of the homocoupling products

After obtaining the homocoupling products, possible applications of these compounds were envisioned.

In 2010, M. Murakami reported a method for the synthesis of pyridine-borane complexes through an electrophilic aromatic borylation of 2-phenylpyridines with BBr3 followed by alkylation/ arylation of the dibromoboranes (Scheme 3.5). 113 These pyridine-borane compounds were found to have interesting photophysical and electrochemical properties, 114 and they were patented for their use as air-stable organic light-emitting materials. 115 Therefore, we decided to investigate the possible enhancement of the photophysical properties of such pyridine-borane complexes between the monomers and dimers. Inspired by the work of Murakami, a series of pyridine-borane complexes were synthesized according to the literature method.

Scheme 3.5 Synthesis of pyridine-borane complexes reported by Murakami

As shown in Scheme 3.6, the pyridine-borane monomers were synthesized by electrophilic aromatic borylation of 2-arylpyridines followed by alkylation with AlMe3. Substrates with different electronic properties were successfully synthesized with good to excellent isolated yields (the yields showed in 3.4. All of these pyridine-borane compounds absorbed light within the wavelengths of ultraviolet. Generally, the maximum absorption wavelengths (λabs, max) of the pyridine-borane monomers were identical or very close to the corresponding dimers, which might be due to the structural similarity between the monomers and dimers. However, the maximum emission wavelengths (λem, max) of the dimers were larger than the ones of the corresponding monomers, which had resulted in the larger Stokes shifts of the dimers. The difference of Stokes shifts between monomers and dimers was significantly affected by the substituents: from 138 cm -1 for phenyl group (Table 3.4, Entry 5, 6) to 2560 cm -1 for isoquinoline substrate (Table 3.4, Entry 7, 8). Besides, the molar extinction coefficients (εvis) of the dimers were larger than the ones of the monomers, due to the larger conjugational structures of the dimers. The substituents on the phenyl ring strongly influenced the photophysical properties of the pyridine-borane compounds, as indicated by the quantum yields (Φ, calculated by using quinine dication as the standard) of the compounds with different functional groups. Notably, compound 3.4.3 and compound 3.4.9, which contained biphenyl groups, showed much higher quantum yields compared with other analogues (Table 3.4, Entry 5, 6). The high quantum yields of these two compounds might be due to the conjugation effect of the phenyl group with the main structure. The fact that high quantum yield of the pyridine-borane compounds could be obtained by employing different substituents on the phenyl group also indicated that these compounds were promising materials for organic light-emitting diodes (OLEDs). In addition, the brightness of a fluorophore (defined as εvis × Φ /1000) is another important characteristic to consider when applying fluorescence microscopy. In our case, the brightness of each pyridine-borane dimer was higher than the one of the corresponding monomer, which also represented an advantage of the pyridine-borane dimers. Compound 3.4.1 chiral HPLC method. 116 There were three chiral biaryl axes in BINIQ, two from naphthyl-isoquinoline moiety and one from 2,2'-binaphthyl moiety, which were denoted with α, β, and γ chiral axis as shown in Scheme 3.8. According to the authors, BINIQ was stereochemically stable for the αand γ-axis to permit optical resolution by a chiral HPLC method; besides, the configuration at the β-axis could be dynamically changed at room temperature upon coordination to a copper(I) ion center. Thus, optically pure BINIQ could be obtained as a chiral ligand for catalytic asymmetric reactions.

Scheme 3.8 Synthesis of NINIQ by Irie et al.

Compared with the synthetic method of Irie, which required 3 steps to obtain the desired product, it is possible to synthesize BINIQ by our method in a single step starting from the same compound 3.4.12.

Since we have succeeded to synthesize compounds 3.2.6 and 3.2.7, which were very close to the structure of BINIQ, it is reasonable to synthesize BINIQ under our reaction conditions. Moreover, the homocoupling products could also be applied in the synthesis of iridium complexes, which may have many applications in material science such as organic light-emitting diodes (OLEDs).

The monomers of 2-phenylpyridines were widely used in the synthesis of iridium complexes (Figure 3.7), and these complexes were reported to have important photophysical and electrochemical properties, thus they could be prepared as phosphorescent OLEDs. 117 In conclusion, we have developed a method allowing the homocouping of 2-arylpyridines using Ru/C as catalyst and FeCl3 as oxidant (Scheme 3.9). To the best of our knowledge, this is the first method for the homocoupling of 2-arylpyridines using a heterogeneous catalyst. Different functional groups such as alkyl, aryl, halides, trifluoromethyl group, methoxy group and phenoxy group on the phenyl ring were tolerated in our catalytic system. Moreover, substrates with other heterocycles such as thiophene, isoquinoline and pyrazole were also successfully homocoupled to give the desired products.

Our method was highlighted by the regioselective homocoupling of unsymmetrical substrates, which only gave the products resulting from the homocoupling of less steric hindered C-H bonds. We also succeeded to conduct the heterocoupling of two different 2-phenylpyridines, giving the heterocoupling compound as the main product together with the two homocoupling products. According to the different conversions of the substrates, we suggested that the substrates with electron-withdrawing substituents were generally easier to undergo the C-H activation process under our reaction conditions, leading to higher yields of the homocoupling products. As an application of our method, a series of pyridine-borane complexes were synthesized and their photophysical properties (UV and fluorescence) were studied. Substrates with different substituents were found to have different quantum yields, and the phenyl substituted substrate showed high quantum efficiency of 73% for monomer and 61% for dimer. These pyridine-borane complexes are expected to be promising OLEDs, and more potential applications are shown for the homocoupling products. More efforts will be made to the identification of the active catalytic species of the reaction in the future.

2,2'-(5,5'-Difluoro-[1,1'-biphenyl]-2,2'-diyl)dipyridine (3.2.2):

Following the General Procedure A. The product was isolated as a white solid (64 mg, 75% yield). Following the General Procedure A. The product was isolated as a white solid (94 mg, 80% yield). 1 H NMR (400 MHz, CDCl3) δ 8.28 (d, J = 4.5 Hz, 2H), 7.60 (d, J = 1.9 Hz, 2H), 7.55 (dd, J = 8.3, 1.9 Hz, 2H), 7.41-7.33 (m, 4H), 7.04 (dd, J = 6.9, 5.1 Hz, 2H), 6.71 (d, J = 7.9 Hz, 2H). 13 C NMR (100 MHz, CDCl3) δ 156. 4, 149.1, 140.3, 138.7, 135.5, 133.6, 131.7, 131.2, 124.1, 122.7, 121.6. The experimental data obtained are in accordance with the literature. 105g In 2005, Fagnou's group realized a similar transformation by using aryl chlorides as substrates and a N-heterocyclic carbene (NHC) palladium complex 1.1.12 as catalyst (Scheme 1.4). 124c Since aryl chlorides were rarely employed in the intramolecular C-H arylation, 130 this method provided a general way to achieve polycyclic biaryl compounds using aryl chlorides as substrates. The use of NHC hydrochloride salt 1.1.13 as additive significantly increased the turn-over number (TON) of the reaction, because excess 1.1.13 could reactivate the catalyst once catalyst decomposition took place. This effect was also observed in the Stille coupling using the same catalyst, indicating that the addition of imidazolium salt might generally increase the TON of palladium-NHC catalysts. Moreover, this method was applicable to the formation of not only substrates with six-membered rings, but also substrates with five-membered rings (Scheme 1.4, compounds 1.1.14-1.1.17). Notably, a protecting group at the nitrogen atom was not necessary for the syntheses of carbazoles, which was practical in carbazole synthesis. A limitation of this method was that the Pd-NHC catalyst was not effective for the intramolecular C-H arylation of more sterically encumbered substrates. 126 This method was applied in the synthesis of mukonine, a natural carbazole alkaloid, in three steps with a 75% overall yield.

Figure 1.4 Biaryl synthesis using aryl chlorides as substrates

The use of aryl bromides as substrates allowed the presence of a chloride substituent, as already been observed previously in the synthesis of compound 1.1.5, 124a which demonstrated the good selectivity of the catalytic system. Moreover, the convenient syntheses of sterically hindered tri-and tetra-osubstituted biaryls were one of the advantages of this method (Figure 1.5, compounds 1.1.29-1.1.32).

These cyclic biaryls could be readily converted into acyclic biaryls by treating them with BBr3 in CH2Cl2 at room temperature followed by trapping with acetic anhydride, which offered an alternative access of the sterically hindered biaryls to conventional cross-coupling protocols. 1.35). This method was also applicable to the synthesis of dibenzo [b,d] Chem. Soc. Jpn. 1997, 70, 3117. In 2015, T. Korenaga's group reported their experimental and theoretical studies of the ligand acceleration effect (LAE) on intramolecular C-H arylation reactions using compound 1.1.37-H as substrate (Scheme 1.12). 134 The Pd-catalyst and the ligand were stirred in DMA for 10 min at room temperature before adding the substrate to ensure the coordination of the ligand to the catalyst. By doing this, the conversion of the reaction was improved significantly from 65% to 96% using electrondeficient ligand 1.1.39. The order of LAE was shown in Scheme 1.12. According to the authors, the conversion of the arylation reaction tended to decrease with the increase of electron-donating ability of the ligand, except the results obtained using tricyclohexylphosphine (PCy3) and tris(pentafluorophenyl)phosphine (compound 1.1.43) as ligands. Thus, the best ligand for this reaction was compound 1.1.39. The poor LAE of compound 1.1.43 could be attributed to its poor coordination ability towards Pd, which was due to its weak electron-donating nature and large cone angle (184°). 135 13 P NMR analysis showed no ligated palladium species when using compound 1.1.43 as ligand, proving its poor coordination ability towards Pd. To explain the good LAE of PCy3, DFT calculations were conducted. As a result, evaluation of natural bond orbitals (NBO) deletion energy showed that In 1994, B. H. Lipshutz reported a method for the synthesis of polycyclic biaryl compounds via diarylcyanocuprate intermediates. 143 This method could be used for the synthesis of pyridinecontaining polycyclic biaryl compounds with moderate yields (Scheme 1.13, compounds 1.2.6a and 1.2.6b). However, the harsh reaction conditions and narrow substrate scope limited the application of this method. Scheme 1.13 Synthesis of pyridine-containing polycyclic biaryl compounds-( 1) W. B. Motherwell reported a radical cyclization method for the synthesis of biaryl compounds. 144 Through the combined use of n-Bu3SnH and azobisisobutyronitrile (AIBN), various substituted biphenyl derivatives could be synthesized. Besides, this method was applied in the synthesis of two pyridine-containing polycyclic biaryl compounds 1.2.8a and 1.2.8b (Scheme 1.14). 144a The formation of compound 1.2.9a when using 1.2.7a as substrate was due to the intramolecular free radical ipsosubstitution and the subsequent elimination of sulfur dioxide. The same method was also applicable to the synthesis of biaryl compound 1.2.11, which had a seven-membered ring. 144b, c Interestingly, the C-4 arylation product 1.2.12 was obtained as 1,4-dihydropyridine form together with compound 1.2.11. D. C. Harrowven's group also reported a series of works for the synthesis of toddaquinoline, an alkaloid from the root bark of Formosan Toddalia asiatica, 145 and its analogues based on radical cyclization. 146 In 1998, Harrowven's group reported for the first time the synthesis of toddaquinoline methyl ether 1.1.19 and its regioisomer 1.2.18 (Scheme 1.15). 146a The four-step synthetic sequence resulted in a 1:1 mixture of C4-arylated product 1.2.18 and C6-arylated product 1.2.19 with a global yield of 19%. Notably, compound 1.2.16 used in the Wittig reaction was synthesized in two steps with a combined yield of 52%. Thus, the low regioselectivity of the arylation reaction and the multi-step synthetic procedure limited the application of this method. Harrowven's group also applied the radical cyclization method to the synthesis of various quinoline derivatives (Figure 1.8). 146c, e These compounds were synthesized using the n-BuSnH/AIBN system, and the yields shown in Figure 1.8 referred to the cyclization step using the corresponding aryl iodides as substrates. The use of aryl bromides as substrates gave either no reaction or lower yields.

An attempt to synthesize compounds with a five-membered ring failed, showing the limits of this method. In 2008, V. Mamane's group reported a method for the synthesis of substituted benzo-(iso)quinoline derivatives. 148 This method was based on a Suzuki or Negishi cross-coupling followed by a t-BuOK promoted cyclization to form the core structure of benzo-(iso)quinoline derivatives (Scheme 1.19).

Using this method, the authors synthesized the four isomers of benzo-(iso)quinoline (compounds 

Scheme 1.24 Synthesis of biaryl compounds bearing a pyrrole or pyridine moiety

In summary, the synthesis of biaryl compounds bearing a pyridine moiety remains a challenging task for organic chemists. The existing methods suffer from the drawbacks of harsh reaction conditions, poor regioselectivity and narrow substrate scope. Radical cyclization represents an efficient method for the synthesis of pyridine-containing biaryls. However, the poor regioselectivity and the use of stoichiometric amount of highly toxic n-Bu3SnH limit the applications of this method. Thus, the development of novel method allowing the synthesis of various pyridine-containing biaryls with good regioselectivity and broad substrate scope is highly desired and of great importance.

Entry

Reaction conditions Yield 1 Cs2CO3 (1 eq.), DMF, rt 37% After the obtention of starting material, we started to explore the substrate scope of the intramolecular C-H arylation reactions using the optimized reaction conditions. We first employed compound 2.13 as substrate. The C4-arylated product 2.32 was obtained with a yield of 62% using PPh3 as ligand without the observation of compound 2.33. Interestingly, the use of P(4-F-Ph)3 as ligand significantly increased the conversion, giving C4-arylated product 2.32 with a yield of 82% together with C2arylated product 2.33 with a yield of 15% (Scheme 2.3). The structure of C4-arylated product was determined by its COSY NMR spectrum. As shown in as sole product with a yield of 53%. By contrast, using P(4-F-Ph)3 as ligand gave two regioisomers Encouraged by these results, more substrates were tested under the reaction conditions, and the results were shown in 7), perhaps due to the difficulty to form a seven-membered ring and/or the difficulty of deprotonation of this substrate. Substrates with an amide or ester tether did not react under the reaction conditions (Table 2.3, Entries 8 and 9), perhaps due to the interactions between the catalyst and the functional groups.

The excellent regioselectivity obtained from the arylation of compounds 2.1, 2.11 and 2.13 using PPh3

as ligand indicated a unique mechanism of the reaction, which might be a CMD process due to the slightly lower pKa value of the C-H bond at C-4 position relative to the one at C-2 position. The rapid development of metabolomics has also increased the need for isotopically labelled compounds. In particular, deuterated molecules are used as internal standards for quantitative LC-MS/MS analysis of metabolites in biological fluids and tissues. In this context, a general method allowing the deuterium and tritium labelling of bioactive thioethers using a HIE reaction is described in the first chapter. From a fundamental point of view, this transformation is the first example of (Csp 3 )-H activation directed by a sulfur atom. In terms of application, this new reaction has been proved to be useful for the preparation of deuterated LC-MS/MS reference materials and tritiated pharmaceuticals owning high specific activity. In the second chapter of this manuscript, the development of a method allowing the crossdehydrogenative homocoupling of 2arylpyridines catalyzed by Ru/C is developed. Various substrates with different substituents were efficiently coupled to give the desired dimers in good yield. In terms of application, a series of pyridine-boron complexes derived from the phenyl pyridine dimers were also synthesized and their photophysical properties were studied. In the third chapter, a regioselective palladium catalyzed intramolecular arylation reaction allowing the synthesis of pyridine containing polycyclic compounds is described.
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 1 Deuterium and applications of deuterated compoundsA slight difference might cause huge effect, just as the case of hydrogen isotopes (Figure1.1).
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 1 Figure 1.27 Deuterated drugs achieved with Shvo's catalyst

1. 1

 1 nm in diameter and hexagonal close packed (hcp) crystal structure] (Figure 1.29). 51 P. Lara, K. Philippot, B. Chaudret, ChemCatChem 2013, 5, 28.52 C. Pan, K. Pelzer, K. Philippot, B. Chaudret, F. Dassenoy, P. Lecante, M.-J. Casanove, J. Am.Chem. Soc. 2001, 123, 7584. 

Scheme 1 .Figure 1 .

 11 Scheme 1.17 Synthesis of RuNp@PVP

Figure 1 .

 1 Figure 1.30 Structure of dppb
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 1 Figure 1.32 NHC ligands employed as stabilizers for the ruthenium nanoparticles
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 1 Figure 1.33 TEM image (left) and HREM image (right) of RuNp@ItBu (L1/Ru = 0.5)

  Scheme 1.18 Synthesis of tin-decorated ruthenium nanoparticles
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 1 Figure 1.34 TEM image of Ru-SnNp@PVP (left) and Ru-SnNp@dppb (right)
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 1 Figure 1.38 Applications of high-temperature solid-state catalytic isotope exchange (HSCIE)
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 1 Figure 1.40 Example of Rh(III)-hydride complex synthesized by L. A. Oro and co-workers
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 1 Scheme 1.28 Iron catalyzed selective deuterium/tritium labeling of drug molecules
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 1 Figure 1.41 Pt/C and Pd/C catalyzed deuteration of arylamines

Figure 2 .

 2 Figure 2.1 1 H NMR of unlabeled dihexylsulfide 2.1

Figure 2 .

 2 Figure 2.2 1 H NMR of labeled dihexylsulfide 2.1

Figure 2 . 3

 23 Figure 2.3 Chiral HPLC analysis of deuterated methionine

example, regarding peptide 2 . 7 , 2 . 4 , 2 . 4 , 2 . 4 , 2 . 4 , 7 (Figure 2 . 4 ,

 2724242424724 compared with D,L-methionine (Figure Run 4), the amino acid resulting from the hydrolysis of the labeled peptide was L-methionine only (Figure Run 1); compared with D,L-proline (Figure Run 3), the amino acid resulting from the hydrolysis of the labeled peptide was L-proline only (Figure Run 1). Same results were obtained from the hydrolysis of unlabeled peptide 2.Run 2). Another experiment for the analysis of labeled peptide 2.8 also gave similar results, no racemization of the labeled product being detected.

Figure 2 . 4 7 3

 2473 Figure 2.4 Chiral HPLC analyses of the amino acids obtained from the hydrolysis of 2.7

Biotin 2 . 8 ,

 28 15 was also labeled by means of a diastereoselective C-H deuteration process using DMF as solvent {starting compound: [α]D 20 +71.0° (c 0.1, CH3OH), labeled compound: [α]D 20 +73.0° (c 0.1, CH3OH)}. Only Hα proton was exchanged (Table2.Entry 1), leading to an isotopic enrichment of 42%. The determination of the labeling position was done according to the analysis of 1 H NMR of the labeled product. As shown in Figure2.5, the chemical shifts of proton 1, proton 2 and proton 3 could be identified from the 1 H NMR of unlabeled biotin. By comparing the 1 H NMR of labeled biotin with the unlabeled one, we could see that only proton 2 was labeled with deuterium (Figure2.6). The diastereoselective labeling might be due to the steric effect of the carboxylic acid side train and/or the hydrogen bonding between the carboxylic acid and proton 1, thus only the proton 2 was accessible to the catalyst surface. Reaction under an elevated temperature gave no improvement of isotopic enrichment (

Figure

  Figure 2.7 Results after third run of deuteration

  /C was used without prior activation; b : reaction run in a 5 mL flask; c : reaction run for 1d; d : determined directly by MS; e : 80 mol% Ru/C was used.

Figure 2 .

 2 Figure 2.8 3 H NMR spectrum of tritiated Pergolide

Scheme 2 . 5 2 . 6

 2526 Scheme 2.5 Proposed mechanism for the H/D exchange of thioethers

Chart 2 . 2

 22 The influence of different ruthenium catalysts on the deuteration of 2,4-lutidine As depicted in Chart 2.3 and Chart 2.4, the H/D exchange reaction was strongly influenced by D2

Chart 2 . 3 2 . 4 5 (

 23245 of D2 gas, Ru/C still gave moderate deuterium incorporation under this pressure. It suggested that Ru/C could efficiently activate the C-H bond at position 1 under low D2 pressure. The influence of D2 pressure on the deuteration of 2,4-lutidine catalyzed by RuNp@PVP Chart The influence of D2 pressure on the deuteration of 2,4-lutidine catalyzed by Ru/C In order to check the results we got from the labeling of compound 2.6.1, we selected four different substrates to investigate their H/D exchange reactions, including pyridine derivative 2.6.2, indole 2.6.3, Figure 2.11), because these substrates represented a large number of naturally occurring bioactive compounds. Different ruthenium catalysts were employed for the H/D exchange of these compounds under different D2 pressures.

Figure 2 . 11

 211 Figure 2.11 Substrates used in the H/D exchange reactions

  cm × 4.6 mm × 5 μm). Preparative HPLC were recorded using Phenomenex Luna PFP column (15 cm × 21.2 mm × 5 μm) for compound 2.7 and Waters X-bridge Phenyl column (15 cm × 19 mm × 5 μm) for compound 2.9. H/D exchange quantification: Deuterium incorporation was quantified by the decrease of 1 H NMR integral intensities at the specified positions compared to the starting material. Integral intensities were calibrated against hydrogen signals that do not undergo H/D-exchange. Mass spectrometry quantification was performed by subtraction of the mean molecular masses of the product and substrate isotopologue clusters in order to eliminate the contribution of the natural isotope abundance to the total mass. General Procedure A for H/D exchanges: A 93 mL Fischer-Porter glassware was charged with Ru/C (Aldrich, 30 mol%) and a magnetic stirrer under air. The Fischer-Porter glassware was then left under vacuum for 5 min and pressurized with D2 gas (3 bar) during 2 hours. A solution of the substrate (0.2 mmol) in degassed DMF or THF or D2O or CD3OD (2 mL) was added under argon. The reaction mixture was magnetically stirred at 60 °C (sand bath) under pressure of D2 (2 bar) during 72 hours. The solution was then cooled down to room temperature, filtered through syringe filter and evaporated under vacuum. Deuterated products were obtained mostly in quantitative yield except extra mention.3.2 Experimental details and characterization for compounds 2.1 to 2

1 H

 1 NMR (400 MHz, CDCl3) δ 2.47 (t, J = 7.4 Hz, 0.4H), 1.61-1.48 (m, 4H), 1.46-1.16 (m, 12H), 0.88 (t, J = 6.8 Hz, 6H).13 C NMR (100 MHz, CDCl3) δ 31.5, 29.5, 28.6, 22.6, 14.0. 

Figure 3 . 1

 31 Figure 3.1 GC-MS spectrum of compound 2.1

1 H

 1 NMR (400 MHz, CDCl3) δ 2.47-2.38 (m, 0.9H), 1.49-1.20 (m, 18H), 0.99-0.72 (m, 12H).13 C NMR (100 MHz, CDCl3) δ 39.2, 37.2, 32.4, 28.9, 25.5, 23.0, 14.1, 10.8. 
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 33 Figure 3.3 GC-MS spectrum of compound 2.3
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 34435 Figure 3.4 LC-MS spectrum of compound 2.4
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 36537 Figure 3.6 LC-MS spectrum of compound 2.5
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 393311 Figure 3.9 LC-MS spectrum of compound 2.7a

1 .

 1 87 (m, 1H), 1.85-1.71 (m, 2H), 1.68-1.55 (m, 4H), 1.53-1.44 (m, 2H), 0.89 (t, J = 6.8 Hz, 6H). 13 C NMR (100 MHz, D2O) δ 172.5, 172.0 (s, 2C), 170.

Figure 3 . 8 Figure 3 . 13 8 1

 3831381 Figure 3.12 LC-MS spectrum of compound 2.8

  1 H NMR (400 MHz, CD3OD) δ 7.23 (d, J = 8.1 Hz, 1H), 7.14 (t, J = 7.6 Hz, 1H), 7.05 (s, 0.8H), 6.94 (d, J = 7.1 Hz, 1H), 3.74 (d, J = 11.7 Hz, 1H), 3.67-3.58 (m, 1H), 3.45-3.22 (m, 4H), 3.00-2.85 (m, 3H), 2.73 (dd, J = 13.5, 6.0 Hz, 0.6H), 2.60 (dd, J = 13.5, 7.6 Hz, 0.9H), 2.37 (br s, 1H), 2.24-2.16 (m, 0.7H), 1.91-1.75 (m, 2H), 1.47-1.36 (m, 1H), 1.10 (t, J = 7.3 Hz, 3H).
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 33 Figure 3.14 LC-MS spectrum of compound 2.9a

Figure 3 .Figure 3 .

 33 Figure 3.16 3 H NMR of Pergolide 2.9c

  1 H NMR (400 MHz, D2O) δ 8.47 (s, 1H), 7.44 (s, 1H), 2.39 (t, J = 2.2 Hz, 1.8H).

Figure 3 . 13 Biotin

 313 Figure 3.18 LC-MS spectrum of compound 2.13

Figure 3 . 15 Biotin

 315 Figure 3.19 LC-MS spectrum of compound 2.15

  deuteration [𝛼] 𝐷 20 +71.0° (c 0.1, CH3OH), after deuteration [𝛼] 𝐷 20 +75.0° (c 0.1, CH3OH). 1 H NMR (400 MHz, D2O) δ 4.59 (d, J = 7.9 Hz, 1H), 4.43 (dd, J = 8.0, 4.5 Hz, 1H), 3.40-3.29 (m, 0.8H), 2.99 (dd, J = 13.0, 4.9 Hz, 0.2H), 2.76 (d, J = 13.0 Hz, 0.8H), 2.23-2.12 (m, 2H), 1.78-1.22 (m, 6H). 13 C NMR (100 MHz, D2O) δ 183.
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 3 Figure 3.20 LC-MS spectrum of compound 2.15'
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 1131114 Scheme 1.3 Regioselective C-H functionalization of thiophenes
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 1617 Scheme 1.6 Proposed reaction mechanisms for the arylation of polyaromatic hydrocarbons
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  Scheme 1.13 Ru/CeO2-catalyzed C-H arylation with aryl halides

  88 H. Miura, K. Wada, S. Hosokawa, M. Inoue, ChemCatChem 2010, 2, 1223.

  94 a) T. Zeng, G. Song, A. Moores, C.-J. Li, Synlett 2010, 2002; b) P. Liu, C.-Y. Zhou, S. Xiang, C.-M. Che, Chem. Commun. 2010, 46, 2739; c) M.
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 1 Scheme 1.24 Gold catalyzed dehydrogenative alkynylation of electron-rich arenes
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 22 Scheme 2.2 Ru/C catalyzed bromination of 2-phenylpyridine
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 31 Figure 3.1 Homocoupling products with electron-withdrawing substituents
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 32326 Figure 3.2 Homocoupling products with electron-donating substituents

Figure 3 . 3

 33 Figure 3.3 Homocoupling products of 2-arylpyridine derivatives

3. 2 .

 2 10 might be due to the electronic effect of the two methoxy group on the phenyl ring, which might lead to a stronger C-H bond energy and thus slow down the C-H activation process. Interestingly, the homocoupling of 2-(thiophen-3-yl)pyridine also took place in a regioselective manner, giving 28% isolated yield of compound 3.2.11 as sole product. The possible reason for the good selectivity might be the electronic effect of the thiophene group, since the pKa value of the C-H bond at the α-position of the sulfur atom is smaller than the one at β-position (33.5 and 39.0 respectively).112 
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 34 Figure 3.4 Regioselective homocoupling of 2-arylpyridines

Chart 3 . 1 2 ,Scheme 3 . 4

 31234 Scheme 3.4 Proposed reaction mechanism for the homocoupling of 2-phenylpyridine

Scheme 3 . 6 Scheme 3 . 6 Figure 3 . 6

 363636 Scheme 3.6 were the combined yield of two steps). It was worth noting that an optimization of the reaction procedure was conducted: after the electrophilic aromatic borylation reactions in the first step, the crude intermediate 2-(2-dibromoborylaryl)pyridines were used immediately in the alkylation process without further purification. Using this more convenient protocol, the isolated yields of the pyridine-borane monomers were significantly improved (the synthesis of compound 3.4.1 was achieved with a combine yield of 81% by Murakami).

Figure 3 . 7

 37 Figure 3.7 Reported example of iridium complexes

Figure 3 . 8

 38 Figure 3.8 Iridium complexes with a dimer as the ligand

  1 H NMR (400 MHz, CDCl3) δ 8.31(d, J = 4.3 Hz, 2H), 7.50 (dd, J = 8.1, 6.1 Hz, 2H), 7.36 (td, J = 7.7, 1.6 Hz, 2H), 7.14-7.06 (m, 4H), 7.03 (dd, J = 6.8, 5.1 Hz, 2H), 6.76 (d, J = 7.9 Hz, 2H).13 C NMR (100 MHz, CDCl3) δ 162.6 (d, JC-F = 248.8 Hz), 156.7, 149.0, 140.8 (d, JC-F = 7.7 Hz), 136.0 (d, JC-F = 3.1 Hz), 135.4, 132.0 (d, JC-F = 8.5 Hz), 124.1, 121.4, 117.6 (d, JC-F = 22.1 Hz), 115.0 (d, JC-F = 21.1 Hz). 19 F NMR (376 MHz, CDCl3) δ -113.2 (s).The experimental data obtained are in accordance with the literature. 105c
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 11 Figure 1.1 Key intermediate in the CMD process proposed by Fagnou 120e
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 121313 Figure 1.2 Naturally occuring polycyclic biaryl compounds
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 17 Scheme 1.7 New catalytic system for intramolecular C-H arylation
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 15 Figure 1.5 Biaryl synthesis using aryl bromides as substrates

  furan, carbazole and fluorene (Figure 1.6, compounds 1.1.15, 1.1.16 and 1.1.36), demonstrating the broad substrate scope of the reaction.
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 16 Figure 1.6 Biaryl synthesis using aryl iodides as substrates
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 11 Scheme 1.12 Ligand effect on intramolecular C-H arylation reactions
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 1 Scheme 1.14 Synthesis of pyridine-containing polycyclic biaryl compounds-(2) 
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 115 Scheme 1.15 Synthesis of toddaquinoline methyl ether 1.1.21
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 18 Figure 1.8 Quinoline derivatives obtained from intramolecular radical cyclization
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 22 Optimizing the reaction conditions for alkylation of 3-hydroxypyridine a : Using compound 2.4 and 3-bromobenzyl alcohol as substrates; b : The product was mixed with the residues of DIAD and could not be separated.
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 21 Figure 2.1 LC-MS analysis of crude product of alkylation (TM: target molecule, monoalkylation)
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 22 Figure 2.2 Substrates for intramolecular C-H arylation
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 231323 Scheme 2.3 Pd-catalyzed intramolecular C-H arylation of compound 2.13
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 241124 Scheme 2.4 Pd-catalyzed intramolecular C-H arylation of compound 2.11

Scheme 2 . 5

 25 Scheme 2.5 Proposed mechanism for the Pd-catalyzed intramolecular C-H arylation

  

  

  

  

  

  

  

Table 2 .

 2 was successfully labeled at the α-positions of the sulfur atom using DMF as solvent, but low isotopic enrichment was obtained (Table2.2, Entry 1). The use of THF as solvent gave a higher deuterium incorporation (Table2.2, Entry 2), which was in accordance with the result for the deuteration of compound 2.1. In order to know if Ru/C was the real catalyst and not other metals present in a trace amount in the catalyst, different commercial Ru/C sources were used for the labeling of this substrate. Interestingly, although Ru/C purchased from different commercial sources all catalyzed the H/D exchange of compound 2.4, different catalytic activities were observed (

	1

1 Screening conditions for the deuteration of dihexyl sulfide With the best conditions in hand, we started to extend the substrate scope of the reaction (Scheme 2.1).

For substrates 2.1-2.3, THF was used as solvent. Regarding dibutylsulfide 2.2, a higher deuterium incorporation (4.9 D) was obtained with a different regioselectivity. This might be due to the strong coordination of sulfur atom to the surface of the catalyst, and the butyl group was more feasible to coordinate to the particle surface. Other sulfides containing branched alkyl chains, such as bis(2ethylhexyl)sulphide 2.3, were also labeled with high isotopic enrichment and a selectivity in accordance with previously mentioned results. Scheme 2.1 Deuterium labeling of sulfur-containing compounds Functionalized cyclic thioether 2.4

Table 2 . 2 ,

 22 Entries 2-4). Unless otherwise noted, all the substrates were deuterated by using Ru/C purchased from Sigma-Aldrich. In this study, Ru/C purchased from Strem gave the best deuterium incorporation, with the incorporation of 2.3 deuterium atoms. It proved that the H/D exchange was catalyzed by Ru/C but not other metal impurities, and the physical properties such as particle sizes and shapes had an influence on the catalytic activities of Ru/C towards H/D exchange reactions. The use of ruthenium

	Entry	Catalyst	Solvent Isotopic Enrichment
	1	Ru/C	DMF	12%
	2	Ru/C	THF	47%
	3	Ru/C (from Strem)	THF	57%
	4	Ru/C (from Alfa)	THF	55%
	5	Ru@iCy	THF	38%
	6 a	Ru/C	THF	82%

nanocatalyst stabilized by NHC ligand RuNp@ICy (ICy: N,N-dicyclohexylimidazol-2-ylidene) gave a lower isotopic enrichment (Table

2.2, Entry 5

). Notably, performing a second run of H/D exchange with this molecule led to a significant increase of the isotopic enrichment (Table

2

.2, Entry 6) for 2.4, demonstrating the possibility of increasing deuterium incorporation when needed. a : result got from second run of reaction using the product of Entry 2.

Table 2 . 2

 22 Conditions screening for the deuteration of cyclic thioether 2.4

Table 2 . 3

 23 Conditions screening for the deuteration of methionine

				1	2
	1	30	60	37%	11%
	2	50	60	21%	7%
	3	30	100	28%	5%
	4 a	30	60	50%	20%

a : Hydrochloride salt of methionine was used as substrate.

Table 2 . 4 ,

 24 Entry 5), demonstrating that the use of 2 bar D2 was sufficient for the H/D exchange reactions.

	Entry Solvent	Isotopic Enrichment 1 2
	1	DMF	17%	5%
	2	D2O	67%	25%
	3	CD3OD	66%	31%
	4 a	D2O	59%	32%
	5 a, b	D2O	55%	36%

Table 2 . 5 ,

 25 Entry 3), which could be reasoned by the coordination of both amide group and sulfur atom to the surface of the catalyst, thus forming a rigid bidentate intermediate that promoted the H/D exchange at position 2 and 3.

	Entry x	Isotopic Enrichment 1 2 3
	1	30 41% 20% 5%
	2 a	30 43% 20% 8%
	3 a	50 43% 43% 17%

a : Hydrochloride salt of 2.7 was used as substrate.

Table 2 .5 Conditions

 2 Labeling of the thioether substructure of the methionine residue was observed by using 30 mol% Ru/C as catalyst in D2O under 2 bar of D2 gas with a moderate deuterium incorporation (

screening for the deuteration of dipeptide Pro-Met 2.7

Remarkably, this method was found to be applicable to a tetrapeptide such as Leu-Trp-Met-Arg 2.8 (Table

2.6

).

Table 2 . 6 ,

 26 Entry 1). The use of well-defined nano-catalyst RuNp@dppb gave a comparable level of deuterium labeling (Table2.6, Entry 2). Notably, deuteration with an elevated temperature of 100 °C led to an incorporation of 1.6 deuterium atoms in this complex structure (

Table 2 . 6

 26 

	Entry	Ru cat.	T (°C)	Isotopic Enrichment 1 2 3
	1	Ru/C	55	14% 7%	-
	2	RuNp@dppb	55	9%	4%	-
	3	Ru/C	100	30% 14% 43%

, Entry 3), without any observed degradation. The increased reaction temperature might promote the C-H activation process by providing more energy, thus the activation barrier was overcome and better results were obtained.

Table 2 . 6

 26 Conditions screening for the deuteration of tetrapeptide 2.8

Table 2 . 7 ,

 27 Entry 8). Thus, we could conclude that: 1) the cleavage of C-S bond happened with the assistance of D2 or H2; 2) the ratio of side product 2.14 had a positive correlation with the amount of catalyst; 3) the C-H bonds at position 1 were more reactive, it could be exchanged with D2O in the presence of Ru/C to form C-D bonds.

	Entry	Solvent	Isotopic Enrichment 1 2	Ratio of 2.13:2.14
	1	DMF	80%	5%	3.3 : 1
	2	THF/ D2O	71%	4%	1.2 : 1
	3	DMA	54%	5%	1 : 1.2
	4	THF	19%	5%	1.4 : 1
	5 a	2-MeTHF	-	-	-
	6 b	THF/ D2O	76%	5%	1 : 10
	7 b,c THF/ D2O	100%	3%	1 : 3.4
	8 d	THF/ D2O	52%	7%	100% 2.13

a : Run at 80 °C; b : 60 mol% Ru/C was used; c : 2 bar H2 was used instead of D2; d : Run under Ar.

Table 2 . 7

 27 Conditions screening for the deuteration of benzthiazide 2.13 

Table 2 . 8 ,

 28 Entry 2). In order to have a better solubility of the substrate, we transformed biotin into the corresponding sodium salt. Interestingly, conducting the deuteration process with the corresponding sodium salt of biotin in D2O yielded multi-labeled product with a higher isotopic enrichment (Table2.8, Entry 3), perhaps due to the better solubility of the sodium salt in D2O.

	Entry Solvent T (°C)	Isotopic Enrichment 1 2 3
	1	DMF	60	-	42%	-
	2	DMF	80	-	42%	-
	3 a	D2O	60	20% 80% 16%

a : Biotin sodium salt was used as substrate.

Table 2 . 8

 28 Conditions screening for the deuteration of biotin 2.15 Attempts to apply our method in quantitative LC-MS analysis

	LG-Biotin-NaOH.010.esp

Table 2 .

 2 

				2.7 Results after third run of deuteration
	Product D0	D1	D2	D3	D4	D5	D6	D7 Total D
	2.7	0.5% 1.5% 4.7% 18.6% 33.7% 33.4% 6.0% 1.3%	4.0
	2.9	0.4% 0.7% 3.0% 17.8% 36.8% 30.0% 9.1% 1.7%	4.2

9 Mass analyses of labeled products 2.3 Application of our method in tritium labeling

Table 2 .10.

 2 

	Entry D2 pressure Solvent T (°C)	Isotopic Enrichment 1 2 3	Total D
	1	2 bar	D2O	60	50% 18% 25%	2.1
	2 a	1.4 bar	DMF	60	59% 15%	-	2.1
	3 a, b	1 bar	DMF	rt	-	-	-	-
	4 a, c	1.4 bar	DMF	80	31% 6%	-	1.1
	5 a, c	1.4 bar	DMA	80	26% 12%	-	1.0
	6 a, b	1.4 bar	DMA	80	-	-	-	0.8 d
	7 a, b	1.4 bar	2-MeTHF	80	-	-	-	0.6 d

Table 2 .

 2 11 Kinetic studies of the deuteration of dihexylsulfide 2.

			Isotopic Enrichment
	1	0	0%
	2	3 h	17%
	3	6 h	39%
	4	22 h	83%
	5	66 h	92%

1 Chart 2.1 Kinetic

  

studies of the deuteration of dihexylsulfide 2.1

Table 2 .

 2 Entry 2); however, high deuterium incorporation of Q1 was observed using Ru/C as catalyst under 0.5 bar D2 (Table2.14, Entry 4), suggesting that Ru/C was more active for H/D exchange reactions at low D2 pressure. The use of Ru-SnNp@PVP as catalyst gave higher ratio of desired labeled product Q1 under 2 bar of D2

	.13, Entries 2 and 4), suggesting that

nanoparticle Ru-SnNp@PVP displayed unique catalytic activity for the labeling of indole (Table

2

.13, Entries 5 and 6): no reduced product I2 was observed with the use of 2 bar D2 pressure, although the isotopic enrichment of labeled product I1 was lower; no labeling was observed at position 3, indicating that the coordinating mode was probably different; decreasing the D2 pressure to 0.5 bar also decreased the isotopic enrichment at position 1, but the isotopic enrichment at position 2 was increased significantly, indicating that at lower D2 pressure, pyrrole was easier to coordinate to the ruthenium centers than nitrogen atom. labeled product Q1 together with reduced product Q2 (Table

2

.14, Entry 1). However, the use of Ru/C as catalyst under 2 bar of D2 gas gave only reduced product Q2, indicating that Ru/C was more active in the reduction (Table

2

.14, Entry 3). Decreasing the D2 pressure to 0.5 bar strongly decrease the isotopic enrichment of Q1 using RuNp@PVP as catalyst (Table

2

.14,

Table 2 .

 2 

14 H/D exchange of quinoline

Table 2 .

 2 15 H/D exchange of alkyl amine 2.5

	.15, Entry 5),

  68 and sugars, 69 oxidation of alcohols70 and amides, 71 oxidative cyclization,72 hydrogenation 73 and coupling reactions.74 These results indicate that Ru/C has potential catalytic activities towards many types of reactions. In this context, some experiments were conducted to examine the potential catalytic activities of Ru/C, and the results will be shown in Chapter 2. Reagents and General Procedures All operations were carried out in a Fischer-Porter glassware. Commercially available substrates were used without further purification. Ru/C was purchased from Aldrich, Alfa Aesar and Strem Chemicals

	3 Experimental section
	3.1

we decided to explore more C-H activation reactions based on Ru/C, because it has good catalytic activity towards C-H bond activation, and it is commercially available and relatively cheap compared with other transition metal complexes. Besides, it is easy to remove Ru/C from the reaction mixture after reaction using a simple filtration. In fact, Ru/C has already been used as catalyst for several transformations: deuteration of alcohols

  1 H NMR (400 MHz, CD3OD) δ 2.76-2.60 (m, 2.1H), 2.41 (tt, J = 11.0, 3.3 Hz, 1H), 2.28-2.17 (m, 2H), 1.87-1.73 (m, 2H).13 C NMR (100 MHz, CD3OD) δ 178.8, 43.7, 31.3, 28.5. 

2.4':

1 

H NMR (400 MHz, CD3OD) δ 2.73-2.60 (m, 0.7H), 2.41 (tt, J = 11.0, 3.4 Hz, 1H), 2.28-2.15 (m, 2H),

1.88-1.71 (m, 2H)

.

13 

C NMR (100 MHz, CD3OD) δ 178.

8, 43.7, 31.3. 

  1 H NMR spectrum of the residue was recorded.

	Conditions for preparative HPLC:
	Column	:	Phenomenex Luna PFP 150*21.2 mm*5µm
	Eluent	:	A : H2O + 0.1% HCOOH; B : MeOH + 0.1% HCOOH
			t(min) %A	%B
			0	95	5
			24	80	20
			25	0	100
			30	0	100
			30.1	95	5
			35	95	5
	2.7a: 1 H NMR (400 MHz, D2O) δ 4.38 (dd, J = 8.4, 7.0 Hz, 1H), 4.26 (dd, J = 8.9, 4.7 Hz, 1H), 3.52-
	3.27 (m, 2H), 2.64-2.39 (m, 2.6H), 2.19-1.90 (m, 6.8H).

  [START_REF] Tran | C-N bond formation through CDC reactions[END_REF] In this context, selected examples concerning the formation of C-C bonds through CDC reactions are reviewed herein.

	Scheme 1.16 Cross-dehydrogenative coupling reactions
	1.2 C-C bond formation through heterogeneously catalyzed CDC reactions
	1.2.1 C-C bond formation through heterogeneously catalyzed dehydrogenative alkylation
	Heterogeneously catalyzed intermolecular dehydrogenative alkylation has been rarely reported in the
	literature. Only several research groups have reported a similar process involving the α-C(sp 3 )-H bond
	activation of N-aryl-1,2,3,4-tetrahydroisoquinoline (compound 1.2.1).

94 

By using Fe3O4 nanoparticles as catalyst, C.-J. Li and co-workers reported the C(sp 3 )-C(sp 3 ) coupling between compound 1.2.1 and nitroalkanes 1.2.2 (Scheme 1.17). 94a, e Scheme 1.17 CDC reactions catalyzed by Fe3O4 nanoparticle

  .1). Conducting the reaction under air gave no desired product (Entry 3); the use of other organic solvents also gave no conversion of the reaction (Entry 4-7); the reaction didn't : no catalyst was added.2.2 Literature review for the homocoupling of 2-arylpyridinesThere are several research groups that have reported the homocoupling of 2-arylpyridines. 105 Among

	proceed by replacing Ru/C with ruthenium nanoparticle RuNp@PVP or Rh/C (Entry 8, 9), them, M. S. Sanford reported the first method which used Pd(OAc)2 as catalyst and oxone as oxidant
	demonstrating the robust catalytic activity of Ru/C. Considering that an oxidant might accelerate the for this transformation (Scheme 2.4). 105a Using 2-o-tolylpyridine 2.2.1 as substrate, the authors
	homocoupling process, 1 equivalent of oxone was added to the reaction mixture. However, no desired optimized the reaction conditions by investigating a variety of oxidants, solvents and catalysts, finding
	product was observed (Entry 10). When using 1 equivalent of FeCl3 as the oxidant, a much higher that Pd(OAc)2 was the most active catalyst and oxone was the best oxidant. Interestingly, Sanford
	conversion was detected by 1 H NMR of the crude reaction mixture (Entry 11). No reaction was room temperature rather than elevated temperature (60 °C) in most solvents, because significant observed without the use of Ru/C as catalyst (Entry 12), indicating that the active catalyst was the discovered that the homocoupling reaction gave a better yield when the reaction was conducted at Scheme 2.7 Yu's protocol for the homocoupling of 2-arylpyridines
	ruthenium species and not the iron one. Having this encouraging result in hands, we started to amounts of ortho-functionalization products were formed through the reaction between 2-arylpyridine
	investigate carefully this transformation. Thus, a detailed literature study was first carried out prior to and the solvent as a function of temperature. 106
	further experimental investigations.			
	Entry Scheme 2.4 Sanford's protocol for the homocoupling of 2-arylpyridines Additive Solvent Conversion a
	1	2 eq. NBS	AcOH	Trace
	2	-	AcOH	21% b
	3 c Despite the mild reaction conditions of Sanford's protocol, the homocoupling of 2-phenylpyridine -AcOH 0%
	4 gave a much lower yield (42%) due to further oligomerization of the product. Besides, when meta--MeOH 0%
	5 substituted substrates were used, a poor regioselectivity was observed. For example, the homocoupling -MeCN 0%
	6 of compound 2.2.3 gave two regioisomers, the symmetrical product 2.2.4a from the coupling at 6,6--PhMe 0%
	7 positions and the unsymmetrical product 2.2.4b from the coupling at 2,6-positions, with a ratio of -Pyridine 0%
	8 d 1.7:1 (Scheme 2.5). Mechanistic studies were performed by the authors (Scheme 2.6), 105a, 107 -AcOH 0%
	9 e suggesting that the coupling product was obtained by two sequential C-H activation processes -AcOH 0%
	10 involving a Pd II and a Pd IV complexes, respectively. Firstly, the C-H bond at 2-position of the phenyl 1 eq. Oxone AcOH 0%
	11 ring was activated by Pd(OAc)2 through oxidative addition to form intermediate M1, which was 1 eq. FeCl3 AcOH 1:0.92 f 12 g 1 eq. FeCl3 AcOH 0% subsequently oxidized by oxone to give Pd IV species M2. Ligand exchange followed by a second C-H
	Table 2.1 Optimization of reaction conditions for homocoupling of 2-phenylpyridine
	a : conversion was determined by 1 H NMR; b : isolated yield using 1 mmol of 2-phenylpyridine;

c : reaction run under air; d : 10 mol% of RuNp@PVP was used as catalyst; e : 10 mol% of Rh/C was used as catalyst; f : ratio of 2.1.1:2.1.4 determined by 1 H NMR; g

Table 3 . 2

 32 Optimizing the reaction conditions: the solvent

	1	AcOH	1 :0.92
	2	MeCN No reaction
	3	DMF	Trace TM
	4	Dioxane No reaction
	5	PhCl	1 :0.56
	6	PhMe	1 :0.67
	7	Xylene	1 :0.20
	8	DCE	1 :0.27

Table 3 . 3

 33 ). No reaction occurred without the use of FeCl3, suggesting that it participated in the C-H activation process. The role of FeCl3 in the catalytic cycle remained to be studied. Optimizing the reaction conditions: catalyst, reaction time and temperature

	Entry	catalyst	Reaction time Temperature / °C	Result
	1	10 mol% Ru/C	Overnight	120	SM:TM=1:0.67
	2	5 mol% Ru/C	Overnight	120	SM:TM=1:0.48
	3	20 mol% Ru/C	Overnight	120	SM:TM=1:0.42
	4	10 mol% Ru/C	Overnight	80	No reaction
	5	10 mol% Ru/C	Overnight	150	SM:TM=1:3.06 (66%) a
	6	10 mol% Ru/C	3 days	150	86% a
	7	10 mol% RuNp@PVP	3 days	150	21% a
	8	10 mol% RuNp@dppb	3 days	150	59% a
	9	10 mol% RuNp@ICy	3 days	150	56% a
	10	10 mol% Pd/C	3 days	150	Trace TM
	11 b	10 mol% Ru/C	3 days	150	No reaction

a : isolated yield; b : reaction run without FeCl3.

  The different conversions indicated that the C-H activation of compound 3.2.13 was easier than the one of compound 3.2.12, which might be due to the electronic effect of the substituents. This experiment indicated that it was possible to synthesize various biaryl compounds with different functional groups, which was of great importance for both organic synthesis and ligand chemistry. Besides, the bromo substituent could be further transformed into other functional groups through metal catalyzed coupling reactions, providing more possibilities to the synthesis of biaryl compounds.

	2.14 was obtained as the main product together with the two
	homocoupling products 2.2.19 and 3.2.3. Both starting compounds were recovered after the reaction
	(41% for compound 3.2.12, 12% for compound 3.2.13). Scheme 3.2 Heterocoupling of two different 2-arylpyridines (1)
	Another heterocoupling reaction was conducted to obtain more unsymmetrical biaryls. As shown in
	Scheme 3.3, compound 3.2.12 was remained as one of the coupling compound because of its polarity,
	and compound 3.2.15 was chosen as the other coupling compound. After the same catalytic process,
	the heterocoupling product 3.2.16 was obtained as the main product together with the two
	homocoupling products 2.2.19 and 3.2.2. In this case, more starting compounds were recovered than
	the previous example (59% for compound 3.2.12, 15% for compound 3.2.13), indicating that the C-H

Table 3 .

 3 
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	Chart 3.2 UV-Vis (blue) and fluorescence (red) spectra of compound 3.4.1
	Entry Compound λabs, max λem, max Stokes Shift/cm -1	εvis	Φ	Brightness
	1	3.4.1	315 nm 366 nm		4424		8.21×10 3 0.103	0.8
	2	3.4.7	314 nm 387 nm		6007		1.65×10 4 0.223	3.7
	3	3.4.2	321 nm 371 nm		4198		9.10×10 3 0.217	2.0
	4	3.4.8	321 nm 381 nm		5043		2.09×10 4 0.323	6.8
	5	3.4.3	330 nm 379 nm		3918		1.56×10 4 0.731	11.4
	6	3.4.9	330 nm 381 nm		4056		3.43×10 4 0.607	20.8
	7	3.4.4	367 nm 401 nm		2310		1.04×10 4 0.338	3.5
	8	3.4.10	361 nm 438 nm		4870		1.65×10 4 0.246	4.1
	9	3.4.5	313 nm 358 nm		4016		8.79×10 3 0.239	2.1
	10	3.4.11	314 nm 372 nm		4965		1.81×10 4 0.134	2.4
			4 Photophysical properties of the pyridine-borane compounds
	3.4.1 Perspectives							
	In addition to these pyridine-borane compounds, the homocoupling products are potential N,N-
	bidentate ligands that could be used in catalytic reactions. For example, in 2015, R. Irie and co-
	workers reported the synthesis of 2,2'-binaphthyl-1,1'-biisoquinoline (BINIQ, compound 3.4.14) and
	used it as a new axially chiral bidentate ligand after the optical resolution of synthesized BINIQ by a

1.2.35-1.2.37 and compound 1.2.40b). Scheme 1.19 Synthesis

  of substituted benzo-(iso)quinoline derivatives 148 V. Mamane, F. Louërat, J. Iehl, M. Abboud, Y. Fort, Tetrahedron 2008,64, 10699. 

  substituents as well as sterically hindered substrates (compounds 2.10 and 2.18) and heterocycles such as thiophene (compound 2.17) were synthesized successfully. Besides, aryl chloride 2.6 and aryl iodide 2.7 were also synthesized to investigate the effect of the nature of the halide on the intramolecular C-H arylation reactions. Moreover, other types of substrates with different tethers such as alkene, ether, ester and amide were also synthesized, listed in Figure2.2. These substrates were generally obtained with good yields because the N-alkylation reaction could not occur. Imide 2.31 was obtained as a side-product in the synthesis of amide 2.30. However, it is interesting to see if a double intramolecular C-H arylation or a regioselective C-H arylation will occur on this substrate.

2, various intramolecular C-H arylation substrates with electron-rich (compounds 2.8 and 2.9) and electron-deficient (compounds 2.11 to 2.16) Scheme 2.2 Synthesis of various substrates for intramolecular C-H arylation

Table 2 . 3 .

 23 Substrate 2.19 with an alkene tether gave two regioisomers 1.2.37 and 1.2.40a with a total yield of 31% and a ratio of 2:1 favoring C4-arylated product under standard

	2	6	7	8	5	10
					H-5	
		H-6				

reaction conditions (Table

2

.3, Entry 1). C5-methyl substituted substrate 2.18 also gave a similar ratio of regioisomers, but with a higher conversion (Table

2

.3, Entry 2).

Table 2 . 3

 23 Substrate scope of Pd-catalyzed intramolecular C-H arylation a : Trace amount of product was detected by LC-MS.Electron-rich substrate 2.8 had difficulty to undergo intramolecular C-H arylation (Table2.3, Entry 3), perhaps due to the deactivation of the substituent. Same results were obtained with sterically hindered substrate 2.10 (Table2.3, Entry 4), which might be due to steric effects which prevented the coupling of the two aryl rings. Trace amounts of products were detected in these two cases, but they could not be isolated. Interestingly, substrate 2.16 with an ester substituent on the phenyl ring did not react at all (Table2.3, Entry 5), which might be due to the interaction between the palladium catalyst and the ester group. Substrate 2.22, which differed from compound 2.1 only by the position of the oxygen atom in the tether, did not react under the standard reaction conditions (Table2.3, Entry 6). This result

supported a CMD mechanism of the reaction, because the deprotonation of compound 2.1 was easier than compound 2.22, and the C-H insertion of palladium into the C-Br bond of compound 2.22 was more difficult than the one of compound 2.1. An attempt to synthesize biaryl compound with a seven-membered ring failed (Table

2.3, Entry
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General Procedure B for H/D exchanges: A 47 mL Fischer-Porter glassware was charged with Ru/C (Aldrich, 30 mol%) and a magnetic stirrer under air. The Fischer-Porter glassware was then left under vacuum for 5 min and pressurized with D2 gas (3 bars) during 2 hours. A solution of the substrate (15 mg) in degassed D2O (1 mL) was added under argon. The reaction mixture was magnetically stirred at 60 °C (sand bath) under pressure of D2 (2 bar) during 72 hours. The solution was then cooled down to room temperature, filtered through syringe filter and evaporated under vacuum. Deuterated products were obtained mostly in quantitative yield except extra mention.

General Procedure C for H/D exchanges: Same as General Procedure A, except that the reaction was run for 24 hours. After that, the substrate was filtered, dried and the deuteration procedure was repeated for two more runs. Small amount of side product was observed after the final run of deuteration, so the product was purified by preparative HPLC. The isotopic enrichment was recorded after the purification by 1 H NMR and MS.

Dibutyl sulfide (2.2) :

Following the General Procedure A and using THF as solvent. After the final evaporation an 1 H NMR spectrum of the residue was recorded. 1 H NMR (400 MHz, CDCl3) δ 2.48 (t, J = 7.3 Hz, 0.4H), 1.58-1.50 (m, 4H), 1.45-1.34 (m, 2.8H), 0.91 (t, J = 7.3 Hz, 6H). 13 C NMR (100 MHz, CDCl3) δ 31. 6, 22.0, 13.7. Following the General Procedure A and using CD3OD as solvent. After the final evaporation an 1 H NMR spectrum of the residue was recorded. 1 H NMR (400 MHz, CD3OD) δ 4.53 (dd, J = 9.0, 4.6 Hz, 1H), 2.65-2.48 (m, 1.3H), 2.20-2.06 (m, 1.7H), 2.05-1.91 (m, 4H). 13 C NMR (100 MHz, CD3OD) δ 175. 8, 173.5, 53.3, 32.6, 31.2, 22.6, 15.3. homogeneous catalysis. However, for industrial purpose, heterogeneous catalysis is preferable, due to the easier separation of products from the reaction mixture and the possibility to recover the catalyst. Moreover, the possibility to have different catalytic activity and achieve different site selectivity compared with homogeneous catalysis also makes heterogeneous catalysis an attractive research hotspot. Despite the fact that heterogeneous catalysts can generally be easily separated from the products by filtration or centrifugation, the recovered catalysts are not always reusable. A decrease in catalytic efficacy or even completely loss of catalytic activity may be observed in some cases.

Therefore, the development of recyclable heterogeneous catalysts is highly desirable and challenging.

Traditional C-H activation reactions involve the activation of one C-H bond, and it needs a prefunctionalized coupling partner such as halocarbons, boronic acids/esters, triflate ester or organometallic reagents and so on (Scheme 1.1). Recently, many works based on heterogeneously catalyzed C-H activation reactions have been reported, dealing with the formation of C-C bond, C-O bond, C-N bond and C-X bond (X represents halides). In this context, selected examples concerning the formation of C-C bonds through C-H activation processes are reviewed herein. Among the reported methods describing heterogeneously catalyzed C-C coupling reactions, catalysts based on palladium are the most studied. The most practical palladium-based heterogeneous catalyst may be Pd/C, which is commercially available and relatively cheap compared with other palladium catalysts. Recently, Pd/C was reported to catalyze C-C coupling reactions through C-H activation. In this field, F. Glorius is one of the pioneering researchers. 78 In 2013, Glorius reported the first completely selective C-H arylation of benzo [b]thiophenes at C3 position using Pd/C and CuCl as co-catalyst (Scheme 1.2). 78a No ligand was required for this transformation, and the reaction was insensitive to air and moisture. Aryl chlorides with various functional groups were tolerated under the reaction conditions. Good yields were obtained with electron-rich and electron-neutral aryl chlorides, while electron-deficient aryl chlorides with nitro-and ester-substituents gave low yields of the corresponding products. Good yields were obtained when using sterically encumbered aryl chlorides (such as 2-chloro-m-xylene) as substrate, although an extended reaction time (96 h) was required. Scheme 1.2 Regioselective C-H arylation of benzo [b]thiophenes

The authors have conducted a series of experiments in order to identify the active catalytic species of the reaction. Although it is difficult to evaluate the homo/heterogeneous nature of an active catalyst, 79 several methods are usually used to determine the active catalytic species of such reactions:

1) The three-phase test: This consists to run the reaction with the substrates supported on solids such as resins under the standard reaction conditions. If the reaction proceeds smoothly, then the active catalytic species should be homogeneous; if the reaction is completely inhibited, then the active catalytic species should be heterogeneous.

2) The hot-filtration test: This consists to remove the catalyst by hot-filtration after a certain time of the reaction, and then continue to run the reaction with the filtrate. If the reaction stops at the point when removing the catalyst, then the active catalytic species should be heterogeneous; if the reaction is not affected, the active catalytic species should be homogeneous.

3) The mercury test: This consists to add elemental mercury into the standard reaction mixture during the reaction process. Elemental mercury is a powerful poison for both heterogeneous and colloidal catalysts, 80 because it covers the surface of these catalysts and blocks their activity. If the reaction continues to run, then the active catalytic species should be homogeneous; if the reaction stops at the point when adding mercury, then the active catalytic species should be heterogeneous.

4) Other methods: by comparing the physical properties and catalytic efficacies of the recycled catalyst and the original catalyst; by detecting the amount of leaching metal in the filtrate after the reaction; by adding metal scavenger into the standard reaction mixture.

Experiments including three-phase tests, mercury poisoning, hot-filtration tests and other methods such as detecting the leaching Pd in the filtrate by X-ray fluorescence spectroscopy (XRF) and so on were all conducted by the authors, which supported a heterogeneous catalysis of the reaction process.

79 a) R. H. Crabtree, Chem. Rev. 2012, 112, 1536;b) J. A. Widegren, R. G. Finke, J. Mol. Catal. A: Chem. 2003, 198, 317. 80 C. Paal, W. Hartmann, Chem. Ber. 1918, 51, 711.

Scheme 1.5 Pd/C catalyzed arylation of polyaromatic hydrocarbons

To identify the active catalytic species, mercury poisoning and hot-filtration tests were conducted, which indicated a heterogeneous active catalytic species. Further mechanism studies suggested the in situ formation of catalytically active insoluble nanoparticles from Pd/C, and the reaction was suggested to proceed through a Pd(0)/Pd(II) pathway (Scheme 1.6). As shown in Scheme 1.6, the active catalytic species A was formed upon heating Pd/C in the presence of oxidants, then the surface of A saturated with naphthalene through π-interactions to form B. Reversible dissociation of naphthalene from B could create a vacant coordination site to give species C, which transferred a single electron to the iodonium salt to form a phenyl radical and Pd(I) species. Then Pd(II) species D was formed by recombination of the phenyl radical and the Pd(I) species. Finally, an electrophilic palladation followed by re-aromatization and reductive elimination, or an insertion and subsequent βhydride elimination gave the product and re-generated the Pd(0) species.

1.8)

. 82 This nanocatalyst had a mean size of 2.4 nm and a high palladium content of 35 wt%, which was characterized by means of Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), scanning electron microscopy (SEM), and transmission electron microscopy (TEM) techniques. Based on preliminary kinetic and post-catalysis studies, the authors suggested that the active catalytic species of the reaction were soluble molecular or colloidal species, which were delivered by the nanocomposites and were susceptible to a uniform redeposition within the polypyrrole support.

Scheme 1.8 C-H arylation of furan and thiophene catalyzed by PdNp@PPy

The absence of organic ligand, the easy recovery of PdNp@PPy nanocomposites by simple filtration were the advantages of this method. However, the substrate scope of the heterocycles was limited to only two examples, and steric hindered bromoarenes such as 2-bromomesytilene were not reactive, which limited the application of the method.

In 2014, a silicon nanowire array-stabilized palladium nanoparticle catalyst, SiNA-Pd, was developed by Yamada's group. Its catalytic activities towards Mizoroki-Heck reaction (Scheme 1.9) and C-H bond functionalization reactions of thiophenes and indoles were investigated. 83 With a low catalyst loading (0.3 mol%), various electron-rich and electron-deficient iodoarenes were readily coupled with butyl acrylate and styrene, resulting in good yields of the corresponding products. The use of aryl bromides as substrates led to the formation of the corresponding cinnamates with good yields using optimized reaction conditions. In 2010, K. Wada and co-workers reported the first example of Ru/CeO2-catalyzed nitrogen-directed C-H arylation with aryl halides (Scheme 1.13). 87 The different Ru precursors used for the preparation of Ru/CeO2 strongly affected the catalytic activity, and the best Ru precursor was Ru3(CO)12, which gave quantitative yield of the arylated product. Besides, the catalytic activity was greatly increased when the catalyst was modified by PPh3 (treatment of Ru/support at 100 °C for 20 min in the presence of PPh3 under an H2 atmosphere), and the best ratio of PPh3 was 3 equivalents relative to the molar amount of Ru (designated as 3PPh3-Ru/CeO2). In addition, the type of the solid support and the precipitant used for the preparation of the CeO2 support also affected the catalytic activity, and 3PPh3-Ru/CeO2 showed the highest catalytic activity using KOH as the precipitant for the preparation of the CeO2 support.

87 H. Miura, K. Wada, S. Hosokawa, M. Inoue, Chem. Eur. J. 2010, 16, 4186. Scheme 1.14 Ru/CeO2-catalyzed hydroarylation of vinylsilanes Various (hetero)aromatic ketones were efficiently coupled with the vinylsilane 1.1.18. Interestingly, when using 4-fluoro-acetophenone as the substrate, monoalkylated product 1.1.19a and dialkylated product 1.1.19b were obtained with a ratio of almost 1:1, while 3-methoxy-acetophenone gave monoalkylated compound 1.1.20 as the sole product, which might be due to the interaction between the ruthenium and lone pair electrons of the oxygen in methoxy group. 89 In the case of using phenyl tert-butyl ketone as the substrate, compound 1.1.21 was obtained as the sole product, probably due to the steric hindrance of the tert-butyl group. The solid catalysts were readily separated from the product by simple filtration, and the filtrate contained only 2% of ruthenium species as detected by ICP-AES.

However, the recovered catalysts showed no catalytic activity, due to the irreversible deposition of silicon residues derived from vinylsilanes on the surface of Ru species.

As described above, heterogeneous Ru-based catalysts showed potential catalytic activities towards various C-H activation processes. In particularly, Ru/C is a promising heterogeneous catalyst because it is commercially available and inexpensive, and it is usually easy to separate it from the reaction mixture by simple filtration. Moreover, ligand is not necessary for Ru/C catalyzed C-H activation reactions, and it can be recycled in some cases. Thus, the development of more C-H activation reactions based on Ru/C is of great interest.

C-C bond formation based on heterogeneous platinum catalysts

In addition to Pd/C and Ru/C, Pt/C was also reported to catalyze C-H perfluoroalkylation of (hetero)arenes with RfI or RfBr (Rf = perfluoroalkyl group). 90 In this publication, various arenes and heteroarenes, including nucleobase derivatives such as caffeine, were perfluoroalkylated with moderate to good yields using Pt/C as catalyst with a low regioselectivity (compounds 1.1.22 and 1.1.23, Scheme 1.15). The reaction was blocked after hot-filtration of the solid catalyst, and 89 M. Sonoda, F. Kakiuchi , N. Chatani, S. Murai, Bull. Chem. Soc. Jpn. 1997, 70, 3117. 90 L. He, K. Natte, J. Rabeah, C. Taeschler, H. Neumann, A. Brückner, M. Beller, Angew. Chem. Int. Ed. 2015, 54, 4320. reaction temperature. Besides, the use of water as the reaction solvent also made it more environmentally friendly. Moreover, the catalyst could be recycled by simple filtration, and it could be reused for five consecutive catalytic cycles, although a decrease of catalytic activity was observed for the recycled catalyst (89% yield for the first run, 64% yield for the fifth run).

In another publication, various tertiary amines were successfully coupled with a series of nucleophiles catalyzed by a heterogeneous zero-valent nanoporous gold catalyst (AuNPore), which was developed by T. Jin 's group. 94f Using the reaction conditions similar to the work of Li, 94a Jin was able to realize the same transformation that Li had accomplished for the coupling of compound 1.2.1 and 1.2.2 (Scheme 1.17). Besides, more nucleophiles such as dialkyl malonates, methyl ketones, indole derivatives, TMSCN and diethylphosphite were subjected to the CDC reactions with compound 1.2.1a (Ar = phenyl), yielding the corresponding CDC products. More importantly, Jin extended the CDC reactions to various cyclic and acyclic tertiary amines (Scheme 1.19), which largely magnified the substrate scope of this reaction. The reusability of the catalyst was also tested. As a result, the catalytic activity remained unchanged after ten cycles for the reaction of compound 1.2.1a and nitromethane, yielding 99% of the corresponding product after the tenth cycle.

Scheme 1.19 Gold catalyzed CDC reactions of tertiary amines 1.2.2 C-C bond formation through heterogeneously catalyzed dehydrogenative alkenylation

In 2011, J. Y. Ying et al. reported a method for the C(sp 2 )-C(sp 2 ) bond formation between anilides and acrylates through a heterogeneous palladium-polyoxometalate (Pd-POM) catalyst with the formula Pd-H6PV3Mo9O40/C (Pd-PV3Mo9/C) using O2 as the terminal oxidant. 95 In Ying's protocol, the coupling reactions were strongly depended on the electronic nature of the anilide: the best results were obtained with unsubstituted anilide or methylsubstituted anilides; both electron-withdrawing and electrondonating substituents on the phenyl group gave lower yields (Scheme 1.20).

95 L. L. Chng, J. Zhang, J. Yang, M. Amoura, J. Y. Ying, Adv. Synth. Catal. 2011, 353, 2988. Scheme 1.21 Arylation of dialkylethers catalyzed by bifunctional Pd/TiO2 photocatalyst As depicted in Scheme 1.21, although this method allowed the quick synthesis of α-arylated ethers, the yields were generally low. Besides, the substrate scope was quite narrow, only benzene was tested as the aromatic source. Therefore, applications of this method were strongly limited.

The first heterogeneous Rh/C catalyzed aerobic oxidative CDC reactions of aryl amines allowing the synthesis of nonsymmetrical biaryls was achieved by M. Shindo's group recently. 96b Based on their former work on the homocoupling of arylamines, 97 by using sterically hindered substituents on the amino group to prevent homocoupling reactions, the authors succeeded to realize the heterocoupling between aminonaphthalenes and electron-rich arenes (Scheme 1.22). Various phenol derivatives and aniline derivatives were coupled with N,N-dialkyl-2-naphthylamine with moderate to good yields.

Gram-scale synthesis of compound 1.2.11 gave a good isolated yield compared with small scale synthesis; moreover, the synthesis of 1.2.11 using a recovered Rh/C also proceeded efficiently, giving a high yield of 93%. Notably, 2-amino-2'-hydroxy-1,1'-binaphthyl (NOBIN) analogue 1.2.13 was synthesized by this method, which could possibly be used in asymmetric catalysis after resolution and act as a source of various ligands. 

2.7).

105b In Yu's protocol, stoichiometric amount of Cu(OAc)2 and I2 were employed. Interestingly, the solvent strongly affected the reaction outcome: when using iodobenzene as solvent, the homocoupling reaction proceeded smoothly; while the use of tetrachloroethane as solvent resulted in iodination product only. 108 Besides, decreasing the amount of either the solvent, Cu(OAc)2 or I2 led to lower yields of the product. The regioselectivity of this reaction was demonstrated by the homocoupling of m-fluorinated substrate and 2-(naphthalen-2-yl)pyridine: the former gave a single regioisomer product 2.2.7 derived from the homocoupling of less steric hindered C-H bonds, while the latter gave two regioisomer products, symmetrical product 2.2.8a from the coupling of less steric hindered 3,3positions and unsymmetrical product 2.2.8b from the coupling at 1,3-positions, with a ratio of 2:1. 108 X. Chen, X.-S. Hao, C. E. Goodhue, J.-Q. Yu, J. Am. Chem. Soc. 2006, 128, 6790. Scheme 2.8 Deng and Li's protocol for the homocoupling of 2-arylpyridines Same as Yu's work, no experiment was conducted to demonstrate the reaction mechanism. The advantage of this method was the good regioselectivity when dealing with meta-substituted substrates, despite only one example was described by the authors.

Later in 2016, Li reported a new method for this transformation. 105f The new method combined the works of Sanford and Yu, using Pd(OAc)2 as catalyst and I2 as oxidant (Scheme 2.9). Using this method, 2-(2-naphthyl)pyridine was regioselectively homocoupled at the less steric hindered 3,3positions to give compound 2.2.8a as product (Scheme 2.7). However, the reaction did not take place using a para-acetyl substituted substrate, probably due to the competing coordination of the carbonyl group to the catalyst. Moreover, low yield (28%) was obtained when p-chloro substituent at the phenyl group was employed as the substrate. Scheme 2.9 Li's protocol for the homocoupling of 2-arylpyridines A plausible mechanism was proposed by the authors. Similar to Yu's proposed mechanism, Li's one involved the formation of 2-(2-iodophenyl)pyridine. However, different from the proposed Ullmann coupling mechanism by Yu, Li indicated that the homocoupling product was formed through the reductive elimination of the Pd IV species, which was formed by the addition of the 2-(2iodophenyl)pyridine to Pd II species. However, the 2-(2-iodophenyl)pyridine intermediate was not isolated by the authors, making the proposed mechanism less reliable. Compared with the pervious higher substrate concentration might facilitate the formation of M5. Thus, the reaction was conducted under different substrate concentrations, finding that the yield of homocoupling product was increased with the increase of the substrate concentration, which supported the proposed mechanism. Scheme 2.11 Kakiuchi's protocol for the homocoupling of 2-arylpyridines Scheme 2.12 Proposed reaction mechanism for the electrochemical homocoupling of 2.

with I2

The advantage of this method was the good regioselectivity of the reactions: a single regioisomer was obtained with meta-substituted substrates. Besides, this method tolerated a series of functional groups such as ester group, bromide and trifluoromethyl group. Unfortunately, the isolated yields of the products were generally moderate.

Recently, B. Liu, Y. Zhou and B. Wu reported a method allowing the homocoupling of 2-arylpyridines using Co(OAc)2 as catalyst and PhI(OAc)2 and O2 as the co-oxidants in the presence of a base in acetic acid (Scheme 2.13). 105g Three different reaction conditions were used for all substrates (Scheme 2.13, Conditions A-C). Substrates with different substituents were tested under the three reaction conditions, and the results indicated that the substrates with electron-withdrawing groups on the phenyl ring gave higher isolated yields of the homocoupling products than the ones containing electron-donating groups.

Besides, the use of a lower catalyst loading sometimes led to higher isolated yields of the desired homocoupling products than the use of a higher catalyst loading (Scheme 2.13, compounds 2.2.18-2.2.20, yields from Condition A and C). The regioselectivity of the method was demonstrated by the homocoupling of substrate with meta-bromo group on the phenyl ring, giving the sole product 2.2.20 deriving from the homocoupling of less steric hindered C-H bonds. Moreover, the authors also conducted the cross-coupling reaction between two different 2-phenylpyridine derivatives 2.2.21 and 2.2.22 for the first time under Condition C (Scheme 2.14, the equivalents of the catalyst and reagents were calculated according to the total molar amount of 2.2.21 and2.2.22). As a result, the heterocoupling product 2.2.23 was obtained as the main product together with the two homocoupling products 2.2.18 and 2.2.24, although the selectivity was moderate. Scheme 2. 13 Liu, Zhou and Wu's protocol for the homocoupling of 2-arylpyridines Scheme 2.14 Cross-coupling reaction between 2.

and 2.3.22

A mechanism was proposed by the authors to explain the reaction process, which involved the formation of Co III species as the real catalyst by the oxidation of Co II species. However, no further experiment was conducted to support the mechanism. The advantage of this method was the good functional group tolerance, including substituents such as halides, trifluoromethyl group, ester group and ether group. Besides, it presented the first example of heterocoupling between different 2-arylpyridines, which may provide the access to more diverse structures of phenylpyridine dimers.

Unfortunately, moderate yields were obtained in most cases.

In addition to the works described above, there were two related publications dealing with the homocoupling of 2-aryl-2-oxazolines (Scheme 2.15) 109 and 1-phenylpyrazoles (Scheme 2.16) 110 respectively. These two types of substrates contained N-heterocycles other than pyridine, but it was also the nitrogen atom that coordinated to the metal centers. Thus, it is possible that these two methods could be used for the homocoupling of 2-arylpyridines. Besides, all the reported methods have employed homogeneous catalysts to conduct the reactions. To the best of our knowledge, no method has been developed using a heterogeneous source of catalyst or pre-catalyst. Based on the preliminary results obtained, detailed studies were conducted for the homocoupling of 2-arylpyridines using Ru/C as catalyst. 

Optimization of reaction conditions

After the bibliographical studies, we began to optimize the reaction conditions for the homocoupling reactions using 2-phenylpyridine 2.1.1 as the model compound. We first investigated the influence of the number of equivalent of the oxidant (Table 3.1). As shown in Table 3.1, when the equivalent of FeCl3 was below 1.0, the conversion of the product increased with the increase of the oxidant (Entry 1-4); however, when the number of equivalents for oxidant was higher than 1.0, the conversion of the product decreased significantly (Entry 4-7). Moreover, when using 2.0 equivalents of the oxidant, the reaction was totally blocked (Entry 7). The possible reason for these observations might be that with the increase of the oxidant (below 1.0 equivalent), the C-H activation process was promoted to give the coupling product; while increasing the oxidant to more than 1.0 equivalent might inhibit the coupling reaction due to the competitive coordination of the iron atom to the nitrogen atom of the pyridine. As a result, when using 2.0 equivalents of the oxidant, the substrate was totally deactivated, thus blocking the reaction. Therefore, the optimized equivalent number of the oxidant was 1.0. Entry x eq. SM:TM a Next, different solvents were screened for the homocoupling reactions. As shown in Table 3.2, we first tried polar aprotic solvents such as acetonitrile (MeCN) and N,N-dimethylformamide (DMF) (Entry 2, 3). However, no desired product was detected using MeCN as solvent; only trace amount of product was observed using DMF. The use of dioxane also gave no desired product (Entry 4). This Therefore, the best reaction conditions for the homocoupling of 2-arylpyridines were figured out as the followings: 10 mol% of Ru/C as catalyst, 1.0 equivalent of FeCl3 as oxidant and reacted in PhMe for 3 days at 150 °C under N2 atmosphere.

Substrate scope of the homocoupling reactions

Having the best reaction conditions in hand, we began to explore the substrate scope of this reaction.

Substrates bearing alkyl or aryl groups on the phenyl ring gave desired homocoupling products with moderate to good yields. The relatively low isolated yield obtained from the homocoupling of orthomethyl substituted substrate was probably due to the steric effect of the methyl group (Scheme 3. Just like a coin has two sides, the good regioselectivity of our method was accompanied with the limitation of the substrate scope. As described above, our method was sensitive to the steric effect of the substrates. As a result, the attempts to conduct the homocoupling reactions with some sterically hindered substrates failed. As shown in Hertz (Hz). Splitting patterns are designated as singlet (s), doublet (d), triplet (t). Splitting patterns that could not be interpreted or easily visualized are designated as multiplet (m). Electrospray mass spectra were recorded using an ESI/TOF Mariner Mass Spectrometer. UV-visible spectra were recorded on a Cary 400 (Agilent) double-beam spectrometer using a 10 mm path quartz cell. Emission spectra were measured on a Fluoromax-3 (Horiba) spectrofluorimeter. A right-angle configuration was used. Highresolution mass spectra (HRMS) were performed on a Bruker maXis mass spectrometer by the "Fé dé ration de Recherche" ICOA/CBM (FR2708) platform.

General Procedure A: homocoupling of phenylpyridines:

A 80 mL Fischer-Porter glassware was charged with Ru/C (101 mg, 10 mol%), FeCl3 (81 mg, 0.5 mmol) and phenylpyridines (0.5 mmol) with a magnetic stirring bar under air. The Fischer-Porter glassware was then left under vacuum for 5 min and pressurized with Ar gas. Then toluene (2 mL) was added under argon. The reaction mixture was magnetically stirred at 150 °C (sand bath) under Ar during 72 hours. The solution was cooled down to room temperature, then Et3N (~2mL) was added and stirred at room temperature for 10 min before filtered through silica gel pad and washed with CH2Cl2 (30 mL). Then the filtrate was concentrated under vacuum and the crude product was purified by flash chromatography on silica gel (eluent: cyclohexane/AcOEt = 5/1 -1/1).

General Procedure B: borylation of phenylpyridines 113 :

To a stirred solution of 2-phenylpyridine (78 mg, 0.5 mmol) and i-Pr2NEt (65 mg, 0.5 mmol) in CH2Cl2 (0.5 mL) at 0 °C was added BBr3 (1.0 M in CH2Cl2, 1.5 mL, 1.5 mmol). After being stirred at room temperature for 24 h, saturated aqueous K2CO3 solution was added to the reaction mixture. The organic layer was separated and the aqueous layer was extracted with CH2Cl2 (twice). The combined organic layers were washed with water (once) and brine (once), dried over MgSO4, and concentrated.

The resulting solid was dried under vacuum and used immediately in the next step without further purification.

To a stirred solution of the crude product in toluene (1.0 mL) at room temperature was added AlMe3 ( 2M in toluene, 0.55 mL, 1.1 mmol). After being stirred at this temperature for 5 min, the reaction was quenched by adding water. The organic layer was separated and the aqueous layer was extracted with AcOEt (twice). The combined organic layers were washed with water (once) and brine (once), dried over MgSO4, and concentrated. The residue was purified by column chromatography on silica gel (eluent: cyclohexane/AcOEt = 5/1) to afford the corresponding methyl boron compound (94 mg, 0.48 mmol, 96% yield).

For the boronation of dimers, the number of equivalents for all reagents was doubled.

Experimental details and characterization for synthesized compounds

2,2'-Di(pyridin-2-yl)-1,1'-biphenyl (2.1.4):

Following the General Procedure A. The product was isolated as a light yellow solid (66 mg, 86% yield). Following the General Procedure A. The product was isolated as a white solid (105 mg, 85% yield). 3, 156.9, 142.0, 140.4, 139.1, 132.7, 129.7, 126.3, 121.4, 120.8, 117.4, 22.0, 9.1(2C). ESI-HRMS (m/z): [M+H] + Calcd for C14H17BN: 210.1449, Found: 210.1451.

2-(3-(Dimethylboranyl)-[1,1'-biphenyl]-4-yl)pyridine (3.4.3):

Following the General Procedure B. The product was isolated as a white solid (41 mg, 76% yield starting from 0.2 mmol of the corresponding 2-phenylpyridine). 13 C NMR (100 MHz, CDCl3) δ 172. 1, 155.6, 137.5, 136.8, 134.0, 131.7, 129.9, 129.1, 128.7, 127.8, 126.2, 125.9, 125.8, 125.4, 120.3, 8.9(2C). ESI-HRMS (m/z): [M+H] + Calcd for C17H17BN: 246.1449, Found: 246.1451.

Chapter 3 Pd-catalyzed C-H activation intramolecular arylation via concerted metalationdeprotonation 1 Introduction and background

The synthesis of biaryl compounds is of great importance in pharmaceuticals, natural products and material science. 118 Traditional transition-metal catalyzed cross-coupling reactions, such as Suzuki coupling, are important and reliable methods to synthesize biaryl compounds (Scheme 1.1). However, pre-functionalization of both reagents for Suzuki coupling, namely the aryl (pseudo)halides and organoboron compounds, requires several synthetic steps, which can be a time-consuming and economically inefficient process. In addition, it has led to the formation of large quantities of organic wastes, which can be detrimental to the environment.

Scheme 1.1 Biaryl synthesis through Suzuki reaction

Regarding the requirements of green chemistry syntheses, a more environmentally friendly and more economically attractive strategy, namely the C-H activation/functionalization strategy, has been developed for the synthesis of biaryl compounds (Scheme 1.2). 118b, c This new strategy requires the pre-synthesis of only one reagent (Scheme 1.2, eq. a), or no pre-synthesis of either substrate is needed in the case of cross-dehydrogenative coupling (CDC) (Scheme 1.2, eq. b). Obviously, the C-H activation strategy, especially CDC reactions, is preferred for the synthesis of biaryl compounds due to the easier and less expensive access of the substrates. In this context, the development of new C-H activation strategies allowing the versatile synthesis of various biaryl compounds is highly desirable and of great importance. Conventional synthetic methods require multi-step synthesis of these compounds, which are very time and resource consuming. 127 By contrast, synthesis of these compounds through aryl-aryl coupling via C-H activation is more convenient, and it provides the possibility to synthesize various analogues using the same method, 124b, 128 which is important in searching new bioactive compounds. In this context, the development of synthetic methods concerning the syntheses of polycyclic biaryl compounds through CMD processes is reviewed herein.

Synthesis of polycyclic biaryls through intramolecular arylation involving CMD process

In 2004, Fagnou's group reported a method for biaryl synthesis through intramolecular arylation using Pd(OAc)2 as catalyst and compound 1.1.1 as P, N-bidentate ligand in the presence of K2CO3 as base. 124a Various substrates with electron-rich and electron-deficient groups were coupled under the reaction conditions, and o-, m-, and p-substituted substrates all gave good yields of the coupling products (Scheme 1.3, compounds 1.1.2-1.1.4). Notably, the regioselectivity of this method was good, as demonstrated by the synthesis of compound 1.1.2. Besides, the catalyst loading could be lowered down to 0.1 mol%, although a higher reaction temperature should be used with such low catalyst loading. Interestingly, chloro substituent was tolerated under the reaction conditions, as shown for the synthesis of compound 1.1.5. Moreover, the syntheses of compounds 1.1.6 and 1.1.7 were achieved, which extended the substrate scope of the reaction, although the catalyst loading should be increased in order to achieve high conversion of these compounds. The authors also succeeded to apply their method to the synthesis of compounds with larger ring sizes through modifying the ligand. Thus, using the electron-deficient ligand 1.1.9, the authors synthesized compound 1.1.8 with a high yield of 92%.

This result represented a rare example of using electron-deficient ligand in the C-H activation process that gave good yields of the products, since electron-rich ligands were used in such reactions more usually. 129 Applications of this method to the syntheses of aporphine alkaloids 124b and formal enantioselective synthesis allocolchicine 126 were also achieved by the same group with optimized reaction conditions (Figure 1.3), demonstrating the usefulness of this method. Notably, an intramolecular kH/kD value of 3.5 was observed for this reaction, indicating a CMD mechanism for this transformation. represented one of the advantages of this method. The reaction had a broad substrate scope, and it exhibited excellent selectivity for arylation over hydrodehalogenation (sulfide palladium on carbon also gave similar yields of the cyclization products, but the ratio of hydrodehalogenation products was higher using this catalyst). Generally, aryl bromides required longer reaction times than aryl iodides, and lower yields were obtained when employing deactivated aryl bromides as substrates (compound 1.1.20). An unprotected phenol group didn't affect the arylation reaction, as illustrated by the synthesis of compound 1.1.18c. Besides, substrates with a substituent present within the tether also proceeded efficiently, as indicated by the synthesis of compound 1.1.19.

Scheme 1.5 Intramolecular C-H arylation catalyzed by Pearlman's catalyst

To identify the active catalytic species, two three-phase tests were conducted by the authors (Scheme 1.6). In the first experiment, the substrate was anchored to a Wang resin through an amide linker (compound 1.1.21), 131 which should not react with a heterogeneous catalyst. Conducting the arylation reaction with compound 1.1.21 under the standard reaction conditions resulted in full conversion of the arylated product 1.1.18c after cleavage of the product from the resin, which suggested a homogeneous active catalytic species. In another experiment, substrate 1.1.22 reacted under standard conditions in the presence of a silica-supported thiol-based scavenger resin, which could sequester the homogeneous catalyst after its formation. As a result, less than 5% of the desired product was formed in this case, suggesting that the heterogeneous catalyst had little contribution to the arylation reactions or the trapping of the homogeneous catalyst was not total. These two experiments indicated that the active catalytic species of the intramolecular C-H arylation reactions were homogeneous Pd-species generated in situ from the Pearlman's catalyst.

Scheme 1.6 Tests for the determination of active catalytic species

Although the methods described previously had already allowed the C-H arylation of aryl chlorides, bromides and iodides, different reaction conditions should be employed for each type of substrates. In this context, Fagnou's group developed a new catalytic system allowing the C-H arylation of all kinds of substrates described (Scheme 1.7). 124e Using Pd(OAc)2 as catalyst, the authors screened a series of phosphine ligands, finding that trialkylphosphines were better ligands than triarylphosphines and obiarylphosphines, among which tricyclohexylphosphine (PCy3, added as the air-stable HBF4 salts)

gave the best results of the arylation reactions. The authors also discovered that the nature of the base and its counterion had a significant impact on catalyst reactivity and selectivity, and potassium bases generally gave better results than sodium bases (the use of K2CO3 as base gave 100% conversion and >99:1 ratio of desired product, while the use of Na2CO3 as base gave only 11% conversion and 20:1 ratio of desired product).

Scheme 1.8 Influence of steric and electronic effects on the regioselectivity of arylation Several experiments were conducted to ascertain the reaction mechanism. Intramolecular competition reactions showed a small electronic bias towards the more electron-rich ring. The intramolecular C-H arylation of naphthyl substrate also resulted in low preference at the 1-position, which was the most electron-rich site. A primary intramolecular kinetic isotope effect (KIE) of 4.25 was observed using mono-deuterated compound 1.1.37 as substrate (Scheme 1.9). These experiments did not support an electrophilic aromatic substitution (SEAr) mechanism, which normally showed large electronic bias and did not exhibit KIEs. 133 The small electronic bias might point to a lack of cationic areneium character at the rate-determining step, while the presence of primary kinetic isotope effects indicated that the C-H bond cleavage was a kinetically significant step in the catalytic cycle. Thus, a concerted metalation-deprotonation (CMD) process was more reasonable to explain the observations.

Scheme 1.9 KIE study of intramolecular C-H arylation

Almost at the same time, Fagnou's group discovered that the addition of a catalytic amount of pivalic acid (30 mol %) significantly promoted the benzene arylation reactions. 123b Based on this observation, the group developed milder reaction conditions for the intramolecular C-H arylation reactions thanks to the screening of the phosphine ligands, which allowed the reactions to occur at low temperatures such as 50 °C. 124g The effect of the nature of phosphine ligands was carefully studied by the authors, revealing that the electron-deficient ligand tri(4-fluorophenyl)phosphine was the best one for arylation reactions, while the electron-neutral ligand triphenylphosphine also gave good results. Various electron-rich, electron-deficient and sterically encumbered substrates were used under the optimized reaction conditions, giving the biaryls with good yields. Notably, a KIE of 5.4 was observed using 149 The coupling reactions proceeded smoothly under ligand-free conditions, which was one of the advantages of this method. The use of tetrabutylammonium bromide (TBAB) was indispensable for the arylation reactions, since debrominated product was obtained as main product without using it. However, all the arylation reactions occurred on the benzene ring of quinoline, not on the pyridine ring, which made it less interesting for our investigations. The authors also succeeded to synthesize compound 1.2.53 using optimized reaction conditions. However, this was the only case for this type of molecules. Recently, S. Samanta and co-workers reported a method for the synthesis of biaryl compounds bearing a pyrrole or pyridine moiety (Scheme 1.24). 151 Different from all the works described above, this work synthesized biaryl compounds through the construction of the heterocyclic ring rather than coupling the existed rings. Thus, it offered a novel pathway for the synthesis of biaryl compounds bearing heterocycles. However, the use of highly toxic NaN3 as reagent left potential safety risk of the method. 

Results and discussions

As part of our efforts to develop new C-H activation reactions, we have designed a series of substrates to investigate their reactivity using various transition metal catalysts (see chapter 2). During this process, we discovered that the use of compound 2.1 as substrate under the reaction conditions shown in Scheme 2.1 gave the arylated product in trace amount. Since no study has been reported for the cyclization of such substrates, and molecules with a core structure of compound 2.2 were reported to be kinase inhibitors (Figure 1.2, compound 1.1), we decided to optimize the reaction conditions to achieve better conversion of the reaction.

Scheme 2.1 Pd-catalyzed intramolecular C-H arylation

As shown in Table 2.1, various reaction conditions using different catalysts, ligands, additives, bases, solvents and reaction temperatures were investigated. Conducting the reaction using Pd(OAc)2 in dioxane at 100 °C gave no significant improvement of the conversion with or without an additive (Table 2.1, Entries 2 and 3). The use of toluene as solvent was found to be beneficial for the arylation reaction. Using K3PO4 as base and reacting at 120 °C in toluene overnight, the desired C4-arylated product 2.2 was isolated with a yield of 44% (Table 2.1, Entry 4). Interestingly, the C2-arylated compound 2.3 was not observed in the crude mixture, indicating that the arylation reaction might occur in a regioselective way. The yield of arylated product 2.2 was significantly improved with a prolonged reaction time, giving a yield of 80% for compound 2.2 after reacting for 3 days (Table 2.1, Entry 5). Again, no C2-arylated compound 2.3 was observed under the reaction conditions. Replacing K3PO4 with K2CO3 as base slightly improved the yield of compound 2.2, and the regioselectivity was retained (Table 2.1, Entry 6). Electron-deficient ligand P(4-F-Ph)3 was also effective for the arylation reaction, which resulted in 75% isolated yield of compound 2.2 (Table 2.1, Entry 7). Since DMA was successfully used as solvent for intramolecular C-H arylation by Fagnou's group, we also employed it in our reaction. However, poor yield of the arylated product was obtained in our case, and the main product was the corresponding debrominated compound (62%) (Table 2.1, Entry 8). Furthermore, the reaction could be conducted under an air atmosphere with a lower but synthetically useful yield, demonstrating the robustness of the catalytic system ( Having the best reaction conditions in hand, we started to investigate the substrate scope of the intramolecular C-H arylation reaction. However, we encountered a problem during the synthesis of the substrates: the alkylation yields were generally low. In order to obtain good yields of the substrates, various alkylation conditions were tested (Table 2.2). However, although we observed full conversion of compound 2.4 in all cases by LC-MS, the yield of desired O-alkylated product was always low.

Notably, we observed one peak that corresponded to the mass of dialkylated product together with the desired peak of the product from LC-MS analysis of the crude product (Figure 2.1). It indicated that the alkylation occurred at both oxygen and nitrogen atoms, which explained the low yield of the desired O-alkylated product. In this context, we decided to use the conditions in Table 2.2, Entry 1 directly for the synthesis of substrates derived from 3-hydroxypyridine 2.4.

Due to time limitations, we don't have further results on the intramolecular C-H arylation reactions.

To the best of our knowledge, there is no method describing the intramolecular arylation involving pyridine derivatives with a CMD mechanism. The preliminary experiments showed some encouraging results, but it still needs to be improved due to the low conversions of some substrates and the lack of reactivity for the substrates with ester and amide functional groups. Thus, the investigation will be continued in the future. For example, we could select a proper ligand to conduct the reaction, or an additive such as pivalate acid could also be considered to promote the reaction. Further substrate extension and mechanism investigations will be conducted in the future.

208

3 Experimental section

Reagents and General Procedures

All intramolecular C-H arylation reactions were carried out in a Schlenk tube. Commercially substrates were used without any further purification. All work-up and purification procedures were carried out with reagent-grade solvents. Flash column chromatography was performed using Merck silica gel 60 (0.040-0.063 mm). 1 H NMR (400 MHz), 13 C NMR (100 MHz) spectra were recorded on a Bruker Avance 400 MHz spectrometer. Chemical shifts are reported in parts per million (ppm) downfield from residual solvent peaks and coupling constants are reported in Hertz (Hz). Splitting patterns are designated as singlet (s), doublet (d), triplet (t). Splitting patterns that could not be interpreted or easily visualized are designated as multiplet (m). Electrospray mass spectra were recorded using an ESI/TOF Mariner Mass Spectrometer.

General Procedure A: synthesis of compounds 2.1-2.18:

A 50 mL round-bottom flask was charged with 3-hydroxypyridine 2.4 (475 mg, 5 mmol) and Cs2CO3

(1630 mg, 5 mmol) with a magnetic stirring bar under air, then N,N-dimethylformamide (DMF) (25 mL) was added and the resulting mixture was magnetically stirred at room temperature under air. 2-Bromo-benzyl bromide 2.5 (1250 mg, 5 mmol) was then added slowly, and the reaction mixture was magnetically stirred at room temperature under air overnight. After the completion of reaction, ethyl acetate (60 mL) and water (15 mL) were added. The resulting mixture was extracted with ethyl acetate (30 mL×4), and the combined organic layers were washed with brine, dried over MgSO4 and concentrated under vacuum. The crude product was purified by flash chromatography on silica gel (eluent: cyclohexane/AcOEt = 2/1) to give compound 2.1 (486 mg, 37%) as an orange oil.

General Procedure B: synthesis of compounds 2.22-2.24:

A 25 mL round-bottom flask was charged with 4-dimethylaminopyridine (DMAP) (12 mg, 0. Following the General Procedure A. The product was isolated as an orange oil (486 mg, 37%) starting from 3-hydroxypyridine 2.4 (475 mg, 5 mmol) and 2-bromo-benzyl bromide 2.5 (1250 mg, 5 mmol). 7.32-7.19 (m, 3H), 5.20 (s, 2H). 13 C NMR (100 MHz, CDCl3) δ 154. 6, 142.5, 138.4, 135.4, 132.7, 129.5, 128.9, 127.6, 123.9, 122.4, 121.4, 69.6.

3-((2-Chlorobenzyl)oxy)pyridine (2.6):

Following the General Procedure A. The product was isolated as a brown oil (217 mg, 33%) starting from 3-hydroxypyridine 2.4 (285 mg, 3 mmol) and 2-chloro-benzyl bromide (0.47 mL, 3.6 mmol). 1 H NMR (400 MHz, CDCl3) δ 8.41 (s, 1H), 8.24 (d, J = 3.4 Hz, 1H), 7.55-7.47 (m, 1H), 7.43-7.35 (m, 1H), 7.31-7.16 (m, 4H), 5.17 (s, 2H). 13 C NMR (100 MHz, CDCl3) δ 154. 4, 142.4, 138.3, 133.6, 132.5, 129.3, 129.2, 128.6, 126.9, 123.7, 121.1, 67.2.

3-((2-Iodobenzyl)oxy)pyridine (2.7):

Following the General Procedure A. The product was isolated as a brown oil (173 mg, 19%) starting from 3-hydroxypyridine 2.4 (285 mg, 3 mmol) and 2-iodo-benzyl bromide (285 mg, 3.6 mmol). A 25 mL two-neck round-bottom flask was charged with PPh3 (524 mg, 2 mmol) and equipped with a reflux condenser and a magnetic stirring bar under air, then the flask was put under vacuum and filled with N2. After adding compound 2.5 (500 mg, 2 mmol) and toluene (10 mL) into the flask, the reaction mixture was magnetically stirred at 125 °C for 5 hours. After the completion of reaction, the reaction mixture was cooled down to room temperature. The resulting mixture was filtered, and the solid was washed with toluene (10 mL×3) and hexane (10 mL) to give compound 3.3 (872 mg, 85%) as a white solid.

A 25 mL round-bottom flask was charged with 60% NaH (74 mg, 1.8 mmol) under air, then the flask was put under vacuum and filled with N2. After adding THF (10 mL) under N2, the solution was cooled to 0 °C with an ice-bath. Compound 3.3 (872 mg, 1.7 mmol) was then added quickly into the cooled reaction mixture at 0 °C and the resulting mixture was magnetically stirred at 0 °C for additional 2 hours before adding aldehyde 3.4 (0.13 mL, 1.4 mmol). The reaction mixture was magnetically stirred at 0 °C for 2 hours, and then it was quenched by adding water (5 mL). The reaction mixture was extracted with diethyl ether (20 mL×3), and the combined organic layers were washed with brine, dried over MgSO4 and concentrated under vacuum. The crude product was purified by flash chromatography on silica gel (eluent: cyclohexane/AcOEt = 3/1) to give compound 2.19 (132 mg, 36%) as a colorless oil and compound 2.20 (94 mg, 25%) as a colorless oil.

2.19:

1 H NMR (400 MHz, CDCl3) δ 8. 43-8.33 (m, 2H), 7.62-7.54 (m, 1H), 7.36 (d, J = 7.9 Hz, 1H), 7.12-7.02 (m, 4H), 6.74 (d, J = 12.1 Hz, 1H), 6.62 (d, J = 12.1 Hz, 1H). 13 C NMR (100 MHz, CDCl3) δ 150. 0, 148.1, 137.1, 135.6, 132.8, 132.0, 131.8, 130.3, 129.0, 127.6, 127.2, 123.6, 122.8. 8, 148.6, 136.3, 133.0, 132.8, 132.5, 129.4, 129.2, 127.5, 127.4, 126.6, 124.1, 123.5. The experimental data obtained for compound 2.20 are in accordance with the literature. 153 Dalton Trans. 2013, 42, 948. 

2.20: