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I. Introduction

Asymmetric hydrogenation is a fundamental and mature synthetic methodology providing high degree of stereocontrol for the preparation of optically pure fine chemicals like pharmaceuticals, agrochemicals, flavours and fragrances. Asymmetric hydrogenations (AH) of functionalized olefins and ketones have been realized using chiral homogeneous organometallic catalysts in the presence of hydrogen gas and several were applied to single enantiomer syntheses for advanced intermediates at industrial scales. [START_REF] Noyori | Asymmetric Catalysis In Organic Synthesis[END_REF][START_REF] Ohkuma | In Catalytic Asymmetric Synthesis 2 nd Edition[END_REF][START_REF]Asymmetric Catalysis on Industrial Scale[END_REF][START_REF] Knowles | Asymmetric Hydrogenations (Nobel Lecture)[END_REF][START_REF] Noyori | Asymmetric Catalysis: Science and Opportunities (Nobel Lecture)[END_REF][START_REF] Noyori | Asymmetric Catalysis: Science and Opportunities (Nobel Lecture[END_REF][START_REF] Blaser | Applied Homogeneous Catalysis with Organometallic Compounds 3 rd Edition[END_REF][START_REF] Foubelo | Catalytic asymmetric transfer hydrogenation of ketones: recent advances[END_REF][START_REF] Nedden | The Development of Phosphine-Free "Tethered" Ruthenium(II) Catalysts for the Asymmetric Reduction of Ketones and Imines[END_REF][START_REF] Stefane | Metal-Catalysed Transfer Hydrogenation of Ketones[END_REF][START_REF] Wang | The Golden Age of Transfer Hydrogenation[END_REF][START_REF] Matsunami | Upgrading and Expanding the Scope of Homogeneous Transfer Hydrogenation[END_REF][START_REF] Baráth | Hydrogen Transfer Reactions of Carbonyls, Alkynes, and Alkenes with Noble Metals in the Presence of Alcohols/Ethers and Amines as Hydrogen Donors[END_REF] Most of the early methods employed catalysts based on rhodium(I) and required functional groups on the substrates to enable hydrogenation of the unsaturated bonds in highly efficient and selective manner. [START_REF] Etayo | Rhodium-Catalyzed Asymmetric Hydrogenation as a Valuable Synthetic Tool for the Preparation of Chiral Drugs[END_REF] In addition, such enantioselective hydrogenation catalysts remained almost inert toward simple ketones. [START_REF] Ohkuma | Asymmetric Catalysis by Architectural and Functional Molecular Engineering: Practical Chemo-and Stereoselective Hydrogenation of Ketones[END_REF] In 1995, a catalyst based on the combination of a ruthenium precursor, BINAP, a chiral diamine and KOH was reported by Noyori and co-workers to be able to hydrogenate simple aromatic ketones with high enantioselectivity in the presence of a hydrogen donor such as isopropanol. [START_REF] Ohkuma | Practical Enantioselective Hydrogenation of Aromatic Ketones[END_REF][START_REF] Noyori | Asymmetric Transfer Hydrogenation Catalyzed by Chiral Ruthenium Complexes[END_REF] Subsequently, the same authors had a major breakthrough by introducing  6 -arene ruthenium catalysts with N-sulfonylated 1,2diamines or amino-alcohol as chiral ligands, for the highly efficient asymmetric transfer hydrogenation (ATH) of ketones. [START_REF] Hashiguchi | Asymmetric Transfer Hydrogenation of Aromatic Ketones Catalysed by Chiral Ruthenium(II) Complexes[END_REF][START_REF] Doucet | trans-[RuCl2(phosphane)2(1,2-diamine)] and Chiral trans-[RuCl2(diphosphane)(1,2-diamine): Shelf-Stable Precatalysts for the Rapid, Productive, and Stereoselective Hydrogenation of Ketones[END_REF][START_REF] Ohkuma | Trans-RuH(-BH4)(binap)(1,2-diamine): A Catalyst for Asymmetric Hydrogenation of Simple Ketones under Base-Free Conditions[END_REF] For both the AH [START_REF] Ohkuma | Asymmetric Catalysis by Architectural and Functional Molecular Engineering: Practical Chemo-and Stereoselective Hydrogenation of Ketones[END_REF][START_REF] Sandoval | Mechanism of Asymmetric Hydrogenation of Ketones Catalyzed by BINAP/1,2-Diamine-Ruthenium(II) Complexes[END_REF] and ATH [START_REF] Haack | The Catalyst Precursor, Catalyst, and Intermediate in the Ru II -Promoted Asymmetric Hydrogen Transfer between Alcohols and Ketones[END_REF][START_REF] Palmer | Asymmetric Transfer Hydrogenation of C=O and C=N Bonds[END_REF] of ketones using these ligands, a metal-ligand bifunctional mechanism was established [START_REF] Sandoval | Mechanism of Asymmetric Hydrogenation of Ketones Catalyzed by BINAP/1,2-Diamine-Ruthenium(II) Complexes[END_REF][START_REF] Clamham | Mechanisms of the H2-Hydrogenation and Transfer Hydrogenation of Polar Bonds Catalyzed by Ruthenium Hydride Complexes[END_REF] by means of kinetic studies and isotopic labelling, [START_REF] Haack | The Catalyst Precursor, Catalyst, and Intermediate in the Ru II -Promoted Asymmetric Hydrogen Transfer between Alcohols and Ketones[END_REF][START_REF] Casey | Kinetic Isotope Effect Evidence for a Concerted Hydrogen Transfer Mechanism in Transfer Hydrogenations Catalyzed by [p-(MeCH)C6H4Me]Ru-(NHCHPhCHPhNSO2C6H4-p-CH3)[END_REF][START_REF] Alonso | Ru(arene)(amino alcohol)-Catalyzed Transfer Hydrogenation of Ketones: Mechanism and Origin of Enantioselectivity[END_REF] as well as via computational analyses. [START_REF] Alonso | Ru(arene)(amino alcohol)-Catalyzed Transfer Hydrogenation of Ketones: Mechanism and Origin of Enantioselectivity[END_REF][START_REF] Yamakawa | The Metal-Ligand Bifunctional Catalysis: A Theoretical Study on the Ruthenium(II)-Catalyzed Hydrogen Transfer Between Alcohols and Carbonyl Compounds[END_REF][START_REF] Joseph | Mechanistic Aspects of Transition Metal-Catalyzed Hydrogen Transfer Reactions[END_REF] It was demonstrated that the reaction goes through a six-membered pericyclic transition state involving a ruthenium hydride and one of the NH functions of the diamino (or amino alcohol) ligand (Scheme 1). Scheme 1. Postulated mechanism for the asymmetric transfer hydrogenation of acetophenone in the presence of 2-propanol. [START_REF] Palmer | Asymmetric Transfer Hydrogenation of C=O and C=N Bonds[END_REF] The N-H function of the ligand operates in a cooperative manner with the metal centre during the hydrogenation reaction, which typifies a bifunctional transition metal-based molecular catalyst. [START_REF] Noyori | Asymmetric Catalysis: Science and Opportunities (Nobel Lecture)[END_REF][START_REF] Ikariya | Bifunctional Transition Metal-Based Molecular Catalysts for Asymmetric Syntheses[END_REF][START_REF] Ikariya | Asymmetric Transfer Hydrogenation of Ketones with Bifunctional Transition Metal-Based Molecular Catalysts[END_REF] Since then, the concept of cooperative catalysis has been further applied in C-H, C-C, C-N, and CO formation. 31- 38 In transfer hydrogenations, 2-propanol or formic acid are commonly used, i.e. two cheap, non-toxic and environmentally safe hydrogen sources which do not require any specific equipment. A drawback of the use of 2-propanol is the thermodynamic reversibility of the transfer hydrogenation reaction leading to a limited conversion and to a gradual decrease of the enantiomeric purity of the targeted chiral alcohol. This can be overcome by the use of formic acid, since the CO2 released can be removed to favor full conversions. Overall, the Noyori half-sandwich bifunctional catalysts in Scheme 1 are very effective for ATH using either 2-propanol or an azeotropic mixture of formic acid as hydrogen sources and offer a great potential in enantioselective synthesis.

These ruthenium-based bifunctional catalysts raised a huge interest among the chemistry community and, therefore, the initial studies were followed by numerous other reports focusing on the development of new catalysts based on late-transition metals and, more recently, on first row transition metals. In order to develop more robust catalysts for AH or ATH, half-sandwich  6 -arene-Ru complexes were modified notably by means of covalent tethers between the arene and the chiral diamine ligands. First introduced by Wills and co-workers, this new family of catalysts exhibited enhanced catalytic performances and stability (Scheme 2). [START_REF] Hannedouche | A New Class of "Tethered" Ruthenium(II) Catalyst for Asymmetric Transfer Hydrogenation Reactions[END_REF][START_REF] Hayes | A Class of Ruthenium(II) Catalyst for Asymmetric Transfer Hydrogenations of Ketones[END_REF][START_REF] Morris | The "Reverse-Tethered" Ruthenium(II) Catalyst for Asymmetric Transfer Hydrogenation: Further Applications[END_REF][START_REF] Matharu | A Stereochemically Well-Defined Rhodium(III) Catalyst for Asymmetric Transfer Hydrogenation of Ketones[END_REF] Scheme 2. ATH of -chloroketones with a diamine tethered arene ruthenium catalyst. [START_REF] Hannedouche | A New Class of "Tethered" Ruthenium(II) Catalyst for Asymmetric Transfer Hydrogenation Reactions[END_REF][START_REF] Hayes | A Class of Ruthenium(II) Catalyst for Asymmetric Transfer Hydrogenations of Ketones[END_REF][START_REF] Morris | The "Reverse-Tethered" Ruthenium(II) Catalyst for Asymmetric Transfer Hydrogenation: Further Applications[END_REF][START_REF] Matharu | A Stereochemically Well-Defined Rhodium(III) Catalyst for Asymmetric Transfer Hydrogenation of Ketones[END_REF] Furthermore, the Noyori's ruthenium/diamine/diphosphine catalysts initially applied in AH have inspired the design of tetradentate analogues (Scheme 3, left) for the ATH of aryl-alkyl ketones, [START_REF] Gao | A Ruthenium(II) Complex with a C2-Symmetric Diphosphine/Diamine Tetradentate Ligand for Asymmetric Transfer Hydrogenation of Aromatic Ketones[END_REF] as well as many other variants such as the phosphinite complexes reported by Morris (Scheme 3, right). [START_REF] Guo | A Modular Design of Ruthenium Catalysts with Diamine and BINOL-Derived Phosphinite Ligands that are Enantiomerically-Matched for the Effective Asymmetric Transfer Hydrogenation of Simple Ketones[END_REF][START_REF] Guo | Applications of Ruthenium Hydride Borohydride Complexes Containing Phosphinite and Diamine Ligands to Asymmetric Catalytic Reactions[END_REF] Scheme 3. Ruthenium/P2N2 ATH catalysts developed by Noyori and co-workers (left) and Morris and coworkers (right). [START_REF] Gao | A Ruthenium(II) Complex with a C2-Symmetric Diphosphine/Diamine Tetradentate Ligand for Asymmetric Transfer Hydrogenation of Aromatic Ketones[END_REF][START_REF] Guo | A Modular Design of Ruthenium Catalysts with Diamine and BINOL-Derived Phosphinite Ligands that are Enantiomerically-Matched for the Effective Asymmetric Transfer Hydrogenation of Simple Ketones[END_REF][START_REF] Guo | Applications of Ruthenium Hydride Borohydride Complexes Containing Phosphinite and Diamine Ligands to Asymmetric Catalytic Reactions[END_REF] Since the 90's and to date, bifunctional catalysts for ATH and AH have aroused high interest. This long-term interest for innovative catalyses is due to a lack of general solutions for the catalytic asymmetric hydrogenations and has led to the development of a number of metal catalysts exhibiting new functionalities. [START_REF] Seo | Catalytic Homogeneous Asymmetric Hydrogenation: Successes and Opportunities[END_REF] These new generations of catalysts, based on both hydrogen bonding, CH- stacking and ion-pair interactions, have enabled bifunctional hydrogen transfer as in the Noyori's prototypical examples, [START_REF] Ikariya | Hydrogenation of Carboxylic Acid Derivatives with Bifunctional Ruthenium Catalysts[END_REF] but also activation of organic substrates through secondary interactions (cooperative catalysis) [START_REF] Dong | Metalorganocatalysis: Cooperating Transition Metal Catalysis and Organocatalysis Through a Covalent Bond[END_REF] or heterolytic activation of dihydrogen itself. Interestingly, the significant contributions of weak non-covalent attractive interactions between the substrate and the chiral ligand to enantioselection in hydrogenation reactions have been enlighted by many recent theoretical studies. [START_REF] Gridnev | Attraction versus Repulsion in Rhodium-Catalyzed Asymmetric Hydrogenation[END_REF][START_REF] Zhang | Chemo-and Enantioselective Hydrogenation of -Formyl Enamides: An Efficient Access to Chiral -Amido Aldehydes[END_REF][START_REF] Chen | Size is Important: Artificial Catalyst Mimics Behavior of Natural Enzymes[END_REF] For clarity's sake, the readers will find below three definitions of the term 'bifunctional catalyst': 1) According T. Ikariya: [START_REF] Kuwata | Quest for Metal/NH Bifunctional Bioinspired Catalysis in a Dinuclear Platform[END_REF] "bifunctional catalysts have two functionalities cooperating in substrate activation and transformation"; 2) According D. B. Grotjahn: [START_REF] Grotjahn | Heteroatoms Moving Protons: Synthetic and Mechanistic Studies of Bifunctional Organometallic Catalysis[END_REF] "…organometallic catalysts resulting from including ligands capable of proton transfer or hydrogen bonding"; 3) According S. J. Miller: [START_REF] Mbofana | Bifunctional Catalysis with Lewis Base and X-H Sites That Facilitate Proton Transfer or Hydrogen Bonding (n→π*) in Lewis Base Catalysis in Organic Synthesis[END_REF] "Bifunctional catalysts usually possess a nucleophilic moiety appended to Lewis basic or Brønsted acidic moieties capable of hydrogen bonding or charge stabilization. Coupling of these functionalities typically results in cooperative activation of substrates and stabilization of transition states leading to heightened reactivity and higher levels of enantiocontrol in various transformations."

This book chapter will illustrate the different classes of bifunctional (cooperative) catalysts and the role of non-covalent interactions, by considering ruthenium, rhodium and iridium homogeneous asymmetric hydrogenation catalysts. It will present selected examples of metal complexes developed over the last ten years, i.e. along the 2010 -mid 2020 period, with a special focus on the understanding of their reaction mechanisms. Therefore, new applications of known catalysts in organic syntheses will not be reviewed. Furthermore, neither supported and immobilized catalysts, [START_REF] Barath | Selective Reduction of Carbonyl Compounds via (Asymmetric) Transfer Hydrogenation on Heterogeneous Catalysts[END_REF][START_REF] Cheng | Transition-Metal-Functionalized Ordered Mesoporous Silicas: An Overview of Sustainable Chiral Catalysts for Enantioselective Transformations[END_REF][START_REF] Wang | State of the Art and Prospects in Metal-Organic Framework (MOF)-Based and MOF-Derived Nanocatalysis[END_REF][START_REF] Altava | Chiral Catalysts Immobilized on Achiral Polymers: Effect of the Polymer Support on the Performance of the Catalyst[END_REF][START_REF] Baig | Magnetically Retrievable Catalysts for Asymmetric Synthesis[END_REF] nor methods for the asymmetric hydrogenations in water [START_REF] Wei | Transfer Hydrogenation in Aqueous Media[END_REF] will be considered herein. Asymmetric transfer hydrogenations and asymmetric hydrogenations will be presented successively in Sections II and III respectively.

II. Asymmetric Transfer Hydrogenations using

Bifunctional Catalysts.

A. Ruthenium Catalysed Transfer Hydrogenations.

1. Noyori-type Catalysts.

On the basis of the pioneering research of Noyori and co-workers on ruthenium catalysts for the asymmetric transfer hydrogenation (ATH), over the years many efforts have been devoted to the development of new catalysts for the reduction of C=O and C=N double bonds that operate through concerted H-transfer from both the metal and the functional ligand (see Scheme 1). Since ligands with amino alcohols, diamines, natural products-based amines and other chiral structural units had been set by Noyori and co-workers, research has continued following the same directions during the last decade. Thus, diamines and, to a lesser extent, -amino alcohols have been further investigated in the ATH of ketones and imines by using either  6 -arene-Ru or diphosphine-Ru complexes.

Diphosphine-diamine ruthenium catalysts.

The Ru II (diphosphane)(diamine) complexes in which the ruthenium centre is coordinated by a nonchiral diphosphine and a chiral diamine drew special attention because of the easy variation of their chiral ligands. [START_REF] Gao | A Ruthenium(II) Complex with a C2-Symmetric Diphosphine/Diamine Tetradentate Ligand for Asymmetric Transfer Hydrogenation of Aromatic Ketones[END_REF][START_REF] Guo | A Modular Design of Ruthenium Catalysts with Diamine and BINOL-Derived Phosphinite Ligands that are Enantiomerically-Matched for the Effective Asymmetric Transfer Hydrogenation of Simple Ketones[END_REF][START_REF] Guo | Applications of Ruthenium Hydride Borohydride Complexes Containing Phosphinite and Diamine Ligands to Asymmetric Catalytic Reactions[END_REF] In 2015, Karabuga and co-workers reported on ruthenium complexes that combine quinazoline based chiral diamines (Scheme 4a) and dppb (diphenylphosphinobutane). These complexes catalysed the ATH of aryl methyl ketones with good conversions and variable enantioselectivities (9-91% ee). [START_REF] Kucukturkmen | Asymmetric Transfer Hydrogenation of Ketones by N,N-Containing Quinazoline-Based Ruthenium(II) Complexes[END_REF] Moreover, Xing and co-workers disclosed recently Ru(diphosphane)(diamine) ATH catalysts that feature a single stereogenic element, by combining a simple and readily available amino-pyridine ligand (1-(pyridin-2-yl)methanamine) with an achiral diphosphine, 1,3-diphenylphosphinopropane. [START_REF] Chen | Chirality-Economy Catalysis: Asymmetric Transfer Hydrogenation of Ketones by Ru-Catalysts of Minimal Stereogenicity[END_REF] The design of this inspiring catalytic system relied on the hypothesis that this combination would replicate the stereo induction of the recognized Noyori's catalyst. Indeed, the catalytic system allowed the practical and highly enantioselective ATH of a wide range of ketones including aryl,alkyl-and aryl,N-heteroaryl ketones (Scheme 4b). Scheme 4. Ruthenium(diphosphine)(diamine) catalysts with minimal stereogenicity for the ATH of aryl ketones. [START_REF] Kucukturkmen | Asymmetric Transfer Hydrogenation of Ketones by N,N-Containing Quinazoline-Based Ruthenium(II) Complexes[END_REF][START_REF] Chen | Chirality-Economy Catalysis: Asymmetric Transfer Hydrogenation of Ketones by Ru-Catalysts of Minimal Stereogenicity[END_REF] Aminoalcohol, diamine and diamide derived  6 -arene-ruthenium catalysts. Aminoalcohol derived  6 -arene-ruthenium catalysts.

As a complement to amino alcohols applied earlier in ATH, such as ephedrine, [START_REF] Takehara | Amino Alcohol Effects on the Ruthenium(II)-Catalysed Asymmetric Transfer Hydrogenation of Ketones in Propan-2-ol[END_REF] 2-azanorbornylmethanol derivatives [START_REF] Alonso | 1S,3R,4R)-2-Azanorbornylmethanol, an Efficient Ligand for Ruthenium-Catalyzed Asymmetric Transfer Hydrogenation of Ketones[END_REF] and 1-aminoindane-2-ol, [START_REF] Palmer | 1R,2S)-(+)-cis-1-Amino-2-indanol: An Effective Ligand for Asymmetric Catalysis of Transfer Hydrogenations of Ketones[END_REF] Govender, Kruger and co-workers reported in 2010 a series of C 1 -substituted tetrahydroisoquinoline derivatives that were applied in the ATH of aromatic ketones.  6 -Arene ruthenium complexes were generated in situ from [(p-cymene)RuCl2]2 and the chiral aminoalcohol. The ATH reactions were carried out in the presence of KOt-Bu/i-PrOH and provided up to 94% ee in the hydrogenation of 4-methylacetophenone (Scheme 5). 66 The trans relative orientation of the C 1 and C 3 substituents of the ligand proved essential for high activity and enantioselectivity, while substitutions on C 5 resulted in a decreased reactivity. The same ligands were also applied in rhodium catalysed ATH.

Scheme 5.

Examples of recently developed amino alcohol and diamine ligands for ATH. [66][START_REF] Han | New Chiral Amino Alcohol Ligands Derived from 1-Phenylethylamine for Efficient Ru-Catalyzed Asymmetric Transfer Hydrogenation[END_REF][START_REF] Wang | Catalytic Asymmetric Transfer Hydrogenation/Dynamic Kinetic Resolution: an Efficient Synthesis of Florfenicol[END_REF] In 2011, Zheng and co-workers reported another series of amino alcohol ligands derived from 1phenylethylamine (Scheme 5). [START_REF] Han | New Chiral Amino Alcohol Ligands Derived from 1-Phenylethylamine for Efficient Ru-Catalyzed Asymmetric Transfer Hydrogenation[END_REF] The less sterically demanding ligand of the series (R = H), associated to [RuCl2(p-cymene)]2 (0.5 mol%) in the presence of KOH (10 mol%) and i-PrOH allowed the reduction of aryl-alkyl ketones in good yields (67-95%) and enantioselectivities (67-95% ee) at -10 °C.

Along the same lines, Chen and co-workers developed the novel chloramphenicol based ligands in Scheme 5 for the ruthenium catalysed ATH of a N-Boc -amino--ketoester. Under dynamic kinetic resolution conditions (DKR) in water, the reduced product was obtained in 85% yield, 92% de and 87% ee (conditions: [RuCl2(p-cymene)]2, chiral ligand 3 mol%, HCOONa/Tween 20, H2O, 25 °C). [START_REF] Wang | Catalytic Asymmetric Transfer Hydrogenation/Dynamic Kinetic Resolution: an Efficient Synthesis of Florfenicol[END_REF] Aminoamide and diamine derived  6 -arene-ruthenium catalysts.

Beside amino alcohols, both diamines and amino amides have been applied as ligands in the ATH of ketones. In 2011, following their continuous efforts to develop asymmetric catalysts for ATH, Wills and co-workers synthesized new ligands containing (R,R)-or (S,S)-DPEN and one or two proteinogenic (S)-proline groups. [START_REF] Manville | Application of Proline-Functionalized 1,2-Diphenylethane-1,2-diamine (DPEN) in Asymmetric Transfer Hydrogenation of Ketones[END_REF] The TsDPEN mono-proline ligands led to variable results in ruthenium, iridium and rhodium promoted ATH of ketones in water, with sodium formate as hydrogen donor. On the other hand, the DPEN/bis-proline ligands led to effective ruthenium catalysts in the ATH of cyclic ketones (Scheme 6). The ligand combining (S,S)-DPEN and (S)-proline units provided the more enantioselective catalyst. Though the ligand bearing two proline groups could coordinate up to two ruthenium atoms, control experiments showed that the active complex contains only one ruthenium per ligand, as well as that the selectivity is most probably controlled by steric factors. Scheme 6. DPEN/bis-proline ligands applied in ATH of cyclic ketones, by Wills and co-workers. [START_REF] Manville | Application of Proline-Functionalized 1,2-Diphenylethane-1,2-diamine (DPEN) in Asymmetric Transfer Hydrogenation of Ketones[END_REF] Pericàs and co-workers prepared diamine ligands that display proline and triazole units, the latter being easily obtained through click chemistry. [START_REF] Cambeiro | Proline-Derived Aminotriazole Ligands: Preparation and Use in the Ruthenium-Catalyzed Asymmetric Transfer Hydrogenation[END_REF] It appeared that the compounds with an O-protected 4-hydroxyproline moiety was an efficient chiral ligand for the ruthenium catalysed ATH of acetophenones and cyclic ketones, while non-substituted proline gave much lower ee (Scheme 7). Scheme 7. Hydroxyproline/triazole ligands applied in the ATH of cyclic and acyclic ketones, by Pericas and coworkers. [START_REF] Cambeiro | Proline-Derived Aminotriazole Ligands: Preparation and Use in the Ruthenium-Catalyzed Asymmetric Transfer Hydrogenation[END_REF] Amidoalcohol derived  6 -arene-ruthenium catalysts.

The easy availability and modular nature of -amino acids makes them very attractive building blocks for the synthesis of chiral ligands. Thus, Adolfsson and co-workers have considered ruthenium and rhodium catalysts bearing pseudo-dipeptide based ligands. The new ligands are N-Boc protected aminoamides with -amino alcohol functions. They were applied to ruthenium catalyzed ATH of aryl,alkyl-ketones with excellent results, a variety of acetophenones could be hydrogenated with ee >80% (18 examples, Scheme 8a). [START_REF] Pastor | Novel Simple and Highly Modular Ligands for Efficient Asymmetric Transfer-Hydrogenation of Ketones[END_REF][START_REF] Pastor | Employing the Structural Diversity of Nature: Development of Modular Dipeptide-Analogue Ligands for Ruthenium-Catalyzed Enantioselective Transfer Hydrogenation of Ketones[END_REF][START_REF] Lundberg | Ruthenium-Catalyzed Asymmetric Transfer Hydrogenation of Ketones in Ethanol[END_REF] For such catalytic systems, the addition of LiCl was generally beneficial both in terms of enantioselectivity and conversion rate. [START_REF] Shatskiy | Ruthenium-Catalyzed Asymmetric Transfer Hydrogenation of Propargylic Ketones[END_REF] Thus, it was suggested that the reaction might involve the transfer of an hydride and lithium ion to the substrate and proceeds via the six-membered transition state shown in Scheme 8a. Interestingly, these pseudo-dipeptide ligands were also applied in the ruthenium catalysed ATH of propargylic ketones (Scheme 8b). [START_REF] Västilä | The Importance of Alkali Cations in the [{RuCl2(p-cymene)}2]-Pseudodipeptide-Catalyzed Enantioselective Transfer Hydrogenation of Ketones[END_REF] In this case, the addition of LiCl did not change the reaction outcome.

Afterwards, the authors applied further these ruthenium catalysts in the tandem alkylation/ATH of acetophenones with primary alcohols, [START_REF] Kovalenko | Tandem α-Alkylation/Asymmetric Transfer Hydrogenation of Acetophenones with Primary Alcohols[END_REF] in the tandem-isomerization/ATH of allylic alcohols, [START_REF] Slagbrand | Ruthenium-Catalyzed Tandem-Isomerization/Asymmetric Transfer Hydrogenation of Allylic Alcohols[END_REF] while ruthenium and rhodium complexes of this series were also widely tested in high throughput screening experiments. [START_REF] Buitrago | High Throughput Screening of a Catalyst Library for the Asymmetric Transfer Hydrogenation of Heteroaromatic Ketones: Formal Syntheses of (R)-Fluoxetine and (S)-Duloxetine[END_REF] Scheme 8. Pseudo-dipeptide/ruthenium catalysed ATH of acetophenones and propargylic ketones, by Adolfsson and co-workers. [START_REF] Pastor | Novel Simple and Highly Modular Ligands for Efficient Asymmetric Transfer-Hydrogenation of Ketones[END_REF][START_REF] Pastor | Employing the Structural Diversity of Nature: Development of Modular Dipeptide-Analogue Ligands for Ruthenium-Catalyzed Enantioselective Transfer Hydrogenation of Ketones[END_REF][START_REF] Lundberg | Ruthenium-Catalyzed Asymmetric Transfer Hydrogenation of Ketones in Ethanol[END_REF][START_REF] Shatskiy | Ruthenium-Catalyzed Asymmetric Transfer Hydrogenation of Propargylic Ketones[END_REF][START_REF] Västilä | The Importance of Alkali Cations in the [{RuCl2(p-cymene)}2]-Pseudodipeptide-Catalyzed Enantioselective Transfer Hydrogenation of Ketones[END_REF] Similarly, Diéguez, Adolfsson and co-workers developed a library of 10 pseudo-dipeptide ligands in which the -aminoalcohol moiety was obtained from readily available carbohydrates. The corresponding ruthenium catalysts were highly efficient in ATH of aryl,alkyl-ketones (Scheme 9a). 79 Scheme 9. Carbohydrate derived pseudodipeptides for the ruthenium catalysed ATH of aryl,alkyl-ketones. [START_REF] Buitrago | High Throughput Screening of a Catalyst Library for the Asymmetric Transfer Hydrogenation of Heteroaromatic Ketones: Formal Syntheses of (R)-Fluoxetine and (S)-Duloxetine[END_REF][START_REF] Coll | Carbohydrate-Based Pseudo-Dipeptides: New Ligands for the Highly Enantioselective Ru-Catalyzed Transfer Hydrogenation Reaction[END_REF][START_REF] Coll | Modular Furanoside Pseudodipeptides and Thioamides, Readily Available Ligand Libraries for Metal-Catalyzed Transfer Hydrogenation Reactions: Scope and Limitations[END_REF][START_REF] Boege | Catalytic Sugar-Assisted Transfer Hydrogenation with Ru(II), Rh(III) and Ir(III) Half-Sandwich Complexes[END_REF] Furthermore, this approach was extended to other libraries of carbohydrate-based pseudodipeptides and thioamides, devoid of the CHOH function (Scheme 9b, left), that were used in ruthenium and rhodium catalysed ATH of aryl,alkyl-ketones (ees up to > 99%). The new ligands were readily prepared from inexpensive D-glucose and D-xylose. They proved to be highly tunable, as far as the substituents of the amide (or thioamide) moiety, substituents at the C 5 and C 3 positions of the sugar and the configuration of C 3 are easily adjustable. [START_REF] Coll | Modular Furanoside Pseudodipeptides and Thioamides, Readily Available Ligand Libraries for Metal-Catalyzed Transfer Hydrogenation Reactions: Scope and Limitations[END_REF] In addition, hexapyranoside derived diamines (Scheme 9b, right) were also used in the ATH of acetophenone, associated to ruthenium, rhodium, and iridium catalysts with variable results, the highest ee of 68% being obtained with a ruthenium catalyst. [START_REF] Boege | Catalytic Sugar-Assisted Transfer Hydrogenation with Ru(II), Rh(III) and Ir(III) Half-Sandwich Complexes[END_REF] Diamines derived  6 -arene-ruthenium catalysts.

Despite the development of other diamines, TsDPENs remain ligands of high interest because of their highly enantiodiscriminating properties, possibly tuned by the substituents on the primary amine bound to ruthenium(II). [START_REF] Soni | The Importance of the N-H Bond in Ru/TsDPEN Complexes for Asymmetric Transfer Hydrogenation of Ketones and Imines[END_REF][START_REF] Barrios-Rivera | Applications of N'-monofunctionalised TsDPEN Derivatives in Asymmetric Catalysis[END_REF] If generally no loss of activity was observed by changing the amine substituent, in some instances beneficial effects were highlighted, such as higher activity in C=N reduction reactions [START_REF] Martins | II) Complexes of N-Alkylated TsDPEN Ligands in Asymmetric Transfer Hydrogenation of Ketones and Imines[END_REF][START_REF] Martins | Applications of N'-Alkylated Derivatives of TsDPEN in the Asymmetric Transfer Hydrogenation of C=O and C=N Bonds[END_REF][START_REF] Soni | N-Functionalised TsDPEN Catalysts for Asymmetric Transfer Hydrogenation; Synthesis and Applications[END_REF][START_REF] Ma | Highly Enantioselective Direct Synthesis of Endocyclic Vicinal Diamines through Chiral Ru(diamine)-Catalyzed Hydrogenation of 2,2'-Bisquinoline Derivatives[END_REF] or increased water solubility. [START_REF] Shan | The Synthesis of a New Nitrogen Joined N-PEG-TsDPEN Ligand and its Application in Asymmetric Transfer Hydrogenation of Ketones in Neat Water[END_REF][START_REF] Zimbron | Noyori-Ikariya Catalyst Supported on Tetraarylphosphonium salt for Asymmetric Transfer Hydrogenation in Water[END_REF][START_REF] Wang | Anchored [RuCl2(p-cymene)]2 in Hybrid Zirconium Phosphate-Phosphonate Coated and Pillared with Double-stranded Hydrophobic Linear Polystyrene as Heterogeneous Catalyst Suitable for Aqueous Asymmetric Transfer Hydrogenation[END_REF] Wills and co-workers reported a quite versatile series of TsDPENs in which the amine nitrogen atom was functionalized by heterocyclic residues. [START_REF] Johnson | Application of Ruthenium Complexes of Triazole-Containing Tridentate Ligands to Asymmetric Transfer Hydrogenation of Ketones[END_REF][START_REF] Darwish | Use of Tridentate TsDPEN/Pyridine Ligands in Ruthenium-Catalysed Asymmetric Reduction of Ketones[END_REF][START_REF] Barrios-Rivera | Probing the Effects of Heterocyclic Functionality in [(Benzene)Ru(TsDPENR)Cl] Catalysts for Asymmetric Transfer Hydrogenation[END_REF] These ligands were able to coordinate in either a bidentate or a tridentate mode, depending on the nature of the heterocycle. Good donors, such as pyrazoles, provided tridentate ligands and generated active catalysts from Ru3(CO)12 (Scheme 10a). Weak donors, such as furan or thiophene, provided bidentate ligands as typified by the (diamine)(benzene)RuCl complexes in Scheme 10b. The two families of complexes were good catalysts for the ATH of a large range of functionalized ketones. In addition, this approach highlighted the subtle effects brought by changes of the nearby donor group, the two catalysts with appended thiophene and furan units being complementary in terms of substrate scope.

Scheme 10. ATH of ketones with ruthenium catalysts based on TsDPEN ligands bearing additional donor groups. [START_REF] Johnson | Application of Ruthenium Complexes of Triazole-Containing Tridentate Ligands to Asymmetric Transfer Hydrogenation of Ketones[END_REF][START_REF] Darwish | Use of Tridentate TsDPEN/Pyridine Ligands in Ruthenium-Catalysed Asymmetric Reduction of Ketones[END_REF][START_REF] Barrios-Rivera | Probing the Effects of Heterocyclic Functionality in [(Benzene)Ru(TsDPENR)Cl] Catalysts for Asymmetric Transfer Hydrogenation[END_REF] While investigating ammonia NH cleavage by metal-ligand cooperative catalysis, Kayaki, Dub and co-workers [START_REF] Dub | Cleavage of N-H Bond of Ammonia via Metal-Ligand Cooperation Enables Rational Design of a Conceptually New Noyori-Ikariya Catalyst[END_REF] serendipitously discovered a conceptually novel DPEN-based Noyori-Ikariya type precatalyst that displays a 2-amino-tetrafluorobenzenesulfonamide unit (Scheme 11). The authors underlined the proton-responsive nature of the aryl-amino group of the ligand. Indeed, the neutral Rucomplex ([Ru] in Scheme 11) could be protonated by various acids to give chiral cationic 18 electron complexes with tunable organic or inorganic counteranions (e.g. [Ru]H + BF4 -in Scheme 11). Beside a full account detailing synthesis, characterization and reactivity studies, the authors showed that both the ionic and non-ionic ruthenium catalysts were efficient in the ATH of acetophenones and hydroxyacetophenone. The ionic complex [Ru]H + BF4 -obtained by protonation with the strong acid HBF4 and the non-ionic complex led to similar results in the ATH of three different substrates.

Scheme 11. Ruthenium catalysts developed by Kayaki, Dub and co-workers. [START_REF] Dub | Cleavage of N-H Bond of Ammonia via Metal-Ligand Cooperation Enables Rational Design of a Conceptually New Noyori-Ikariya Catalyst[END_REF] Mohar and co-workers prepared γ-sultam-cored N,N-ligands. The in-situ generated ruthenium catalysts were very efficient in ATH in particular for benzo-fused cyclic ketones. The DKR/ATH of a 1-indanone with a -carboxylic ester function provided the corresponding alcohol with an excellent stereoselectivity (Scheme 12). [START_REF] Rast | -Sultam-Cored N,N-Ligands in the Ruthenium(II)-Catalyzed Asymmetric Transfer Hydrogenation of Aryl Ketones[END_REF] Scheme 12. DKR/ATH of a 1-indanone derivative by Mohar and co-workers. [START_REF] Rast | -Sultam-Cored N,N-Ligands in the Ruthenium(II)-Catalyzed Asymmetric Transfer Hydrogenation of Aryl Ketones[END_REF] Ruthenium(II) NNN type complexes containing a chiral pyrazolyl-pyridyl-oxazolinyl ligand were applied in the ATH of a series of aryl,alkyl-ketones (Scheme 13). [START_REF] Ye | Ruthenium(II) Pyrazolyl-Pyridyl-Oxazolinyl Complex Catalysts for the Asymmetric Transfer Hydrogenation of Ketones[END_REF] The best catalyst of the series was featuring a pyrazolyl convertible NH functionality which is a regular structural unit of bifunctional ruthenium ATH catalysts.

Scheme 13. Application of NNN type chiral ligands in ATH of aryl,alkyl-ketones, by Diamine tethered  6 -arene ruthenium catalysts.

As already mentioned in the general introduction, a structural change in half-sandwich arene/Ru/TsDPEN complexes reported by Wills and co-workers consisted in introducing a covalent linkage between the  6 -arene and the diamine. It appeared that such covalent links can lead to quite versatile catalysts. Indeed, such a modification was meant to prevent rotation of the arene ligand and to introduce electronic, steric and directing effects, by means of functional groups, in order to improve the catalyst efficiency, selectivity and stability. [START_REF] Hannedouche | A New Class of "Tethered" Ruthenium(II) Catalyst for Asymmetric Transfer Hydrogenation Reactions[END_REF][START_REF] Hayes | A Class of Ruthenium(II) Catalyst for Asymmetric Transfer Hydrogenations of Ketones[END_REF][START_REF] Morris | The "Reverse-Tethered" Ruthenium(II) Catalyst for Asymmetric Transfer Hydrogenation: Further Applications[END_REF][START_REF] Matharu | A Stereochemically Well-Defined Rhodium(III) Catalyst for Asymmetric Transfer Hydrogenation of Ketones[END_REF] Hence, the strong chelation of the sulfonamido-amine residue led to a persistent, forced coordination of the frequently labile  6 -arene and led therefore to a prolonged life time of the catalytically active species. Moreover, the three-point coordination of the ligand resulted in a beneficial increase of the conformational rigidity of the complex and led to a higher stereodiscrimination ability of the corresponding catalysts. These tethered ruthenium complexes were found to be highly active catalysts for ATH of ketones in formic acid/triethylamine and proved more stable, over long reaction times, than the parent complex developed by Noyori and co-workers. [START_REF] Joseph | Mechanistic Aspects of Transition Metal-Catalyzed Hydrogen Transfer Reactions[END_REF][START_REF] Ikariya | Bifunctional Transition Metal-Based Molecular Catalysts for Asymmetric Syntheses[END_REF][START_REF] Ikariya | Asymmetric Transfer Hydrogenation of Ketones with Bifunctional Transition Metal-Based Molecular Catalysts[END_REF] Using such tethered catalysts, the enantioselectivity of the ATH of ketones was predominantly controled by favourable edge-to-face electronic interactions between electron rich aryls in the substrate and the H-atoms of the electron deficient  6 -arene of the catalyst (CH- interactions, Scheme 14). [START_REF] Hayes | A Class of Ruthenium(II) Catalyst for Asymmetric Transfer Hydrogenations of Ketones[END_REF][START_REF] Morris | The "Reverse-Tethered" Ruthenium(II) Catalyst for Asymmetric Transfer Hydrogenation: Further Applications[END_REF][START_REF] Nedden | The Development of Phosphine-Free Tethered Ruthenium(II) Catalysts for the Asymmetric Reduction of Ketones and Imines[END_REF] A first series of tethered catalysts, typified in Scheme 14, was prepared by connecting alkyl or aryl chains (2C to 5C alkyl chains or benzyl bridges) to the arenes (phenyl, 4-CH3C6H4, OMe, 3,5-(CH3)2C6H3). [START_REF] Cheung | An Investigation into the Tether Length and Substitution Pattern of Arene-Substituted Complexes for Asymmetric Transfer Hydrogenation of Ketones[END_REF][START_REF] Martins | Further 'Tethered' Ru(II) Catalysts for Asymmetric Transfer Hydrogenation (ATH) of Ketones; The Use of a Benzylic Linker and a Cyclohexyldiamine Ligand[END_REF][100][101][102][103] The Wills catalyst comprising a C3-tether exhibited a high potential and possible industrial interest and therefore, Johnson Matthey developed a large-scale synthesis allowing its commercial availability. 102 Scheme 14. Tethered  6 -arene-ruthenium pre-catalysts developed by Wills and co-workers. [START_REF] Cheung | An Investigation into the Tether Length and Substitution Pattern of Arene-Substituted Complexes for Asymmetric Transfer Hydrogenation of Ketones[END_REF][START_REF] Martins | Further 'Tethered' Ru(II) Catalysts for Asymmetric Transfer Hydrogenation (ATH) of Ketones; The Use of a Benzylic Linker and a Cyclohexyldiamine Ligand[END_REF][100][101][102][103] Thanks to the high activity and selectivity of the C3-tethered catalysts, hindered ketones (1,1disubstituted tetralones for example) could be reduced with high enantioselectivities (up to 99% ee) (Scheme 15). 104 According to the reaction scope, the directing effect of the CH/ interaction proved to be more effective for ketones displaying two aromatic rings or additional unsaturated groups, such as olefins or alkynes, and significantly contributed to the high levels of enantioselectivity. The tethered catalysts were also valuable for the preparation of propargylic alcohols from functionalized ynones 105 or conjugated diynones 106 in excellent ees. Thus, alkynyl-substituted ,  and -keto esters were reduced with high stereocontrol (Scheme 16). As in the case of ketones and tetralones seen above, the control of enantioselectivity takes place during the transfer of the two hydrogen atoms to the substrate. It was proposed that, at this step, the CH/ interactions between the alkyne and the catalyst have a major effect on stereocontrol (Scheme 16). In further studies, dynamic kinetic resolution could also be achieved on -substituted -ketoesters by using the same catalysts as reported by Ayad, Ratovelomanana-Vidal and co-workers. 107 Scheme 16. ATH of acetylenic ketoesters and diynones and proposed stereochemical model, by Wills and coworkers. [105][106] Afterwards, Wills and co-workers applied the same strategy to successfully reduce aryl,acetylenicketones in the presence of C3-tethered catalysts displaying either a benzene or an anisole moiety coordinated to the ruthenium centre. 108 Worthy of note, the systematic screening of substrates with highly diverse substituents allowed to rationalize steric and electronic effects and consequently to define the best substrate/catalyst match.

In order to identify more precisely the discriminating factors which underlie the high selectivity of tethered ruthenium catalysts, Wills and co-workers investigated the ATH of challenging 1,3dialkyoxy/aryloxy 2-propanones presenting little difference between the two sides of the C=O functionality (Scheme 17a). They demonstrated that the C3-tethered ruthenium catalyst led to significant ees when both electronic and steric factors differentiate the substituents of the ketone, while tuning of electronic factors only (e.g. using substituted aryloxy substituents) did not allow to improve the enantiomeric excesses. 109 Scheme 17. ATH of a dissymmetric propanone and trichloromethyl ketones. [109][110] The C3-tethered catalyst could also reduce efficiently trichloromethyl ketones, as reported by Fox and co-workers (7 substrates, up to 98% ee). 110 The corresponding optically enriched alcohols were converted into amino-amides via stereospecific Jocic-type reactions (Scheme 17b).

In the series of alkyl tethered ruthenium complexes, the variation of the size and electron-donor ability of the sulfonyl groups on the DPEN unit was also investigated. Thus, the ruthenium catalysts were optimized by tuning both the tether length and the nature of the sulfonyl group. For example, the reduction of -hydroxyacetophenone could be performed in high yields and enantioselectivities at low catalyst loading with the C3-tethered catalyst displaying a 2,4,6-triisopropylbenzenesulfonyl function (Scheme 18). 111 Scheme 18. ATH of -hydroxyacetophenone catalysed by a C3-tethered catalyst, by Wills and co-workers. 111 The family of C3-tethered ruthenium catalysts was also applied in the synthesis of various chiral intermediates of interest, notably through ATH of imines, [112][113] -azidocyclopropane carboxylates 114 and -azidoacrylates. 115 In parallel, Wills and co-workers developed ruthenium catalysts containing a benzyl-type tether (see Scheme 14) that provided high enantioselectivity in the ATH of simple acetophenones and tetralones. 116,117 The first ligand of this series was also active when associated to rhodium in the ATH of 2-substituted quinolines (up to 94% ee). 101 The introduction of an oxygen atom in the catalyst tethering chain was realized independently by Ikariaya 118 and by Wills 119 and co-workers (Scheme 19). Thanks to the optimisation of synthetic routes, the oxo-tethered catalyst Ts-DENEB® has been prepared on large scale by Takasago Int. Corp. and, like the C3-tethered Wills catalyst, it is commercially available. Compared to other tethered ruthenium catalysts described above, these complexes exhibited either close or complementary catalytic properties in the ATH of aryl-alkyl ketones. Nevertheless, the Ikariya's oxo-tethered catalyst was remarkable as far as it retained excellent catalytic performances under mild reaction conditions, with a substrate/catalyst ratio of 5000 118 Scheme 19. Ether-tethered ruthenium catalysts developed by Wills and co-workers 119 and Ikariya and coworkers. 118 Ikariya, Kayaki and co-workers applied the oxo-tethered catalyst to the ATH of benzophenones, in collaboration with Touge from the Takasago Int. Corp. 120 The reductions proceeded smoothly at 30 °C in a mixture of formic acid and triethylamine. For substrates possessing an ortho-substituted aryl group, the enantiodiscrimination was effective providing high enantiomeric excesses. Noteworthy, with nonortho-substituted benzophenones, the electronic density of the phenyl rings of the substrate could be differentiated by the catalyst, thus maintaining high levels of stereoselectivity (> 99% ee) (Scheme 20). A plausible transition state implying an edge-to-face interaction between the catalyst and the more electron-rich aryl group of the substrate was proposed.

Scheme 20. ATH of benzophenones using an oxo-tethered catalyst and proposed transition state, by Ikariya, Within these studies, Kayaki and co-workers also reported on a concise synthesis of half-sandwich  6 -arene-Ru-diamine complexes bearing a perfluorinated phenylsulfonyl group in their tethering chains, i.e. displaying N-SO2-(C6F4)-o-O(CH2)n (n = 1 or 2) tethers (see Scheme 14). 121 In parallel, Zhou and co-workers applied with success O-tethered ruthenium catalysts in the synthesis of optically enriched aryl N-heteroaryl methanols which are pharmaceutical intermediates of interest. 122 Aryl groups with opposite electronic and steric characters could be discriminated efficiently, which led to highly enantioselective ATH reactions. In this case also, the more electron-rich aryl fragments of the substrates approach preferentially the  6 -arene ligand.

Yuki, Ikariya, and co-workers, applied with success the O-tethered ruthenium catalysts in the ATH of -functionalized ketones displaying halide, methoxy, nitro, dimethylamino and ester groups. For example, reductions performed with HCO2H and HCO2K in a EtOAc/H2O solvent system allowed a highly selective access to halohydrins of high synthetic potential. The conditions above suppressed the undesired formylation and other side-reactions often encountered under the classical reaction conditions using an azeotropic mixture of HCO2H and Et3N. The excellent activity and selectivity were preserved even with a substrate/catalyst ratio of 5000. 123 Interestingly, while optimizing an industrial flow process, Touge and co-workers applied this method to the asymmetric transfer hydrogenation/dynamic kinetic resolution of an -amido -keto ester, as a suitable alternative to the previously used asymmetric hydrogenation/hydroxyl inversion on the same substrate (Scheme 21). By using the oxo-tethered catalyst, they accessed the anti diastereomer of a key intermediate in the synthesis of the D-erythro-CER[NDS] ceramide at an 80 kg production scale (96% yield, 69% de, 97% ee). 124 It is worth to note that the robust catalytic process was developed in a pipes-in-series flow reactor. After cristallization, the enantiopure product was obtained at a >50 Kg scale. Scheme 21. Industrial DKR/ATH of an -acetamido -ketoester, by Touge and co-workers (Takasago Int. Corp.). 124 The synthetic methodology above combining ATH and DKR and using O-tethered catalysts was recently applied by Kayaki, Touge and co-workers in a one step cascade synthesis of  and -lactones from racemic keto acids, leading to the control of multiple contiguous stereocenters (Scheme 22). 125 Wine lactone, a natural flavour and fragance agent, was prepared with unprecedented level of diastereoand enantioselectivity (95% yield, > 99:1 dr, 92% ee).

Scheme 22. DKR/ATH of racemic keto acids, by Kayaki, Touge and co-workers. 125 Another industrial application of the O-tethered ruthenium/DENEB catalyst was reported by Komiyama and co-workers at Teijin Pharma Limited who described the scalable synthesis of the key intermediate of a commercially available 2-adrenergic receptor agonist. 126 In this process, an -NHCbz-acetophenone was reduced into the corresponding alcohol in 71% isolated yield and 99% ee on about 7 kg scale with a S/C ratio of 1000.

In parallel, Chung and co-workers at Merck reported on the development of an efficient process for the multikilogram scale synthesis of omarigliptin, a drug for the treatment of type 2 diabetes, applicable to a manufacturing plant. 127 The DKR/ATH of an -NHBoc ketone provided the anti amino alcohol with 93% isolated yield, 24:1 dr and >99% ee (0.365 mol of substrate, HCO2H/DABCO, S/C close to 1000, 35 °C, 20 h). Sparging with N2 was critical to remove CO2 and allow an efficient process.

By following a similar approach, Wang and co-workers reported on the application of DKR/ATH for the gram scale production of syn--hydroxy -dibenzylamino esters intermediate in the synthesis of Doxidopa. 128 Other tethered ruthenium catalysts were developed by Mohar and co-workers on the basis of an enantiopure N,C-(N-ethylene-N-methyl-sulfamoyl)-tethered DPEN-toluene hybrid ligand. 129 This new catalyst was rather efficient for the ATH of challenging 1-naphthyl ketones, a large array of substrates being reduced in the presence of HCO2H/NEt3 (Scheme 23). Similar to other tethered complexes, the high selectivity induced by this catalyst stemmed from dual synergistic stereoelectronic matches between the substrate and the catalyst. Afterwards, Mohar and co-workers explored the modulation of the same complexes by varying the length of the carbon tether (from 1 to 3 CH2 units) and the para substituent (H, CH3, iPr, OMe) of the  6 -aryl. The corresponding ruthenium complexes catalysed the ATH of a broad scope of aryl,alkylketones and  or -diketones, in HCO2H/Et3N, under mild conditions, with excellent selectivities (39 substrates, 94 to > 99% ee). 130 Further modifications of the tethered ruthenium complexes led to new catalysts bearing R2NSO2DPEN-( CH2)n( 6 -aryl) type ligands 131 that performed well in the ATH of various classes of (hetero)aryl ketones using a mixture of formic acid and triethylamine. Benzo-fused cyclic ketones were hydrogenated with 98 to >99% ee using a low catalyst loading of 0.003 mol%.

Through further modification of the catalysts based on chiral DPEN tethered aryls, Mohar and coworkers achieved the selective single or double ATH of CF3C(O)-substituted benzo-fused cyclic ketones, under DKR conditions (Scheme 24). 132 Synthetic intermediates of interest like CF3-substituted 1,3-diols were obtained in excellent enantiopurities and yields applying this efficient and practical methodology. To rationalise the selectivity, it was proposed that the stereocontrol was enforced by either CH/ or CH/F attractive electrostatic interactions. In the first hydrogenation step, the CH/F interaction overcomes the CH/ interaction, thus leading to the the trifluoromethyl carbinol of (S) configuration as the singly reduced product, on the way to the fully hydrogenated anti diol product.

Scheme 24. ATH of benzo-fused -diketones leading to either keto-alcohols or diols, by Mohar and coworkers. 132 Similar tethered ruthenium catalysts were applied to the preparation of hydroxy benzo sultams (S/C = 10 000, HCO2H/Et3N, up to >99.9% ee) 133 and 2,3-disubstituted-1-indanols through DKR and ATH. 134 Recently, Mohar and co-workers reported another ruthenium tethered catalyst bearing a diamine ligand comprising a cyclic sulfonamide moiety. This catalyst was efficient in the DKR/ATH of acetamido benzo-fused cyclic ketones (Scheme 25). 135 Calculations were carried out in order to rationalize the high trans selectivity of the transformation. Two attractive stabilizing effects which were identified, the first being a "classical" CH/ interaction between the coordinated phenyl ring and the  system of the benzocyclic part of the substrate. The second interaction relied on a hydrogen bond between the SO2 moiety of the catalyst and the acetamido group of the substrate. 

Shvo type catalysts.

The Shvo catalyst is a cyclopentadienone-ligated dimeric ruthenium complex that was found to be one of the most active catalysts for the transfer hydrogenation of ketones and imines, [136][137][138] as well as for the chemoenzymatic dynamic kinetic resolution of secondary alcohols and amines (Scheme 26). 139 While in solution, this binuclear complex is in equilibrium with the coordinatively unsaturated intermediate A and the catalytically active ruthenium hydride complex AH2, both species interconverting each other through H2 exchange. The OH function of AH2 and hydride participate in the H-transfer process. After hydrogen transfer to the substrate, the AH2 species is reformed through reaction with the hydrogen donnor (HCO2H or i-PrOH) . Recently, chiral variants of these catalysts have been reported, they displayed however rather poor catalytic properties.

Scheme 26. The Shvo catalyst. [135][136][137][138] In a detailed study, Wills and co-workers adressed the preparation of a range of diastereopure cyclopentadienone-ruthenium-tricarbonyl complexes, and their application to the ATH of acetophenone (Scheme 27). 140 Though these species did not require any Me3NO to remove CO and become catalytically active, the corresponding hydrides were formed in situ using NaOH in THF, followed by addition of phosphoric acid, prior to all hydrogenation experiments. Requiring 18 to 160 hours of reaction, the catalyst activities were moderate, leading to low to good conversions (13 to 61%). The modest enantioselectivities of these hydrogenation reactions were regulated by both the stereogenic centres and the planar chirality of the catalysts. The most selective catalysts display a methyl substituent on the ligand, close to the Ru(CO)3 moiety. Racemization of these catalysts was observed after extended reaction times.

Scheme 27. Ruthenium cyclopentadienone complexes applied to the ATH of acetophenone, by Wills and coworkers. 140 In a novel contribution, Hayashi and Dou prepared planar chiral Shvo catalysts, where the chirality results solely from the non-symmetric substitution patterns of the cyclopentadienone ligands, next to the CO function (Scheme 28). 141 The ATH of imines and ketones proceeded using a 0.5 mol% catalyst loading and afforded the corresponding reduction products in average to high yields with low to average enantioselectivities, with maximum ees of about 60%. Acetophenone was much less reactive than the other activated ketones, it required 20 hours of reaction and led to lower ee. Scheme 28. Ruthenium-Shvo complexes applied to the ATH of ketones and imines, by Dou and Hayashi. 141 Overall, the known chiral Shvo-type ruthenium catalysts do not meet the current standards for enantioselective AHT reactions, in terms of both catalytic activity and enantioselectivity. Nevertheless, the promising features of the parent achiral catalyst should encourage further efforts toward catalyst design in the future.

B. Rhodium Catalysed Transfer Hydrogenations.

Compared to the Noyori-type ruthenium(II) catalysts, the corresponding isoelectronic bifunctional rhodium(III) complexes, namely Cp*Rh III (N-Ts-diamine) type complexes, 142 have been less investigated in asymmetric transfer hydrogenations. Notably, the rhodium catalysts exhibited good stability and provided variable conversions and enantioselectivies in the ATH of various ketones. [START_REF] Foubelo | Catalytic asymmetric transfer hydrogenation of ketones: recent advances[END_REF] In the time frame covered by this review, new catalytic applications of the known ligands have been developed and, moreover, two directions have been investigated more intensively: the synthesis of new ligands based on natural building blocks and the development of tethered complexes. Significant advances have been made by using these ligands and complexes in the Rh-promoted hydrogenation of a variety of ketones and functionalised olefins.

Diamine tethered  5 -cyclopentadienyl rhodium complexes with active NH functions

Wills and co-workers [START_REF] Matharu | A Stereochemically Well-Defined Rhodium(III) Catalyst for Asymmetric Transfer Hydrogenation of Ketones[END_REF][143][144] followed by Ratovelomanana-Vidal, Phansavath and co-workers [145][146][147][148][149][150][151][152] developed rhodium catalysts displaying a benzyl tether between the cyclopentadienyl and TsDPEN units, for applications in the ATH of ketones. The rhodium catalysts developed by Wills and co-workers proved to be very efficient for the reduction of a series of ketones, especially in aqueous solutions (Scheme 29). [START_REF] Matharu | A Stereochemically Well-Defined Rhodium(III) Catalyst for Asymmetric Transfer Hydrogenation of Ketones[END_REF][143][144] Scheme 29. ATH of ketones with tethered cyclopentadienyl-diamine rhodium catalysts, by Wills and co-workers. 42,143-144 Ratovelomanana-Vidal and co-workers developed the synthesis of a series of new ligands closely related to the Wills ligands, by introducing a substituent on the aromatic unit of the tether (Me, OMe, F, CH3). [145][146][147][148][149][150][151][152] These ligands provided tethered rhodium(III) catalysts efficient in the ATH of alkyl,arylketones [145][146] and in the DKR/ATH of -amino--ketoesters, leading to functionalized alcohols with high syn/anti ratios and ee. 147 The DKR/ATH of -methoxy--keto esters in water/cetyltrimethylammonium bromide was carried out then by using a tethered rhodium(III) complex that displays a N-C6F5SO2 substituted DPEN ligand. 148 In addition, Ratovelomanana-Vidal and co-workers prepared cis-3-(hydroxymethyl)chromanol derivatives with excellent diastereo-and enantioselectivity by applying the tethered rhodium(III) catalyst in the DKR/ATH of 3-substituted chromanones, under mild conditions and using HCO2H/Et3N as hydrogen source (Scheme 30). 149 The reaction proceeds via three separate hydrogenation steps. After reduction of the aldehyde and the C=C bond, the intermediate hydroxymethyl chromanone undergoes the highly enantioselective ATH reaction under dynamic kinetic resolution conditions.

Scheme 30. DKR/ATH of 3-formyl chromanones, by Ratovelomanana-Vidal and co-workers. 149 Very recently, the same group described the first highly chemo-and stereoselective ATH of -keto-acetal enamides in the presence of a tethered rhodium(III) catalyst (Scheme 31). 150 A high chemoselectivity in favour of the reduction of the carbonyl group over the C=C bond was observed. The reaction tolerated various aromatic substituents and demonstrated better enantioselectivities with substrates bearing a dioxane as the acetal moiety (up to 99% ee). Scheme 31. Chemoselective ATH of -keto--acetal enamides, by Ratovelomanana-Vidal and co-workers. 150 Furthermore, Ratovelomanana-Vidal and co-workers used the same rhodium(III) catalyst to develop the first ATH of 4-quinolone derivatives and obtained 1,2,3,4-tetrahydroquinolin-4-ol derivatives with excellent levels of enantioselectivity. 151 In collaboration with Zhang and co-workers the tethered rhodium(III) catalyst has been applied alsoin the diastereoelective transfer hydrogenation of optically pure -aminoalkyl-'-chloromethyl ketones. The method allowed to prepare the key intermediates for the synthesis of HIV protease inhibitors (up to 99% yield, up to 99:1 dr). 152 Overall, the results above clearly demonstrate that tethering the Cp* and diamine ligands is a suitable strategy for the design of rhodium-based catalysts for enantioselective reactions.

Aminoacid derived amides and thioamides with active NH functions

Natural products were also used as chiral motifs for the development of original ligands. Essentially, ligands based on amino acid derivatives and pseudopeptides, possibly combined with sugars, were investigated as already highlighted in Section II.A.1 above. Thus, within their extended studies on the application of amino acids as ligand precursors, [153][154] Adolfsson and co-workers synthesized a series of 1,2,3-triazole-functionalized amino acid derived thioamide ligands. A ligand of this series, when associated to the dimeric Cp*-rhodium dichloride, provided good catalystsfor the ATH of aryl,alkyl-ketones in the presence of sodium iso-propoxide and lithium chloride in 2-propanol (Scheme 32). 155 The corresponding alcohols were obtained with good to high conversion rates, with enantioselectivities up to 93%. Himo, Adolfsson and co-workers carried out then a theoretical study on the ATH of ketones catalysed by these amino acid-derived rhodium complexes. 156 Similarly to the ruthenium complexes described above (see for instance Schemes 1 and 13), the rhodium(III) complexes proved to operate as bifunctional catalysts and CH/ interactions between the substrate and the Cp* ligand were shown to significantly contribute to the stereoselectivity of the reductions. The first generation of pseudodipeptide ligands modified by carbohydrates shown in Scheme 9, was also applied with success in rhodium catalysed ATH reactions. [START_REF] Coll | Carbohydrate-Based Pseudo-Dipeptides: New Ligands for the Highly Enantioselective Ru-Catalyzed Transfer Hydrogenation Reaction[END_REF] Later on, 2 nd and 3 rd generation ligands were prepared by Diéguez, Pàmies and co-workers, as well as by Adolfsson and co-workers for applications in rhodium and ruthenium ATH of ketones. The second generation was composed of thioamides obtained by combining D-glucose derivatives and various -amino acids which were tuned for optimization. The resulting rhodium catalysts enabled ATH of aryl,alkyl-and heteroaromatic-ketones with excellent enantioselectivity. [START_REF] Coll | Carbohydrate-Based Pseudo-Dipeptides: New Ligands for the Highly Enantioselective Ru-Catalyzed Transfer Hydrogenation Reaction[END_REF]157 The third generation of -amino acid derived amides and thioamides were Dmannose derivatives. The corresponding ruthenium complexes of -hydroxy-amides and rhodiumcomplexes of thioamides acted as ATH catalysts for ketones in a complementary way and allowed to access both enantiomers of each alcohol (Scheme 33). 158 These catalysts were highly efficient in the ATH of a broad scope of ketones (41 examples, up to >99% ee), i.e. aryl,alkyl-, alkyl,alkyl-, heteroaryl-and unsaturated ketones, but also in tandem isomerization/ATH reactions (rhodium and ruthenium catalysts, 11 examples, up to 99% ee) and in the tandem alkylation/ATH of acetophenones and acetyl pyridine (ruthenium catalyst, 8 examples, up to 92% ee).

Scheme 33. Sugar-modified -amino acid derived hydroxyamide and thioamide ligands applied in the ATH and tandem reactions of ketones by Diéguez, Pàmies and co-workers. 158 These recent developments prove that chiral rhodium catalysts bearing either thetered Cp*/diamine ligands or amino acid as well as pseudopeptide based ligands are suited for asymmetric transfer hydrogenation of various ketones. Even if they were less investigated then their ruthenium congeners, efforts to design new chiral ligands for rhodium catalyzed asymmetric transfer hydrogenation has led to significant achievements.

C. Iridium Catalysed Transfer Hydrogenations.

Only a few new bifunctional iridium catalysts have been developed in the last decade for applications in ATH. These catalysts may display either active NH functions, according to the Noyori's model, or remote H-bonding functions that participate in the stereochemical control by interacting with the substrates. Two innovative concepts have been introduced in terms of catalyst design, i.e. the use of iridium-based artificial metallo-enzymes and chiral-at-metal octahedral complexes.

1. Amino-and Amido Iridium(III) Catalysts with Active NH Functions.

Iridium catalysts displaying classical diamines, sulfonylated diamines or tridentate phosphinediamines as chiral ligands, were often investigated in parallel to ruthenium and rhodium catalysts and proved to be useful for the ATH of ketones and imines. [START_REF] Wang | The Golden Age of Transfer Hydrogenation[END_REF]159 The commun feature of these complexes is that an NH function of the ligand participates in the enantiodetermining step via H-transfer to the substrate.

Initially, Wills and co-workers applied proline-functionalized DPEN, already introduced in section II.A.1 as chiral ligands for ruthenium complexes, to rhodium and iridium promoted ATH of ketones. [START_REF] Manville | Application of Proline-Functionalized 1,2-Diphenylethane-1,2-diamine (DPEN) in Asymmetric Transfer Hydrogenation of Ketones[END_REF] However, these catalysts were far less efficient than their ruthenium counterparts. Combined with [RhCl2Cp*]2, these ligands gave 3-68% conversions and up to 85% ee; while with [IrCl2Cp*]2, they gave 0-33% conversion and 14-47% ee (4 examples). In parallel studies however, Carreira and co-workers designed new aqua iridium(III) catalysts that proved successful for the challenging ATH of -cyano and -nitro acetophenones (Scheme 34). 160 Optically active 1,2-diamine ligands appeared as interesting alternatives to the commonly used monosulfonylated diamines. Four stable aqua iridium(III)-diamine complexes were evaluated in the ATH of 2-cyanoacetophenone with sodium formate in water/methanol and led to the corresponding alcohols in 63-90% yields and 47-95% ees. The best catalyst proved to be a DPEN derivative with m-CF3 substituents on the phenyl groups of the diamine. It was highly active for the ATH of -cyanoketones and little less active for the ATH of -nitroketones, high enantioselectivities being reached in both cases. In particular, ortho-substituted acetophenones ketones were hydrogenated with excellent ees thanks to an "ortho-effect".

Scheme 34. ATH of -cyano and -nitro acetophenones with iridium aqua-diamine complexes, by Carreira and coworkers. 160 Other catalytic processes were developed by Xie, Zhou and co-workers by applying iridium(III) catalysts based on tridentate pyridine-aminophosphine ligands displaying a spiranic scaffold to the ATH of ketones and alkynyl ketones (Scheme 35). 161 The reactions proceeded in ethanol and afforded the corresponding chiral alcohols with excellent conversions and enantioselectivities. Authors demonstrated that ethanol was converted into ethyl acetate, thus providing the hydride required for the hydrogenation reaction. Zhou and co-workers subsequently studied the ATH of alkynyl ketones using the same family of iridium complexes. Thanks to a combination of sodium formate and ethanol as hydrogen sources, the catalytic system did not require any base to proceed and led to the very efficient ATH of alkynyl ketones (catalyst 0.5-1 mol%, 90 °C, 4-48 h, 86-99% yield and 84-98% ee). 162 Scheme 35. P,N,N-tridentate ligands for the iridium catalysed ATH of aryl,alkyl-ketones and alkynyl ketones, by Xie, Zhou and co-workers. [161][162] Ikariya, Kayaki and co-workers prepared C,N-chelated amidoiridium metallacycles bearing a stereogenic carbon centre  to the amido moiety. 163 Monomeric and dimeric iridium complexes were characterized. Monomeric species exhibited outstanding catalytic activity in the ATH of acetophenone in i-PrOH, furnishing (S)-phenyl ethanol with high ee (S/C = 1000, 4 h at -30°C, 78% yield, 81% ee). It was demonstrated that the unsaturated amido iridium complex reacts with i-PrOH to give the corresponding amino-hydrido complex as a mixture of two diastereoisomers in a 24/1 ratio (Scheme 36). It was proposed that the steric hindrance of the t-Bu group directs the addition of i-PrOH to the amido complex, leading to the highly selective formation of the RCSIr isomer of the iridium hydride. In the ATH reaction, this complex induced then hydride and proton transfers to the Re-face of the ketone, the reaction being controlled by the attractive CH/ interactions between the phenyl ring of the substrate and the Cp* ligand. Scheme 36. Cyclometalated amidoiridium catalyst in the ATH of acetophenone, by Ikariya, Kayaki and coworkers. 163 A highly innovative approach to enantioselective metal catalysis has been introduced by T. Ward who developed the so-called artificial metalloenzymes, by introducing an organometallic catalyst within a protein environment by means of non-covalent interactions. Among others, in 2008, Ward, Stenkamp and co-workers reported  6 -arene-ruthenium complexes bearing a biotinylated aminosulfonamide ligand that, combined with suitable proteins, could be used in the ATH of ketones. 164 Later on, in 2011, Ward and co-workers described the application of analogous iridium complexes to ATH reactions. [165][166][167][168] They identified a biotinylated Cp* iridium complex, combined with streptavidin (Sav), as the most promising catalyst for the ATH of imines, while ruthenium and rhodium complexes were superior for the hydrogenation of ketones. 166 Iridium complexes were used notably for the preparation of Salsolidine through ATH of the isoquinoline precursor. After chemical and genetic optimization of the artificial transfer hydrogenase, the synthesis of Salsolidine was efficiently realized with up to 96% ee (Scheme 37). Based on X-Ray structural data, the authors suggested that the reaction could proceed through a non-concerted mechanism, that a CH- interaction may contribute to the stereochemical control and that the K121 residue of S112A Sav may participate in the protonation step to afford the chiral amine (Scheme 37). This proton transfer from the ammonium group of the supramolecular biotine-Sav ligand to the imine seems essential for the ATH reaction to proceed. 167,168 Scheme 37. Salsolidine synthesis by ATH catalysed by an artificial enzyme and postulated transition state, by Ward and co-workers. 166 Thus, this work on iridium complexes provides new examples of reactions where a supramolecular ligand enables a catalytic process thanks to the involvement of a remote functional group.

Octahedral Chiral-at-Metal Iridium(III) Catalysts with -Stacking and H-Bonding Ligands.

Within their extended studies on chiral-at-metal complexes, Meggers and co-workers developed biscyclometalated octahedral iridium(III) complexes in which the metal is the only stereogenic element. 169 These complexes contain two metallacyclic units made of C,N-bidentate benzoxazole-type ligands positioned in a propeller-type fashion. The chiral iridium centre is also coordinated by a bidentate 5trifluoroacetamido-3-(2-pyridyl)-1H-pyrazole ligand (Scheme 38). In the ATH of nitroalkenes with Hantzsch esters as hydrogen donors, the trifluoroacetamido-pyrazole unit of the ligand acted as a double hydrogen-bond donor to the substrate. Concurrently, the hydroxymethyl substituent of one of the benzoxazole ligands served as hydrogen-bond acceptor toward the Hantzsch ester. Thanks to the conformational constraints generated by these cooperative interactions between the catalyst and the substrate, the ATH of nitroalkenes proceeded in high yields and enantioselectivities at low catalysts loadings.

Scheme 38. Chiral-at-metal iridium catalysts for ATH of nitroalkenes and proposed reaction intermediate, by Meggers and co-workers. 169 In order to access highly efficient catalysts for the ATH of ketones, Meggers and co-workers modified their catalyst by combining two phenylbenzothiazole-based metallacycles and a monodentate ligand. 170 3,5dimethyl-pyrazole appeared to be the best choice to reach efficient and selective iridium catalysts for ATHs using HCO2NH4 as hydrogen source in H2O/THF as solvent mixture (Scheme 39). It was proposed that, after coordination of the pyrazole ligand to the Ir precursor by substitution of acetonitrile, the iridium complex reacts with ammonium formate to generate an active iridium hydride species, with the assistance of the pyrazole ligand. The complex behaves as a bifunctional catalyst, giving concerted transfer of both the hydride and the pyrazole NH proton to the carbonyl, and leads to the chiral alcohol product. Minimal steric hindrance as well as additional - stacking between the aromatic ring of the substrate and one of the benzothiazole ligands were suggested to account for the high level of asymmetric induction (Scheme 39). Scheme 39. Chiral-at-metal iridium catalysts for ATH of ketones and proposed transition state, by Meggers and coworkers. 170 Enantiomeric excesses of over 90% were attained in the ATH of a variety of aryl-or heteroaryl-methyl ketones, -ketoesters, indanone and a diaryl-ketone (20 examples). These excellent results have validated the Meggers's ambitious design of chiral-at-metal catalysts for ATH reactions.

D. Osmium Catalysed Transfer Hydrogenations.

Considering the potential of ruthenium catalysts for application in ATH of ketones, it was not surprising the potential of osmium catalysts was similarly considered. Indeed, piano stool osmium complexes were investigated while being associated essentially with ligands like -amino acid derivatives 171 and TsDPEN. 172 The ATH mechanism of such catalysts was also studied by calculations for the specific case of pyruvic acid reduction. 173 Carmona and co-workers developed the synthesis of mono and trimeric half-sandwhich osmium complexes bearing amino acid derivatives. 171 The neutral monomeric and cationic trimeric compounds catalysed ATH of few ketones like acetophenone using i-PrOH with up to 72% ee (Scheme 40a). It was assumed that these catalysts proceeded through a Noyori's bifunctional mechanism. Afterwards, Sadler, Wills and co-workers developed robust and effective (p-cymene)osmium catalysts containing the original TsDPEN ligand coordinated in monodentate or bidentate modes in ATH of acetophenone derivatives was successfully performed in average to high conversions and high ees (Scheme 40b). 172 Scheme 40. Monomeric and trimeric arene-osmium catalyst for ATH of ketones by Carmona and co-workers 171 (a) and by Sadler, Wills and co-workers (b). 172 These new osmium-arene catalysts are effective in the ATH of prochiral ketones. They operate most probably following Noyori's bifunctional mechanism. The ease of preparation of the pre-catalysts and their high stability makes them attractive for applications in ATH transformations.

III. Asymmetric Hydrogenations Using Bifunctional

Catalysts.

This section relates to the catalytic hydrogenations of ketones, imines and olefins where molecular hydrogen itself is used as the reducing agent, under metal activation. As in the previous section, ruthenium, rhodium and iridium-based catalysts that operate as bifunctional catalysts are considered. In terms of reaction pathways, the most frequent remains the cooperative H-tranfer from the metal and from an amino-group of the ligand. In addition, bifunctional catalysts giving H-bonds with the substrates have been reported.

A. Ruthenium Catalysed Hydrogenations.

Shvo Type Catalysts.

Recently, a few attempts have been made to use chiral analogues of the Shvo catalyst in the asymmetric hydrogenation (AH) of simple ketones. Despite the high catalytic activity, these attempts met with moderate success only, in terms of enantioselectivity levels.

Thus, inspired by the Shvo catalyst (Scheme 26), [136][137][138] Yamamoto and co-workers reported the synthesis of spirocyclic C-riboside derived ruthenium complexes (Scheme 41). 174 In terms of mechanism, the successfull application of an ex-situ prepared active hydride ruthenium complex bearing the ribose-derived hydroxycyclopentadienyl ligand allows a close correlation with the bifunctional Shvo catalysts mode of action described in ATH section II.A.2. Such chiral ruthenium catalysts proved to be active for the asymmetric hydrogenation of acetophenone, but the enantiomeric excesses were low. Scheme 41. AH of acetophenone using a ruthenium cyclopentadienone catalyst, by Yamamoto and coworkers. 174 In 2019, Wills and co-workers reported a series of four enantiomerically-pure ruthenium tricarbonyl cyclopentadienone complexes derived from chiral bicyclic cyclopentenones (Scheme 42). 175 All were active in the model AH of acetophenone but the enantiomeric excesses were low. Interestingly, enantiomeric excesses could be increased up to 46% by combining hydrogenation and transfer hydrogenation, i.e. by running the reaction under hydrogen, in aqueous isopropanol with a catalytic amount of i-Pr2NEt or pyridine. Scheme 42. AH of acetophenone using a ruthenium cyclopentadienone catalyst, by Wills and co-workers. 175

Noyori Type Catalysts.

Parallel to the investigation of Noyori type ruthenium catalysts for the asymmetric transfer hydrogenation, research efforts have been directed toward the application of such catalysts also in asymmetric hydrogenation in presence of molecular hydrogen. During the last decade, several classes of chiral ligands such as diaminophosphines (P,N,N) and tetradentate (N2(NH)2) have been associated to ruthenium as well as phosphino amine (P,N) and diamines (N,N) to  6 -arene-ruthenium, and diamines tethered to  6 -arenes. Selected examples of applications of such ligands are given below.

Tridentate phosphino diamine ruthenium catalyst.

Kitamura and co-workers developed a chiral ruthenium(II) complex based on an axially chiral PN(H)N ligand, called binan-Py-PPh2, and containing dimethylsulfoxides as additional ligands. [176][177] Once combined with a catalytic amount of base and an excess of dimethylsulfoxide, this complex catalysed effectively the challenging AH of functionalized and unfunctionalized tert-alkyl ketones, the resulting alcohols being obtained in high yields, with good to excellent enantioselectivities (Scheme 43). [176][177] Scheme 43. AH of sterically hindered ketones using a PN(H)N ligand-based ruthenium catalyst, by Kitamura and co-workers. [176][177] Kitamura and co-workers investigated the mechanism of these catalysed hydrogenations through structural analyses, NMR experiments including isotope labelings, kinetic and rate law studies as well as control experiments (Scheme 44). [177][178] At first, the linear and flexible tridentate ligand PN(H)N coordinated to ruthenium and formed selectively a fac-octahedral complex by reacting with DMSO. Indeed, the fac-[Ru(PN(H)N)(dmso)3](BF4)2 complex results from the coordination of three DMSO ligands through their soft sulfur atom to the soft ruthenium center, in relative cis-positions. Afterwards, the reaction of this pre-catalyst with two equivalents of potassium methanolate, generated from t-BuOK in a 9:1 CH3OH-DMSO mixture, led to the catalytically active ruthenium hydride methanolate complex. The hydrogenation of tert-alkyl ketones proceeded then via one of the two outer-sphere bifunctional mechanisms displayed in Scheme 44. Indeed, the hydride methanolate complex may be in equilibrium with the cationic complex with a methanolate counterion, or, alternatively, it can be deprotonated by MeOK to give a potassium amide complex. Both complexes proved able to split hydrogen and form active ruthenium dihydride complexes which will transfer then the hydride preferentially to the Re-face of the tert-alkyl ketone substrates. Finally, the (S)-configured alcohols were delivered by reaction with methanol. The catalytic cycle involving the potassium amide complex (Scheme 44, right) is slower and its contribution to the asymmetric hydrogenation was found to depend on the concentration of the base and the pKa of the ketone substrate.

Scheme 44. Mechanism of the AH of sterically hindered ketones using a ruthenium catalyst based on a PN(H)N ligand, by Kitamura and co-workers. [177][178] Tetradentate N2(NH)2 ruthenium catalyst.

In another work, Kitamura and co-workers focused on a ruthenium(II) catalyst based on a chiral tetradentate amino-pyridine, N2(NH)2 Goodwin-Lions-type ligand, (R)-Ph-binan-H-Py. 179 The AH of acetophenone was effectively performed in high enantiomeric excess and the reaction mechanism was investigated through structural analyses, NMR experiments and kinetic studies (Scheme 45). Authors showed that the reaction between the chiral N2(NH)2 ligand and the bis(2-methylallyl)cyclooctadiene ruthenium complex, under H2 pressure, provided the expected cis ruthenium dihydride complex in tiny amounts only, the starting materials remaining mostly unreacted. This species proved able to catalyze the hydrogenation of acetophenone through the usual outher sphere H-transfer bifunctional mechanism. The approach of acetophenone to the ruthenium complex through its Si-face is efficiently directed by CH/ and hydrogen bonding interactions. This allows a combined hydride and proton transfer affording (R)-phenylethanol and a ruthenium amide complex which could be reversibly trapped by acetophenone to give a ruthenium enolate species. Finally, the ruthenium amide complex led to the starting ruthenium dihydride by coordination and split of hydrogen, the hydrogen splitting step being rate-determining. Phosphino amine derived  6 -arene-ruthenium catalysts.

In 2010, Ikaryia and co-workers reported AHs catalysed by piano stool, Cp*-ruthenium(II) complexes comprising simple chiral amino-phosphine ligands, that were initially applied to ATH. For example, ruthenium(II) catalysts based on chiral cyclic PN ligands were applied to the asymmetric hydrogenation/desymetrization of cyclic and bicyclic imides (Scheme 46). 180 These reactions involved cleavage of a C-N bond and led to amides with remote hydroxymethyl groups, with high conversions and good to excellent enantioselectivities. Later on, analogous diamine-based catalysts have been applied to hydrogenative DKR of a lactone. 181 Scheme 46. AH of imides using a ruthenium catalyst based on a PN ligand, by Fan and co-workers studied chiral  6 -arene-ruthenium(II)-MsDPEN (or other sulfonylated DPEN) catalysts in the AH of a broad range of acyclic and cyclic imines [182][183] including quinoxalines (Scheme 47). 184 They demonstrated the use of a cationic catalyst displaying a lipophilic and non-coordinating counterion, i.e. tetrakis [3,5-bis(trifluoromethyl)phenyl]borate (BArF24). This catalyst led to the hydrogenation of these substrates in high yields and enantioselectivities. Scheme 47. AH of imines and quinoxalines using a cationic ruthenium amido catalyst, by Fan and co-workers. [182][183][184] In parallel studies, Chan, Fan and co-workers applied analogous cationic  6 -arene-ruthenium(II)-MsDPEN or TsDPEN complexes with triflate counterions, to the AH of a broad scope of quinolines (Scheme 48). 185 The resulting 1,2,3,4-tetrahydroquinolines were obtained with full conversions and high enantioselectivities.

Scheme 48. AH of quinolines using a cationic ruthenium amido catalyst, by Chan and co-workers. 185 The reaction mechanism was studied through stoichiometric reactions, isolation of intermediates, isotope labelings and theoretical studies. These studies demonstrated a cationic cascade pathway including a 1,4-hydride addition, an isomerization step and a 1,2-hydride addition (Scheme 49). At first, the cationic ruthenium complex coordinates and splits dihydrogen with the assistance of the basic substrate. The resulting ruthenium hydride reacts with the protonated quinoline through a 1,4-hydride transfer to release 1,4-dihydroquinoline and the starting cationic complex. The dihydroquinoline undergoes proton tansfer to generate the isomeric 3,4-dihydroquinolinium triflate which serves then as a substrate for the second hydrogenation cycle. The enantiodetermining step consists in an irreversible 1,2-hydride transfer to the iminium salt, assisted by the triflate anion. According to theoretical studies, the transition state would involve CH/ interactions between the ruthenium arene ligand and the fused phenyl ring of the substrate, as well as hydrogen bonds between the triflate anion and the NH functions of both the substrate and the diamine ligand (Scheme 49). The hydride transfer would proceed on the Si face of the dihydroquinolinium and lead to an (R)-configured tetrahydroquinoline, as observed experimentally.

Scheme 49. Mechanism of the AH of quinolines using a cationic ruthenium amido catalyst, by Chan and coworkers. 185 Fan and co-workers applied cationic  6 -arene-ruthenium(II) Ms-DPEN or Tos-DPEN catalysts to the AH of 2,4-disubstituted 1,5-benzodiazepines (Scheme 50). 186 The reduced products were obtained in high yields, enantioselectivities and diastereoselectivities. Upon changing the achiral counteranion from phosphate (PhO)2PO2 (-) to BArF24 (-) , authors observed a reversal of the enantioselectivity in the hydrogenation of aryl substituted benzodiazepines. Surprisingly, the use of chiral couteranion (S)-BinolPO2 (-) did not result in an enantioinversion, perhaps due to its bulkiness. In order to rationalize the enantioinversion, two different transition states were proposed (Scheme 50). The first one would involve the (R,R)-ruthenium catalyst, the phosphate anion and the substrate. CH/ interactions are established between the  6 -arene ligand and the fused phenyl ring of the substrate, while hydrogen bonds are formed between the phosphate anion and the NH fonctions of both the substrate and the diamine ligand. This transition state would allow an hydride transfer to the Re face of the substrate and lead to an (S,S)-configured product, as observed experimentally. The second possible transition state would involve the (R,R)ruthenium catalyst and the substrate, with CH/ interactions between the arene ligand and a phenyl substituent of the substrate. The non-coordinating BArF24 anion does not play any role (Scheme 51). This would allow an hydride transfer to the Si face of the substrate imine moiety and lead to an (R,R)tetrahydrobenzodiazepine, as observed.

Scheme 50. AH of benzodiazepines using cationic  6 -arene ruthenium amido catalysts, by Further experimental data confirmed these models. Indeed, the enantioinversion was not observed with alkyl substituted substrates. Moreover, the addition of increasing amounts of methanol, that is expected to suppress hydrogen bonds in the postulated transition state, led to a gradual decrease of the enantioselectivity and even to enantioinversion when the phosphate was the counterion.

Fan and co-workers applied further the same catalytic system to the AH of imines and indoles (Scheme 51a). [187][188] The reactions proceeded in high yields and enantioselectivities and the kinetic resolution of racemic 3,3-unsymmetrically disubstituted 3H-indoles was also achieved (Scheme 51b).

Scheme 51. AH of indoles using a  6 -arene amido-ruthenium catalyst, by Fan and co-workers. [187][188] Diamine tethered  6 -arene-ruthenium catalysts.

Following the successfull development by Wills of ruthenium catalysts with  6 -arenes tethered to diamine ligands, Ikariya and co-workers reported the synthesis and applications of oxo-tethered ruthenium(II) complexes for both ATH (see Scheme 18) and AH reactions (Scheme 52). 118 Thus, for instance, the bis-amido-ruthenium complex in Scheme 52 and its HCl adduct could be used in AH reactions. By comparison to non-tethered catalysts, the activity of these species was much higher, ketones being hydrogenated in high yields and enantioselectivities in shorter reaction times, at low catalyst loadings. Results underlined that a fine tuning of the electronic features of the metal and the nitrogen ligands was required in order to optimize the catalyst performances, as well as that the bis-amido complex is usually more active than the ruthenium chloride analogue.

Scheme 52. AH of ketones using oxo-tethered ruthenium catalysts, by Wills and co-workers studied arene-diamine tethered ruthenium(II) catalysts in the AH of several simple ketones (Scheme 53). 102 At the exception of fluorinated, sterically hindered and ,-conjugated ketones, all substrates were reduced with high conversions and enantioselectivities using the ruthenium chloride pre-catalysts and without any additional base.

Scheme 53. AH of ketones using a tethered ruthenium amido catalyst, by Wills and co-workers. 102

Outher sphere hydrogenation catalysts with active NH functions (Noyori's type)

Glorius and co-workers reported the synthesis and applications of some unusual ruthenium(II) complexes displaying chiral N-heterocyclic carbenes (NHC) and DPEN type diamine ligands (Scheme 54). [189][190] These complexes feature a C,N-metallacyclic structure involving the phenyl substituent of the DPEN ligand. After activation with tBuOK, the complexes catalyse the AH of various isocoumarins in high yields and enantioselectivities, affording key building blocks for the total synthesis of compounds of biological interest like O-methylmellein, mellein, and ochratoxin A. 189 Scheme 54. AH of isocoumarins, benzothiophene 1,1-dioxide and cyclic ketones using a ruthenium NHC catalyst, by Glorius and co-workers. [189][190] The catalyst was also effective in the AH of a range of benzothiophene 1,1-dioxides (Scheme 53b), and some cyclic ketones (Scheme 54c). 190 Studies by stoichiometric reactions, NMR experiments and calculations led to a possible reaction mechanism for the hydrogenation of benzothiophene dioxides (Scheme 55). At first, the ruthenium pre-catalyst reacts with the base to give an amido complex which is able to split dihydrogen heterolytically, leading to a ruthenium hydride species. Afterwards, the benzothiophene 1,1-dioxide interacts with the catalyst through hydrogen bonding between the oxygen atom of the sulfone and the amine NH proton. The hydride and proton transfers proceed in a stepwise manner, as known for other outer-sphere bifunctional hydrogenation processes. First, the nucleophilic ruthenium hydride adds to the -position of the sulfone to give a stabilized intermediate. Follows a proton transfer from the amine NH to the -position of the sulfone which takes place preferentially at the Re face of the substrate, leading to the (S)-configured reduced product. The ruthenium amido complex is released as the catalyst resting state.

Scheme 55. Mechanism of the AH of benzothiophene 1,1-dioxide using a ruthenium NHC-diamine catalyst by Glorius and co-workers. 190

B. Rhodium Catalysed Hydrogenations.

The strategy implying a catalytic rhodium active site combined with a second activation mode has also been investigated in the asymmetric hydrogenation with molecular hydrogen. Hydrogen bonding between ligands and either the substrates or halide counteranions as well as noncovalent interactions through ions pairing between ligands or substrates have been smartly investigated. The selected recent examples given below will highlight the value of such approaches.

Catalysts Implying Hydrogen Bondings between Ligands and Either Substrates or Halide Counteranions

Several rhodium-based catalysts for AH reactions have been developed recently by taking advantage of weak, non-covalent interactions between suitably functionalized ligands and substrates to increase the stereochemical control. If classical H-bonding with substrates are still prevailing in this field, the possible role of bondings between H-donors and halide counterions (anion binding catalysis) has been also highlighted and succesfully exploited recently. A few examples of these two activation pathways are shown hereafter.

For more than a decade, Reek and co-workers have been working on the application of supramolecular ligands to homogeneous catalysis. [191][192] In this context, special attention was payed to ligands able to give H-bondings to other ligands and, therefore, H-bonding phenomena involving ligands and substrates have been often highlighted. A first generation of supramolecular ligands had implied a hydrogen bond between the NH moiety of a phosphoramidite and the carbonyl of a urea-functionalized phosphine. 191 A second generation associated phosphoramidites and diphosphine monoxides. [192][193] While investigating these second generation catalysts in the rhodium catalysed AH of -unsaturated esters, the authors noticed especially high activities and enantioselectivities for substrates bearing a hydroxyl group (Scheme 56). According to NMR, kinetic and theoretical studies, the catalyst and the -conjugated ester interact through coordination of the C=C and C=O double bonds to rhodium and, additionally, by two hydrogen bonds connecting the hydroxyl group to both the phosphine oxide and the phosphoramidite NH functions. These supramolecular interactions were shown to be strong enough to stabilize the transition state in the rate determining hydride transfer step (see Scheme 56b), thus leading to higher catalytic activities.

Scheme 56. AH of -conjugated ester using supramolecular rhodium catalysts, by Reek and co-workers. [191][192][193] In 2013, Zhang, Wang and co-workers introduced a novel chiral ferrocene-based bisphosphinethiourea ligand named ZhaoPhos, in order to take advantage from thiourea as an activating and directing group (Scheme 57). 194 This ligand design proved especially successful for applications in rhodiumpromoted asymmetric hydrogenations of functionalized, cyclic and acyclic olefins and iminium salts. A few recent examples are shown hereafter.

A rhodium(I)-ZhaoPhos complex was applied to the AH of some challenging β,β-disubstituted nitroalkenes and the hydrogenated products were obtained in high yields and enantioselectivities. According to control experiments and by comparison with other diphosphine ligands, it was demonstrated that the activation of the substrate was effectively directed by the thiourea moiety of the ligand. The catalytic system was further applied to the AH of β-amido nitroolefins, the resulting chiral β-amino nitroalkanes being obtained in high yields and enantioselectivities. 195 Scheme 57. AH of β,β-disubstituted nitroalkenes using a rhodium catalyst based on a bisphosphine-thiourea ligand, by Zhang,Wang, Zhang and co-workers also reported the AH of α,β-unsaturated carbonyl compounds promoted by the rhodium-ZhaoPhos complexes (Scheme 58). 196 At the exception of sterically hindered substrates, the resulting chiral amides and esters were obtained in high yields and enantioselectivities. A reaction under deuterium gaz led to an and -deuterated product and therefore indicated an inner-sphere mechanism, like in most common rhodium catalysed hydrogenations. Authors proposed a transition state implying coordination of the C=C double bond to rhodium and H-bonding of the carbonyl with the thiourea moiety. Such catalytic system was then effectively applied to the AH of ethyl (Z)-and (E)-3substituted-3-thio-acrylates 197 and α,β-unsaturated sulfones, 198 the latter requiring a specific solvent mixture in order to avoid decomposition of the catalyst (Scheme 58).

Scheme 58. AH of α,β-unsaturated esters and amides, 3-substituted-3-thio-acrylates and α,β-unsaturated sulfones using a ZhaoPhos rhodium catalyst, by The same catalytic system was further applied to the AH of cyclic electron-poor olefins like 3substituted maleic anhydrides and maleimides (Scheme 59a). [199][200] The corresponding 3-substituted succinic anhydrides and succinimides were obtained in high yields and enantioselectivities, using low catalyst loadings. The method was successfully applied to the synthesis of bioactive compounds such as the hypoglycemic drug mitiglinide and a potent α-2-adrenoceptor antagonist. In addition, β-substituted α,β-unsaturated lactams were reduced to the corresponding chiral γ-lactams in high yields and enantioselectivities irrespective of the substituents on the lactam nitrogen (Scheme 59b). 201 This methodology allowed the synthesis of chiral bioactive compounds such as (R)-rolipram, pyrrolidines and γ-amino acids like (R)-baclofen, a GABA receptor agonist. 1,5-benzothiazepines were also prepared stereoselectively, without any catalyst inhibition related to the sulfur atom (Scheme 59c). The method allowed a direct access to the antidepressant drug (R)-(-)-thiazesim. 202 Finally, this catalytic AH could be applied to the reduction of exocyclic double bonds of α,β-unsaturated cyclic carbonyl compounds. The corresponding lactones, lactams and cyclic ketones were obtained in high yields and enantioselectivities (Scheme 59d). 203 Scheme 59. AH of β-substituted α,β-unsaturated lactams, α,β-unsaturated carbonyl compounds, 3-substituted maleic anhydrides and maleimides using a ZhaoPhos rhodium catalyst, by Zhang, Dong, Yin, Wen, Lv and coworkers. [199][200][201][202][203] While studying the AH of -cyanocinnamic esters, Zhang and co-workers demonstrated that the simple N-methylation of one NH group of the ZhaoPhos ligand improved significantly the enantioselectivity of the hydrogenation reaction, thus enabling an efficient synthesis of chiral aminobutyric acid (GABA) derivatives (Scheme 60a). 204 Experiments and calculations were performed to investigate the non-covalent interactions between the substrate and the possible catalytically active species. The results indicated that the N-methylated ligand, a single hydrogen bond donor, affords a stronger hydrogen bonding than ZhaoPhos itself that is a potential double hydrogen bond donor. Finally, this catalytic AH was effectively applied to the synthesis of a number of compounds of interest like (S)pregabalin, (R)-phenibut, (R)-baclofen, chiral -amino alcohols, chiral -lactam and chiral pyrrolidines.

It is worth to note that a series of substituted benzo[b]thiophene 1,1-dioxides were also hydrogenated in high yields and enantioselectivities at low catalyst loadings (Scheme 60b). 205 Scheme 60. AH of -cyanocinnamic esters and benzo[b]thiophene 1,1-dioxides using a N-methylated ZhaoPhosrhodium catalyst by Zhang and co-workers. [204][205] In a recent report, Zhang, Dong and co-workers studied the AH of (Z)-β-substituted-β-boryl-α,βunsaturated esters in the presence of the rhodium-ZhaoPhos catalyst (Scheme 61). 206 At the exception of alkyl derivatives (R 2 =alkyl), the β-boryl saturated ester products were obtained in high yields and enantioselectivities, some being subsequently converted to other versatile synthetic intermediates, like methyl (S)-3-hydroxy-3-phenylpropanoate and methyl (S)-3-(furan-2-yl)-3-phenylpropanoate.

Scheme 61. AH of (Z)-β-substituted-β-boryl-α,β-unsaturated esters using a rhodium-ZhaoPhos catalyst, by The application of the same bisphosphine-thiourea ligand to hydrogenation processes involving anion-binding type catalysis has been reported. This is typified by the AH of unprotected NH imines shown in Scheme 62. The catalyst was generated in situ from the ligand and [(COD)RhCl]2L and the desired amines were obtained in high yields and enantioselectivities, at the exception of dialkylated substrates. 207 While control experiments highlighted that chloride was the best anion for an effective and enantioselective catalytic reaction, a NMR study confirmed that, in the key hydrogenation step, a dual NH-halogen bonding interaction took place between the thiourea unit of the ligand and the chloride counterion, while rhodium was bound to the C=N double bond of the imine substrate.

Scheme 62. AH of unprotected imines using a ZhaoPhos rhodium catalyst, by Zhang, Anslyn, Wong and coworkers. 207 Zhang, Zhao and co-workers further reported another example of anion binding catalysis by applying the ZhaoPhos ligand to rhodium-catalysed AH of isoquinolines and quinolines activated by HCl (Scheme 63). 208 A broad range of substrates was hydrogenated in high yields and enantioselectivities. NMR studies and ligand screening evidenced an anion binding between the thiourea moiety of the ligand and the chloride counterion of the heterocyclic substrate. On the basis of previous reports on the hydrogenation of protonated heterocycles, a or -bonding between the substrate and the rhodium catalyst, and therefore an inner-sphere reaction mechanism, was unlikely in this case. Hence, a possible outer-sphere reaction mechanism implying a hydride transfer was proposed (Scheme 64). The starting rhodium(I) complex would undergo an oxidative addition of dihydrogen leading to a rhodium(III) dihydride species. The subsequent reaction with isoquinolinium chloride provides an anionic rhodium dichloro dihydride complex. Afterwards, a hydride transfer shall proceed between the equatorial hydride and the isoquinolinium chloride. In this key step, the isoquinolinium chloride is activated by the interaction between the chloride and the tiourea moiety of the ligand. The 1,2-addition process is achieved then by reaction with H2. The resulting dihydro-isoquinolinium will undergo tautomerization into the corresponding iminium, as confirmed by deuterium labeling experiments. The second hydrogenation step proceeds in a similar way, the enantio-determining hydride transfer being directed by binding of the chloride anion to the thiourea moiety. Finally, reaction with dihydrogen would release the hydrogenated product and the rhodium dichloro dihydride catalyst.

Scheme 63. AH of isoquinolines and quinolines using the ZhaoPhos-rhodium catalyst, by Zhang,Zhao and coworkers. 208 Scheme 64. Mechanism of the AH of isoquinolines using the ZhaoPhos-rhodium catalyst, by Zhang, Zhao and coworkers. 208 A similar approach has been used for the rhodium catalysed AH of unprotected indoles in the presence of acids (Scheme 65). 209 At the exception of 2-aryl derivatives which were poorly reactive, all substrates led to chiral indolines in high yields and enantioselectivities. Once again NMR and mechanistic studies evidenced an anion binding between the thiourea moiety of the catalyst and the chloride counterion of the heterocyclic substrate. An outer-sphere reaction mechanism was proposed according to deuterium labelling experiments and calculations (Scheme 66), although a mechanism implying an electrostatic interaction between an anionic rhodium complex and the cationic indolinium could not be excluded. At first, the starting rhodium(I) complex undergoes an oxidative addition of hydrogen to generate the active five-coordinated rhodium(III) dihydride species. Further reaction with the índole hydrochloride affords a catalyst-substrate adduct wherein the hydride transfer occurs at the Re-face of the protonated índole, in position 2, following an outer-sphere process. The enantioselection is directed by the chloride bridge between the protonated substrate and the thiourea moiety. After release of the indoline, the catalyst is activated by heterolytic cleavage of an hydrogen molecule assisted by the chloride anion. This rate-determining step gives HCl and the active rhodium dihydride species. Scheme 65. AH of unprotected indoles using a ZhaoPhos-rhodium catalyst, by Zhang, Chung and co-workers. 209

Catalysts Implying Ion Pairs as Non-Covalent Interactions between Ligands and

Substrates.

This section illustrates the use of chiral ligands displaying amino functions that, after protonation, may give ion pairs with anionic functions of the substrates. These non-covalent interactions alone, or combined with other H-bonding type interactions, enable excellent stereocontrol in the AH of selected olefinic substrates, under rhodium catalysis.

In 2016, Zhang, Dong and co-workers reported rhodium catalysed AH of 2-substituted acrylic acids by applying the concept of ion pairs as non-covalent directing interactions (Scheme 67a). 210 They used a bidentate ligand comprising a P-stereogenic diphosphine and the planar chiral Ugi amine moiety, called Wudaphos. The AH of various acrylic acids with -alkyl or aryl substituents proceeded with high conversions and enantioselectivities in base free and mild reaction conditions, with a S/C ratio up to 20 000. Interestingly, the enantioselectivity dropped dramatically for olefins displaying carbon spacers between the C=C bond and the acid function (7% ee for the olefin with a CH2 spacer). Thus, the attractive ion pair, non-covalent interaction between the carboxylate and the protonated dimethylamine moiety of the ligand was postulated to play a key role in the stereochemical control. This role was further confirmed by control experiments: esters were unreactive and the reaction in presence of a base led to a large drop of enantioselectivity. On the basis of the X-Ray structure of the ligand and previous calculations, authors rationalized the enantioselection by applying the quadrants model (Scheme 67). The acrylic acid could coordinate to the rhodium catalyst in the free quadrant and a favorable ion pair interaction will enable discrimination between the two faces of the substrate, leading to an (S)-configured hydrogenation product. Afterwards, the rhodium/Wudaphos combination was also applied to the AH of sodium α-arylethenylsulfonates (Scheme 67b). 211 The reactions proceeded only in the presence of one equivalent of triflic acid and afforded the α-arylethylsulfonic acids in high yields and enantioselectivities.

Scheme 67. AH of 2-substituted acrylic acids using a rhodium-WudaPhos catalyst, by Zhang, Dong and coworkers. [210][211] Zhang, Dong, Chung and co-workers further improved their concept by combining ion pair noncovalent interactions with hydrogen bondings. The WudaPhos ligand was modified by introducing a secondary phosphine oxide (SPO) moiety instead of the P-stereogenic tertiary phosphine function (Scheme 68). 212 It was expected indeed that the SPO ligand would coordinate the rhodium center via the P-atom of its phosphinic acid form (R2P(OH), see Chapter 1.2 of this book). The free hydroxy group on phosphorus will enable then hydrogen bondings with the substrate to hydrogenate. The base-free AH of various methylene--keto carboxylic acids afforded the corresponding -keto acids in high yields and enantioselectivities (Scheme 68a), the carbonyl group of the substrate behaving here as the H-bonding acceptor. Interestingly, a further AH of the resulting chiral -keto acids, in the presence of chiral iridium or ruthenium catalysts and a base, led respectively to the corresponding syn-or anti-lactones which are interesting building blocks for the synthesis of bioactive compounds. As an example, the potent antimitotic antitumor agent cryptophycin has been prepared. In these experiments, the use of the SPO-Wudaphos ligand proved to be critical to attain high enantioselection, as demonstrated by comparison with the WudaPhos ligand itself. The role of the dual ion pair and hydrogen bond noncovalent interactions was further confirmed by reactions conducted in the presence of a base, a large drop of activity and enantioselectivity being observed. A similar drop was observed while hydrogenating substrates such as unsaturated carboxylic esters or carboxylic acids devoid of keto-functions.

Theoretical studies confirmed the favorable dual interaction between the catalyst and the substrate, i.e. the strong ion pair between the dimethylamino moiety and the acidic group, combined with H-bonding between the hydroxy group of the SPO ligand and the ketone moiety. Both contributed to an extended interaction between the substrate and the catalyst and led selectively to the (R)-hydrogenated product.

Scheme 68. Base-free AH of -methylene--keto carboxylic acids and α-substituted ethenylphosphonic acids using the SPO-WudaPhos rhodium catalyst, by Zhang, Dong, Chung and co-workers. [212][213] The SPO-Wudaphos ligand was further combined with rhodium for the AH of α-substituted ethenylphosphonic acids (Scheme 67b). 213 The related phosphoric acids were obtained in high yields and enantioselectivities using low catalyst loading. The role of ion pair and hydrogen bond non-covalent interaction was confirmed by reactions in presence of a base, large drop of enantioselectivity being observed. Similarly, no reaction was observed for 1-phenylethenylphosphonate. In this case the H-bonding of the P-OH group is not mentioned explicitly as a regulating effect.

Pursuing their efforts in the development of catalysts involving ion pair interactions, Zhang, Dong and co-workers reported a modified Wudaphos ligand comprising a bis-tertiobutylphosphine moiety (Scheme 69). The combination of this ligand and rhodium allowed the AH of -methylene--keto carboxylic acids 214 as well as of disubstituted terminal olefins displaying a carboxylic acid directing group on an arylsubstituent. 215 In both cases, the hydrogenated products were obtained in high yields and enantioselectivities. As in the case of the Wudaphos based catalyst in Scheme 67, the quadrants model, combined with the favorable ion pair directing interaction, accounts for the sense of chiral induction and the almost perfect enantioselectivity.

Scheme 69. AH of -methylene--keto carboxylic acids and disubstituted terminal olefins using a tBu-WudaPhos rhodium catalyst, by Zhang, Dong and co-workers. 214,215 Overall, the few examples recalled in this section demonstrate the high potential of ion pairing effects as tools for the stereochemical control in rhodium promoted asymmetric hydrogenations. Remarkably, in the examples above, ion pairing effects increase significantly the discriminating ability of structurally simple and easily available chiral phosphorus ligands.

C. Iridium Catalysed Hydrogenations.

This section deals first with iridium complexes of bidentate ligands that operate through monohydrido intermediates and outer sphere H-transfer to the substrate from both the metal and a coordinated NH moiety. In the second part of this section, examples of catalysts implying ion pair or hydrogen bonding interactions will be presented.

Iridium catalysts involving active NH functions and related cases.

In line with their work on  6 -arene-ruthenium(II) catalysts with tethered amine-amido ligands (see Scheme 19 and following), Ikariya and co-workers developed  5 -cyclopentadienyl-iridium(III) complexes displaying a triflylamido ligand tethered to the cyclopentadienyl, and a chiral N-mesylated 1,2diphenylethylendiamine (Scheme 70). 216 Such complexes were able to activate hydrogen and effectively catalysed the AH of acetophenone. However, the length of the tethering carbon chain had a significant effect on the catalyst activity and stereoselectivity, complexes with 2-and 3-carbon chains leading to inferior performances compared to the complex with a C4-chain. According to the authors, the tether effect could result from a hydrogen bond between the NH2 group of the diamine ligand and one of the triflylamide oxygens.

Scheme 70. AH of acetophenone using an iridium triflylamide tethered catalyst by Ikariya and co-workers. 216 Ikariya and co-workers demonstrated that a diamido iridium(III)-Cp* complex derived from a chiral 1,2-diphenylethylendiamine, was able to activate hydrogen by forming a monohydrido-amine complex that catalysed the AH of acetophenone in high yield and enantioselectivity (Scheme 71). 217 Deuterium labelling showed that, for reactions carried out in methanol, the hydrogenation reaction competes with hydrogen transfer from the solvent and increases the enantioselectivity by preventing the reversible hydrogen transfer reaction to take place. Scheme 71. Hydrogenation of acetophenone using an iridium amido pre-catalyst by Kempe and co-workers observed also such advantage of combining hydrogenation and transfer hydrogenation. 218 They applied an iridium(I) complex based on an aminopyridinato ligand for AH of various ketones (Scheme 71). The reaction led to conversions and enantioselectivities from low to high.

Better activities and enantioselectivities were observed at low catalyst loading upon addition of large amounts of base and 2 equivalents of acetone.

Scheme 71. Hydrogenation of ketones using an iridium catalyst based on a aminopyridinato ligand by Kempe and coworkers. 218 In 2011, Zhou, Xie and co-workers developed iridium(III) dihydride catalysts based on a P(NH)N tridentate ligand, called Spiro-PAP. The ligands display a spiranic backbone with phosphino and secondary amino functions and an appended pyridyl fragment (Scheme 72). 219 Such catalysts proved to be highly effective and enantioselective for the AH of an impressive variety of ketones, enones, -ketolactams, keto acids (Scheme 72a), or -ketoesters (Scheme 72b) and others. [220][221][222][223][224] Moreover, this type of iridium(III) catalyst was involved in several DKR processes and enabled the asymmetric total synthesis of compounds of biological interest like crinine-type alkaloids (Scheme 72c), gracilamine alkaloïds, (-)goniomitine, mulinane diterpenoids, (-)-hamigeran B, (-)-mesembrine and others. [225][226][227][228][229][230][231][232] A recent application to the AH/Dynamic kinetic resolution of racemic α-arylamino-γ-lactones and α-arylamino-δlactones led to the corresponding chiral 2-amino diols with high yields and enantioselectivities (Scheme 72d). [233][234] According to theoretical studies, the hydride and proton transfer step proceeds via a cyclic 6membered transition state. The calculated transition state of lowest energy leads to the (S)-2-amino-diol, as observed experimentally.

Scheme 73. AH of Bringmann's lactones and ketones using iridium catalysts based on P(NH)N tridentate ligands by Zhang and co-workers. 235,236

Catalysts Implying Ion Pair or Hydrogen Bonding Interactions.

In 2017, Zhang, Dong, Chung and co-workers reported the synthesis of chiral tridentate ferrocene ligands (f-Ampha) comprising an amino-phosphine and a carboxylic acid function (Scheme 74). 237 The combination of such ligands with [Ir(COD)Cl]2 and a base catalysed the AH of various aryl,alkyl-ketones with high yields and enantioselectivities. The catalytic activity was excellent, catalyst loadings being as low as 0.0002 mol%. Theoretical studies have suggested a catalytic cycle implying an iridium(III) dihydride complex in which the ligand behaves as a tridentate PNO species, as catalyst resting state (Scheme 74). This complex results from the reaction of the chiral ligand with [Ir(COD)Cl]2 in the presence of a base, followed by oxydative addition of dihydrogen and cyclooctadiene decoordination. The iridium(III) dihydride complex reacts first with hydrogen which undergoes heterolytic splitting assisted by both the 2propanol used as solvent and the carboxylate moiety of the ligand. The resulting iridium(III) trihydride is then involved in the hydride transfer to the carbonyl-type substrate, that represents the rate and enantiodeterming step. In this key step, the substrate is activated by hydrogen-bonding to the carboxylic acid moiety of the ligand which finally behaves as the proton source. Overall, the stepwise transfer of an hydride from the metal and a proton from the ligand takes place through an outer-sphere mechanism, while steric repulsions between the substrate and the catalyst favour the (R) enantiomer. The final release of the alcohol product generates the iridium(III) dihydride complex as the catalyst resting species. Scheme 75. AH of benzoxazinones and analogues using the N-Me-ZhaoPhos iridium catalyst by Zhang, Dong and co-workers. 238 Zhang, Dong and co-workers also reported the application of the methylated ZhaoPhos ligand to the iridium catalysed AH of cyclic sulfamidate imines (Scheme 76). 239 Compared to some of the privileged ligands like (S)-BINAP, (S)-SegPhos and (R,S)-DuanPhos, the bisphosphine-thiourea produced the cyclic sulfamidates in higher yields and enantioselectivities even at a gram scale, with rather low catalyst loadings.

Scheme 76. AH of cyclic sulfamidate imines using N-Me-ZhaoPhos-iridium catalysts by Zhang,Dong and coworkers. 239 In a recent work, Zhang, Wen, Lin and co-workers applied the ZhaoPhos-iridium catalyst in the AH of isochroman acetals (Scheme 77). 240 The reactions were carried out in the presence of one equivalent of HCl and the corresponding isochromans were recovered in high yields, chemo-and enantioselectivities. In the presence of HCl, isochroman acetals are known to be in equilibrium with the corresponding chloroisochromans, from which chloride dissociation will generate reactive oxocarbeniums. Such oxocarbeniums ions are postulated to be key intermediates in the iridium-promoted hydrogenations. The reaction mechanism was studied through experiments and calculations. While kinetics suggested a first-order dependence on the substrate and a half-order dependence on the catalyst, a positive non-linear effect was observed and therefore dimerization of the dichloro pre-catalyst was suggested. According to calculations, the starting iridium(I) complex reacts with HCl through oxidative addition to lead to a dichloro-hydrido-iridium(III) complex (Scheme 77). A subsequent isomerization generates a cationic iridium(III) hydride where the thiourea fragment of the ligand binds the chloride counterion. This species is considered to be the catalyst resting state. After coordination of H2, the heterolytic hydrogen split proceeds concomitantly with the cleavage of the C-Cl bond of the substrate, resulting in the release of HCl and formation of the reactive oxocarbenium ion (Ionic hydrogenation pathway). The carbenium binds to the iridium dihydride-ZhaoPhos complex through both ionic and Van der Waals interactions. In the enantiodetermining step, it undergoes hydride transfer to lead to the prefered (S)-isochroman product.

Scheme 77. AH of isochroman acetals using a ZhaoPhos-iridium catalyst by Zhang, Wen, Lin and co-workers. 240

Iridium Phosphates or Triflylphosphoramides as Bifunctional Catalysts

The last examples hereafter deal with another class of bifunctional catalysts, i.e. cationic amido iridium complexes whose counteranion participates in the catalytic process via non-covalent interactions. In this field, initial disclosures from Rueping and Koenigs have been extended and enlightened later by Xiao and co-workers.

Rueping and Koenigs reported that chiral N-triflylphosphoramide Brønsted acids, combined with Nsufonylated DPEN-iridium(III) complexes provide active and effective catalysts for the AH of quinolines (Scheme 78). 241 Both racemic and optically pure DPEN-Ir catalysts gave highly enantioenriched hydrogenation products, however the (R,R)-DPEN-iridium catalyst afforded tetrahydroquinolines with higher enantioselectivities than the racemic complex. These results demontrated the key role of positive match effects and suggested the implication of chiral metal-phosphoramidite ion pairs in these hydrogenation reactions. Scheme 78. AH of quinolines using a combination of N-triflylphosphoramide Brønsted acids and DPEN-derived iridium catalysts by An analogous behaviour has been highlighted and investigated in more depth, in the case of iridium-promoted hydrogenation of imines in the presence of BINOL-derived phosphoric acids. Xiao and co-workers have demonstrated the combined use of (R)-TRIP phosphoric acid and an achiral pentamethylcyclopentadienyl iridium complex with a sulfonylated 1,2-ethylendiamine ligand, in the AH of ketimines (Scheme 79). 242,243 High yields and enantioselectivities were obtained despite the rather long reaction times due to the steric hindrance imposed by the chiral phosphoric acid. Combined NMR and theoretical studies have shown that the reaction of the Ir complex with the phosphoric acid gives several isomeric cationic iridium hydrides, all bearing secondary amine ligands and phosphate counterions. In the catalytic cycle, the phosphate counterion participates first in the heterolytic split of H2 leading to an Irhydride intermediate by acting as a proton relay for the protonation of the imine substrate. Furthermore, the enantioselective hydride transfer step is likely to proceed via a supramolecular ternary complex involving the iridium hydride complex, the chiral phosphate anion and the protonated imine. Hydrogen bonding and CH/ interactions may contribute to the stereochemical control of this key step. Scheme 79. AH of imines using combined phosphoric acid and iridium-amido catalysts by Xiao and co-workers. 242- 243 Afterwards, Zhao and co-workers developed a highly selective ATH of ketimines using a similar catalytic system comprising a meso diol as hydrogen donor and a combination of TRIP chiral phosphoric acid and an iridium(III) complex based on a chiral sulfonylated diphenylethylene diamine ligand. 244 The nature of the alcohol hydrogen donor had a strong influence on the efficiency and selectivity of the hydrogenation, meso diols leading to good to high yields and enantioselectivities. Experimental and theoretical studies supported a reaction pathway involving an iridium alkoxide as the reducing species and proceeding through a concerted proton and hydride transfer. The reaction enantioselectivity was apparently controlled by the chiral iridium(III) complex and the chiral Brønsted acid, non-covalent interactions being observed between the acid, the meso diol and the substrate.

IV. Conclusion

We have seen that the application of bifunctional catalysts to asymmetric hydrogenations is blooming. New examples of bifunctional catalysts implying ruthenium, rhodium and iridium appeared thanks to ligand modifications. Beyond the classical bifunctional catalysts that rely on H-transfer from the ligand itself (Noyori approach), the development of cooperative approaches allowed specific non-covalent interactions between the substrates and the ligands or counterions of specifically designed metal complexes. These noncovalent interactions operate as both activating tools (increased catalytic activity) and stereocontrol devices (increased enantioselectivity levels). Major advances in this field have been achieved thanks to a better knowledge of the catalysts features by combining the development of synthetic methods with structural and kinetic studies as well as with theoretical studies.

Nowadays, asymmetric hydrogenation (AH) and asymmetric transfer hydrogenation (ATH) are catalysed by well-known series of privileged organometallic species which have complementary activities and stereo-, chemo-and regioselectivities. Though these catalysts hydrogenate with high selectivities a great diversity of organic substrates with carbonyl, imine or olefin functions, [START_REF] Seo | Catalytic Homogeneous Asymmetric Hydrogenation: Successes and Opportunities[END_REF] other substrates like alkyl ketones and imines, 245 carbocyclic arenes, 246,247 some nitrogen based heterocycles 248 and tri-/ tetrasubstituted alkenes 249,250 are still challenging and the development of chemoselective catalytic processes is also highly desirable. 251 While new effective hydrogenation catalysts are searched out, [START_REF] Seo | Catalytic Homogeneous Asymmetric Hydrogenation: Successes and Opportunities[END_REF] there's a growing interest in hydrogenation catalysts based on abundant metals due to economic, environmental and societal issues. 251- 253 Several examples of bifunctional catalysts have already been reported in this field and others will surely appear in the future. Finally, the development of highly active catalysts, i.e. high turnover number catalysts, as well as applications in flow chemistry, 124,[254][255][256] shall certainly be privileged when considering industrial perspectives. 257,258 
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Scheme 72. AH of ketones, lactones and -ketoesters using an iridium catalyst based on a P(NH)N spiro ligand by Zhou, Xie and co-workers. [219][220][221][222][223][224][225][226][227][228][229][230][231][232][233][234] This method provides one of the most impressive recent applications of Ir-bifunctional catalysts in asymmetric hydrogenation, in terms of both catalytic efficiency, enantioselectivity, substrate scope and synthetic potential. It is worth to note that Zhang, Yin and co-workers reported in parallel the synthesis of rather similar oxaspirocyclic chiral ligands and applied them to iridium-catalyzed direct asymmetric hydrogenation of Bringmann's lactones (Scheme 73a). 235 Moreover, in another report, Zhang, Dong, Lan and co-workers developed another type of P(NH)N tridentate ligand based on a ferrocene aminophosphoxazoline which led to an effective iridium catalyst for the hydrogenation of ketones with very high enantioselectivities and catalytic activities (TON and TOF) (Scheme 73b). 236 A theoretical study highlighted the hydrogenation mechanism and the origins of enantioselectivity, underlying the key bifunctional role of the active amidohydrideiridium(III) species in the activation of hydrogen. Scheme 74. AH of ketones using an iridium catalyst based on an amino-phosphine acid ligand (f-Ampha) by Zhang, Dong, Chung and co-workers. 237 Zhang, Dong and co-workers applied a chiral ferrocene based bisphosphine-thiourea ligand of the ZhaoPhos series (see Scheme 56 and following) to the iridium-catalysed AH of benzoxazinones and quinoxalinones (Scheme 75). 238 The reactions proceeded at low catalyst loadings and afforded the reduced products in high yields and enantioselectivities, by combining the N-methylated ligand with [Ir(COD)Cl]2, hydrogen and HCl. By considering the strong effect of the acid on the catalytic activity and stereoselectivity, authors suggested that, after complexation, the imine function of the substrate might be protonated by HCl to give the iminium chloride and that a hydrogen-bonding might be established between the chloride and the thiourea moiety of the ligand. No non-linear effects were observed along these AH. This methodology was successfully applied in the synthesis of a potential IgE/IgG receptor modulator.