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Green chemistry

The Pollution Prevention Act, which was published in 1990 by the United States, made pollution prevention a national policy. The Act introduces the phrase "green chemistry," which is defined as a method that consumes less energy and resources and emits less wastes, for the first time. Green chemistry established its significant position when "green chemistry" became the US Environmental Protection Agency's catchphrase in 1991. Green chemistry, which aims to minimize and eradicate pollution at its source, was the beginning point for Paul T. Anastas and John Warner's explanation of the meaning of green chemistry through 12 principles in 1998. 1 More recently, in January 2020, Professor Julie B. Zimmerman, Deputy Director of the Yale Center for Green Chemistry and Green Engineering, Professor Paul T. Anastas, the Father of Green Chemistry, Hanno C. Erythropel, a Postdoctoral Fellow, and Walter Leitner, former Editor-in-Chief of Green Chemistry, published a review "Designing for a green chemistry future", making recommendations for sustainable development in the future of chemistry. 2 The review mentions that green chemistry and green engineering principles need to be integrated into the entire life cycle of chemical products (from the design stage, through production and use, to disposal) to create sustainable, non-toxic, and recyclable chemicals. In order to achieve this goal, it is not only necessary to change the conditions and environment of the production and use of chemical products, but also to change the characteristics of chemical products and reagents in the entire value chain from raw materials to application. Specifically, the following twelve changes are listed in Figure 1-1.

Problems of fossil resources

As depicted in Figure 1-1, the chemical sector is facing a major transition as it will need to move from fossil raw materials to renewable raw materials. This is due to contribution of fossil resources to the global warming and also to the rarefaction of fossil resources although it is difficult to know the exact amount of fossil resources still available. The localization of fossil resources in area with political issues is also an important factor to consider. Beside chemicals, the fossil fuel problems will drastically impact the energy sector. New sustainable energy 2 resource is also a topic of major importance in the very near future. 

Chemicals

Considering the supply of chemicals, there are two important data to have in mind: i. more than 99% of the most widely produced chemicals are not sustainable and ii. more than 85% of the basic carbon structure that makes up most chemicals today is still obtained from fossil raw materials. 3 Crude oil is not just the raw material for transportation fuel. Additionally, it is the source of a variety of petrochemicals that are turned into valuable and useful goods for modern living, like commodity polymers, shining paints, durable plastics, insecticides, pesticides and detergents.

Scientists have known for a very long time how to create molecules of exquisite complexity by first transforming fossil hydrocarbons into simpler chemicals, and then putting those building blocks together. 4 Heavy usage of fossil fuels is not sustainable since it requires millions of years to create the resource and the limited supply of fossil fuels is consumed considerably quicker than it is generated. Basically, fossil resources that have been stored over millions years will have almost exhausted in a hundred years.

Worldwide, economies are expanding quickly, and at the same time, environmental conservation is becoming increasingly important. The protection of human natural resources and the ecological environment is driving the search for a new clean, safe, dependable, and sustainable resource system. The primary source of renewable resources and the one with the most potential for industrialization and scale is biomass resource, which plays a significant role in the resource structures of all nations. Governments and scientists have given biomass resources a lot of attention, and they have taken a number of steps to encourage the creation of new biomass resource technology from both academia and industry.

For a sustainable development, it is crucial to produce chemicals from renewable feedstocks. [START_REF] Hr-Ms | Synthesis of 6-(pyridin-2-ylamino)pyridin-2-ol L10: With the same procedure as for the synthesis of L7, L10 was obtained in yield 89%. 1 H NMR (400 MHz[END_REF] Biomass is a tremendous source of carbon-containing compounds that can be used to supply the chemical industry. Lipidic biomass is the least abundant fraction of biomass with a somehow limited domain of applications. 6 Lignocellulosic biomass is the most abundant and renewable carbon-rich resource that is easily accessible on earth, and it is emerging as the primary resource to be targeted for the sustainable manufacture of high-value platform molecules and alternative fuels. 7 The fractionation of lignocellulose provides an access to lignin and carbohydrates fractions composed of cellulose and lignocellulose. Lignin which has been for long considered as a low-value waste and mostly burnt is now seriously envisioned as the main renewable source or aromatic compounds. 8 Numerous biomass-derived materials, such as cellulosic sugars (such as fructose and sucrose), hemicellulosic competitors (such as arabinose and xylose), and their polymeric forms, can be converted into a number of platform chemicals of which 5hydroxymethylfurfural (HMF) 9 and furfural 5c, 10 are two important representatives. Levulinic acid (LA) is the result of subsequent reductive and/or hydrolytic transformations of these molecules across both chemical pathways. Of note, formic acid is a stoichiometric co-product of HMF hydrolysis (Scheme 1-1). 11 Scheme 1-1 Syntheses of levulinic acid from biomass-derived feedstocks.

In 2004, levulinic acid was chosen by the US department of energy as one of the top 12 most potential value-added compounds from biomass, see Figure 12. 12 This list was later updated to include in particular ethanol and lactic acid. LA can be efficiently transformed to a range of higher-value molecules such as γ-valerolactone (GVL), 1,4-pentanediol (1,4-PDO), 2-methyltetrahydrofuran (2-MeTHF) and a series of other compounds (Figure 1-3). Up to the present, levulinic acid as a bio-based intermediate for the synthesis of numerous derivatives is still a research hot spot because it is in line with the concept of sustainable development.14 Above those, it is interesting that LA converts to succinic acid, which is also one of the top 12 most potential value-added compounds from biomass. Hereafter, we will focus on GVL, the most adaptable LA derivative.

GVL has very appealing physical and chemical characteristics, making it a viable liquid for transportation and a renewable hydrocarbon source for the chemical industry's production of carbon-based consumer goods, assuming it can be produced effectively from biomass, preferably lignocellulose. Due to its favourable physicochemical properties such as its low melting point of 31 °C, high boiling point of 207 °C, high flash point of 96 °C and also due to its non-toxicity, GVL is easy to store and transport. GVL is used extensively as a fuel additive, green fuel, in perfume industry, etc. 15 Its stability also allows it to be used as an excellent solvent.

GVL represents a very promising polar solvent, for which several fields of applications can be identified to substitute common organic solvents. 14 For example, GVL can be used as green solvent for hydroformylation 16 whereas enantiomerically pure GVL finds applications as a chiral building block for the synthesis of pharmaceutically active molecules. 17 Additionally, GVL is reactive enough to serve as a precursor for high value platform chemicals like butene, valeric acid, 2-MeTHF, 1,4 pentanediol and 5-nonanone. 18 Lastly, GVL can be either directly used to synthesise monomers for polymers, similar to those derived from fossil fuels, 19 or transformed to other industry monomers, such as nylon monomers. 20 Therefore, it is very important to develop highly efficient catalytic systems for the additive free conversion of LA or lignocellulose into GVL.

Energy

Due to rising population and consumption, energy demand has been rising in many nations around the world in the past 70 years. As depicted in Figure 1-4, this huge energy demand was supplied to a very large part by fossil resources. 21 This continued consumption of coal, oil, and gas, which cause greenhouse gas emissions, drives global warming to dangerous levels. Global warming makes us face the risk of extreme heat waves, heavy precipitation, droughts, sea-level rise, polar melting, expanding health risks, and other dangerous climate impacts worldwide. In addition to releasing planet-warming greenhouse gas emissions, burning fossil fuels also generates localized air pollutants -such as soot (fine particulate matter, or PM2.5) and smog (ozone) that increase the risk of death from stroke, heart disease, lung cancer, and respiratory illness among those exposed. 22 Air pollution from fossil fuel production and consumption disproportionately affects communities of color and low-income perpetuating environmental injustices. Time and time again, oil spills and explosions have caused damage to water, land, homes, and communities.

Figure 1-4 Global-primary-energy consumption

Our worldwide energy consumption will keep rising over the years (Figure 1 -5). Given that coal is the single largest source of CO2 emissions related to the energy domain, climate risks are growing as the globe continues to burn vast amounts of coal. The Russian-Ukrainian conflict's severe disruption of the global energy market and the rise in natural gas prices have led to a return of coal consumption to all-time high levels, and this trend is likely to continue in the years to come. 23 If increases in energy efficiency elsewhere do not offset this growing demand, our global energy consumption will continue to rise year after year. Growing energy consumption makes the transition to a low-carbon energy system more challenging because new low-carbon energy sources must be developed to fulfill the increased demand as well as try to replace the current fossil fuels in the energy supply (Figure 123456). 23 https://www.iea.org/reports/coal-market-update-july-2022 According to the International Energy Outlook 2021 (IEO2021), the world's energy consumption would rise by roughly 50% over the next 30 years if there are no significant changes in technologies or policies (Figure 12345678). Even while petroleum and other liquid fuels will continue to be the primary source of energy in the world in 2050, renewable energy sources, such as solar and wind, are expected to increase to a level that is almost equal to each one of the fossil resources.24 

Hydrogen Energy

Solar, wind, tidal, hydropower, biomass, and geothermal resources are examples of renewable energy sources that are clean, waste-free, recyclable, and have a significant future growth potential 25 . However, the intermittent nature of these energy sources prevents their widespread adoption. 26 Indeed, the technology for the storage of huge amounts of electricity is not available, hence the energy produced is sent to the electricity network as soon as produced. In his early introduction on hydrogen economy in 1972, Bockris proposed that the energy carrier for future generations should not be electrons but hydrogen. Furthermore, contrary to electrons, hydrogen can be stored on large scale and used on demand. Nowadays, the concept of hydrogen economy is based on the production of hydrogen by water electrolysis using renewable sources of energy.

The hydrogen produced can then be piped and stored into appropriate storage units. Hydrogen, turns to be a versatile energy carrier, however, due to its dangerousness and gaseous nature, its storage and transportation suffers from some issues. 27 Global energy and environmental issues may be ultimately solved by hydrogen energy produced from renewable resources. 28 As a form of energy, hydrogen offers numerous advantages. Hydrogen can facilitate the extensive integration of renewable electricity into the energy system by offering a method of long-term energy storage. It enables the distribution of energy across geographical regions and seasons, and it can act as a buffer to improve the resilience of the energy system because its storage time is longer than that of electric energy. 29 Given that the only byproduct of hydrogen synthesis is oxygen, it is extremely environmentally friendly in contrast to carbon dioxide, sulfur oxides and nitrogen oxides generated during the combustion of fossil fuels in internal combustion engines and coal-fired power plants. 30 Hydrogen has a mass-energy density of 142 KJ/g, which is roughly three times that of petrol. 31 Hydrogen may be used in almost every industry of the economy, including transportation, household energy utilization, and business. 32 A desirable application for hydrogen is in on-board hydrogen fuel cells. Such fuel cells are extremely effective and present an environmentally acceptable energy technology. 33 In comparison to gasoline-powered engines, which have an efficiency of only 25%, hydrogen fuel cell engines can achieve up to 65% efficiency in transportation. The overall efficiency can surpass 85% when the heat produced by a hydrogen fuel cell is used in combined heat and power systems. 34 The introduction of hydrogen can begin with automobiles and buses. 29 75 fuel paths for automobiles have been examined by General Motors in the US. Vehicles powered by hydrogen fuel cells use less energy overall and emit less CO2. 35 A number of hydrogen powered-vehicles, such as coaches, garbage trucks are already in operation in French cities.

Recently, the first hydrogen powered railway line was opened in Germany using train supplied by the French company Alstom. 36 This type of train will replace old diesel train still used in non-electrified railway lines.

Three essential links make up the hydrogen energy business chain: hydrogen generation, storage and transportation, and hydrogen utilization. Before hydrogen energy can actually become a part of people's daily lives, technical issues in the storage and transportation of hydrogen must be resolved as a link between the previous and subsequent steps. After the hydrogen generation process is finished, it must either be transferred remotely or stored directly.

Being able to transport and store hydrogen at a higher volumetric energy density is necessary in order to realize the hydrogen economy because the volumetric energy density of hydrogen gas in its usual state is low (it is only 1/3,000 that of gasoline). 37 Several options are available for the storage of hydrogen.

-High-pressure gaseous hydrogen storage is currently the most widely used and the most mature technology, but there are natural bottlenecks in terms of safety and hydrogen storage density. Typically, an acceptable amount of stored hydrogen is achieved at a pressure of 700 bar.

-Low-temperature liquid hydrogen storage technology has absolute advantages in terms of hydrogen storage density per unit mass and unit volume, but due to the high energy consumption in the liquefaction process and the extremely high requirements for the thermal insulation performance of the hydrogen storage container, the storage cost is too high.

-Alloys and metal hydrides are used in solid-state hydrogen storage devices. Typical hydrogen storage alloys have the form AB5 (eg, LaNi5) or AB2, where A= Ti, Zr, or Mg, and B=V, Cr, Fe, or Mn. Their hydrogen equilibrium pressure, though, is insufficient for fuel cell applications at ambient temperature. 38 -Aluminates, borohydrides, and amides are the three primary categories of metal hydrides. They suffer from slow kinetics, insufficient reversible capacity, poor byproduct development, and poor thermal management during recharging despite having attractive mass and gravimetric H2 capacities. 39 Hydrogen storage in solid materials has great potential, but it is still in the research stage.

-Liquid Organic Hydrogen Carriers are low molecular weight, stable and ideally nonhazardous organic compounds able to store hydrogen. This chemical storage is safer, can meet long-term, long-distance, large-scale hydrogen storage and transportation needs at normal temperature and pressure, and can develop in coordination with the petroleum and petrochemical industry with the help of existing oil storage and transportation equipment and facilities. At present, due to the high energy consumption for dehydrogenation, the difficulty in developing dehydrogenation catalysts, and the decrease in the hydrogen storage performance of organic matter with the increase of the number of cycles, there is still a period of time before large-scale commercialization.

Liquid Organic Hydrogen Carriers

The study of liquid organic hydrogen carriers (LOHCs) has gained popularity recently. A pair of hydrogen-rich and hydrogen-lean organic molecules are used in LOHC systems to store hydrogen through recurrent catalytic cycles of hydrogenation and dehydrogenation. 40 In comparison to gaseous H2, LOHCs have a much higher volumetric energy density (Figure 123456789).

Additionally, storage at room temperature and pressure makes LOHCs much easier to manage and significantly cheaper to handle (without great liquefaction or gas compression cost).

LOHCs are also easy to transport and store using existing oil and chemical infrastructure. In the area of H2 storage, LOHCs are anticipated to achieve a breakthrough.

Industry has shown great interest in the field of liquid organic hydrogen carriers. Numerous different LOHC chemicals are the foundation for the global research and development work in this area. For instance, dibenzyltoluene (Hydrogenious, Germany), benzene or toluene (Chiyoda, Japan) and N-Ethylcarbazole (Hynertech, China) see Scheme1-2 have received great attention. 41 Methylcyclohexane and toluene (MCH-TOL), perhydro-dibenzyltoluene and dibenzyltoluene (PDBT-DBT), dodecahydro-n-ethylcarbazole and N-ethylcarbazole (DNEC-NEC), which are aromatic in their dehydrogenated form, have a gravimetric hydrogen storage density of about 6.1%. Particularly in the petroleum sector, the dehydrogenation of cyclic hydrocarbons to create unsaturated or aromatic chemicals is a method that is rather well-established. 43 For the dehydrogenation of LOHCs, supported noble metal catalysts, most frequently based on platinum (Pt), but also on palladium (Pd), ruthenium (Ru), or rhodium (Rh), can be utilized. 44 Since the reaction is endothermic, the process requires high temperature heat, with the exact temperature needed depending on the LOHC. The primary drawback of these LOHCs is the large amount of energy required for the dehydrogenation stage, which is strongly endothermic and completed in gas-phase reactors at temperatures between 200 and 350 °C.

Similar to dehydrogenation, the hydrogenation of LOHCs typically uses a catalyst supported by a noble metal. Ru is frequently used to hydrogenate TOL, DBT, and NEC (Scheme 1-2).

Typically, hydrogen is used at pressures between 10 and 50 bar and temperatures between 130 and 200 °C. 40a Scheme 1-2 Different LOHC chemicals developed by some companies Besides cycloalkanes and heterocycloalkanes, formic acid, methanol, ethanol, ammonia are other LOHC substrates that can be effectively dehydrogenated for hydrogen delivery purposes, at least when only the hydrogen generating step is taken into account. 40 Especially, formic acid has been considered as a promising candidate for chemical hydrogen storage because it is a liquid material with low-toxic to the human body and environment, and has theoretical hydrogen capacity of 4.4 wt% for dehydrogenation. Despite this low hydrogen when compared to methanol (12.5 wt%), formic acid attracts interest since it has the potential to be efficiently produced from CO2 and H2 (CO2 is used as a raw material given that it is cheap and abundant and H2 can be produced through solar-driven water electrolysis). 45 This specificity makes possible the implementation of a sustainable energy cycle comprising the synthesis of formic acid by hydrogenation of CO2 (hydrogen storage) and dehydrogenation of formic acid (hydrogen release) (Figure 1-10).

Figure 1-10 HCOOH and CO2 cycle for sustainable energy

Alternatively, the sole formic acid dehydrogenation may be considered for sustainable hydrogen generation considering the ongoing progress on the synthesis of biosourced formic acid. For instance, the Dutch company Dens is marketing this technology by supplying formic acid generators to construction sites. 46 Ideally, formic acid should be dehydrogenated under mild conditions in an environmentally friendly solvent or without solvent and in the absence of additives. Furthermore, the reaction should be selective. In the presence of catalysts, FA can be decomposed via two different pathways, namely (i) the dehydrogenation pathway and (ii) the dehydration pathway (Scheme 1-3). The decomposition into CO2 and H2 by dehydrogenation is of importance for hydrogen storage. However, it is also known that FA may be decomposed by dehydration into carbon monoxide and water. This decomposition pathway must be avoided as carbon monoxide is known to be a poison for electrochemical devices such as fuel cells. Tiny levels of CO in the CO2/H2 feeding gas have a negative impact on fuel cell performances and lifetimes. 47 In turn, the selective dehydrogenation of FA necessitates the use of highly selective catalysts and catalytic techniques.

Scheme 1-3 Two different pathways of FA decomposition

The development processes for the production of biosourced compounds and new energy vectors such as hydrogen must be done in a sustainable manner following the principles of green chemistry. Among these principles, catalysis (homogeneous and heterogeneous) occupies an important position as catalysis enables selective and efficient transformation under mild conditions. Hence, the search for catalysts with improved performances is a topic of high interest. Recently, our group has developed new catalysts for the valorization of biosourced compounds as well as hydrogen energy. These catalysts are based on dipyridylamine (dpa) ligands, 48 a class of dinitrogen ligands that has not been widely used yet catalysis to the contrary of bipyridine (bpy) ligands (Figure 1-11) Outstanding results have been obtained with these catalysts in hydrogenation and dehydrogenation reactions, among which their high activity obtained under conditions without additives or bases is the most remarkable. 49 In an ongoing effort to improve further the catalyst performances in hydrogenation and dehydrogenation processes we turned our attention to the hydricity of the complexes.

The "hydricity" of a species refers to its hydride donor ability (Scheme 1-4). Similar to how the pKa is useful for determining the extent of dissociation of an acid, the hydricity plays a vital 48 S. Wang, C. Bruneau, J.-L. Renaud, S. Gaillard, C. Fischmeister, Dalton Trans 2019, 48, 11599-11622. 49 Organometallics 2017, 36, 3152-3162. role in understanding hydride-transfer reactions. A large number of transition-metal-catalyzed processes involve the hydride-transfer reaction as a key step. Among these, two key reactionsproton reduction to evolve H2 and hydride transfer to CO2 to generate formate/formic acidrepresent a promising solution to build a sustainable and fossil fuel-free energy economy. 50 Interestingly, the hydricity of transition-metal hydrides can be affected by some key factors, such as 1) solvent, 2) steric and electronic effects of ligand and/or metal of the metal-hydride species, and 3) the thermodynamic impact of ligand binding following hydride transfer.

Scheme 1-4 Hydricity of transition-metal hydrides

By tuning the electronic effect around the catalyst metal center, better catalytic performances have been obtained in some catalytic reaction. 51 With these considerations in mind, the main objective of this PhD was to prepare new dpaligands bearing electron-donating groups expected to exalt the hydricity of the catalysts. The catalytic performances of the new catalysts have been compared to previously reported catalysts.

In chapter 2, the synthesis of dpa ligands bearing electron donating groups will be presented.

The synthesis of iridium and ruthenium complexes bearing these ligands will be presented (Figure 1-12). 50 A. Kumar, S. Semwal, J. Choudhury, Chem. Eur. J. 2021, 27, 5842-5857. 51 a) C. L. Pitman, K. R. Brereton, A. J. M. Miller, J. Am. Chem. Soc. 2016, 138, 2252-2260. b) K. R. Brereton, S. M. Bellows, H. Fallah, A. A. Lopez, R. M. Adams, A. J. M. Miller, W. D. Jones, T. R. Cundari, J. Phys. Chem. B 2016, 120, 12911-12919. c) Z. Xu, P. Yan, H. Li, K. Liu, X. Liu, S. Jia, Z. C. Zhang, ACS Catal. 2016, 6, 3784-3788.

Figure 1-12 Design of ligand based on dpa framework

The chapter 3 will present the results obtained with these new catalysts in the reduction of levulinic acid into GVL (Scheme 1-5). These results will be compared with previously obtained results and state of the art.

Scheme 1-5 Reduction of levulinic acid to gama-valerolactone

The chapter 4 will present the results obtained in formic acid dehydrogenation (Scheme 1-6).

Previous results in this domain were very good but the elucidation of the reaction mechanism was not investigated in details. Experimental results as well as theoretical investigation will be presented.

Scheme 1-6 FA dehydrogenation

The chapter 5 will present results obtained in ketone reduction obtained with catalyst bearing a bipyridine ligand obtained fortuitously during the synthesis of dpa-ligands (Scheme 1-7).

Scheme 1-7 Reduction of ketones with iridium catalysts

Chapter 2. Synthesis of Complexes

Chapter 2. Synthesis of Complexes

Introduction

Ligands frequently offer a practical method for optimizing the performance of existing catalysts, and they can play a significant role in modifying and controlling homogeneous organometallic catalysts. By defining their link to steric and electronic descriptors of ligand characteristics, the quantifiable results of such catalyst alterations (yields, rates, and selectivity) may be put into context. These models can then be used to guide the discovery, optimization, and design of catalysts.

In the domain of formic acid dehydrogenation, a number of ligands has been used of which chelating dinitrogen ligands have been extensively developed. 45b, 52 The group of Himeda was particularly active in this domain and implemented a variety of bidentate ligands (Figure 2-1).

In some examples, he could correlate the increase of performances with an increase of the electron donating nature of the ligand.

Half-sandwich Cp*Ir complexes with ortho-hydroxyl group functionalized bipyridine ligands were synthesized by Z. Conrad Zhang, 51 and found to exhibit remarkably high catalytic activity for the production of 1-hydroxyhexane-2,5-dione (HHD) by hydrogenation of 5hydroxymethylfurfural (HMF) in acidic water. They demonstrated that the introduction of electron-donating group in the bipyridine ligands of the Cp*Ir complexes significantly accelerated the rate of HHD production.

In order to understand hydride transfer in various media, Miller and colleagues investigated the hydricity of a structurally homologous group of transition metal hydride complexes in MeOH and H2O. 53 Electron-donating groups can be introduced to the bipyridine ligand's backbone to increase the hydricity of the Ir hydrides to a certain extent. Fischmeister and coworkers developed a series of new ruthenium complexes bearing dipyridylamine (dpa) ligand with different arene groups for the transfer hydrogenation of aryl ketones in water. 54 Recently, Wang introduced dipyridylamine ligands in the domain of formic acid dehydrogenation catalyzed by iridium complexes. 49a Here also it was demonstrated that introduction of one dimethylamino-group in the dpa ligand backbone led to catalysts with higher performances. Notably, the dehydrogenation of neat formic acid under base-free conditions was achieved in high TON. Unfortunately, it was not at that time possible to synthesize a dpa ligand bearing 2-dimethylamino ligands.

In 2020, Hajime Kawanami and coworkers created a number of Cp*Ir complexes with aminofunctionalized ligands that were highly active for the dehydrogenation of formic acid. 55 In comparison to complexes with bpy ligands bearing para-hydroxyl groups, Ir complexes with 2,2'-bipyridine (bpy) ligands bearing amino or alkylamino groups at the para positions showed higher activity and stability for dehydrogenating formic acid. Para-amino groups provided better catalytic stability under high pressure circumstances than ortho-amino groups.

The use of dpa and dpa-based ligand have been reviewed recently. 48 These ligands can occasionally result in better performances when compared to the common 2,2′-bipyridine-based organometallic complexes. The development of metallacycles with five or six members is one of the main differences between these two families of ligands, but perhaps more significantly, the bridging nitrogen atoms in dpa are direct and accessible manifolds to influence the electronic and steric properties of dpa-based ligands. Additionally, the nitrogen atom could serve as an anchor for supported catalysts and the creation of task-specific ligands. Not to mention, the presence of a bridging N-H group close to a catalytic center may be extremely important for substrate orientation/activation and product release via H-bonding. All things considered, these characteristics make dpa a ligand with high potential that should be used and considered in the same way as other well-known N,N-chelates.

Hydride transfer in hydrogenation and dehydrogenation is a key step to consider in particular if hydride transfer is rate determining. Considering the results recently disclosed including ours, we have pursued our investigations using electron enriched dpa-ligands. Several new ligands with a flexible bridging dipyridylamine were synthesized as well as new iridium and ruthenium catalysts. This chapter will present the synthesis and characterization of those ligands and complexes. The application of these complexes in catalysis will be presented in the next chapters.

In order to increase the electron density of the dpa ligands we have selected dimethylamino group (-NMe2) which is, according to Hammett parameters, the strongest electron donating 54 C. Romain, S Gaillard, M. K. Elmkaddem, L. Toupet, C. Fischmeister, C. M. Thomas, J.-L. Renaud, Organometallics 2010, 29, 1992-1995. 55 H. Kawanami, M. Iguchi, Y. Himeda, Inorg. Chem. 2020, 59, 4191-4199. neutral organic substituent (Table 2-1). 

Synthesis of NMe2-modified dipyridylamine (dpa)

ruthenium and iridium complexes

Ligand synthesis

To obtain the well-designed ligand L4, we first synthesized Br-(1), I-(2) and NH2-(3) functionalized 4-dimethylaminopyridine (DMAP) according to literature procedures (Scheme 2-1). 57 All these compounds were obtained in satisfactory yields.

Scheme 2-1 Synthesis of functional DMAP

The synthesis of the N-benzyl-dipyridylamine (L2) 58 ligand and the mono-dimethylaminoligand (L3) 49a were previously reported. L2 can be synthesized directly from the commercially available dipyridylamine and benzyl bromide reagents while L3 was prepared in 76% yield by a Buchwald-Hartwig amination reaction between 2-bromo-4-dimethylaminopyridine 1 and 2aminopyridine 4. 59 The synthesis of L4 was more difficult as this compound could not be obtained employing 1 and 3 under the conditions used for the synthesis of L3.

Scheme 2-2 Synthesis of known ligands L2 and L3

In order to synthesize the ligand L4, we first used the previous strategy that is amination of bromo-DMAP 1 and amino-DMAP 3. However, even with increased reaction temperature and prolonged reaction time, we did not observe the desired product L4 (Scheme 2-3, route A).

Scheme 2-3 A series of attempts to synthesize L4

Iodo-reagents are usually more active than bromo-substrates, we then prepared the I-DMAP compound 2 and used it under the same reaction conditions but, again, we were not able to get the ligand L4 (Scheme 2-3, route B). With the inspiration of Monnier and Taillefer's work, 60 we gave a chance to a copper-catalyzed amination. Whatever the coupling reagents and amination conditions, 60 A. Tlili, F. Monnier, M. Taillefer, Chem. Commun. 2012, 48, 6408-6410. this reaction also failed to deliver L4 (scheme 2-3, route C, D). A breakthrough was obtained upon changing both the Pd catalyst to [PdCl(C3H5)]2 and the ligand to XPhos. At temperature of 90 °C and 100 °C in CPME as solvent, L4 was obtained from 2 to 27% yields. Higher temperature of 110 °C furnished the double amination product (scheme 2-3, route E).

The final optimized conditions were obtained with [PdCl(C3H5)]2 and XPhos in the presence of Cs2CO3 as a base. Stirring for 40 h, at 100 ℃ in CPME delivered L4 in a satisfactory yield of 63% (Scheme 2-4). An X-ray structure of this compound was obtained confirming its structure (Figure 2 Bond lengths between Ru and N are similar in these three complexes (Table 2-2). Distance of Ru to plane-center is 1.775 Å, which is a little bit longer than the other two Ru complexes with p-cymene ligand (1.775 vs. 1.683, 1.675).

Scheme 2-6 Preparation of new ruthenium complexes Ru1 -Ru4. 7). Of note, as previously reported, the sulfato-complex Ir12 was obtained as a zwitterionic compound.

Scheme 2-7 Preparation of new iridium complexes Ir1 -Ir12. Some structural parameters were gathered and compared between the chloro-complexes Ir6, Ir12 and the zwitterionic complexes Ir1, Ir7. As depicted in Table 2.3, no major structural variations could be denoted between these complexes. Therefore, any variation of the catalytic performances of these catalysts should be attributed to electronic parameters rather than steric ones. 

Synthesis of 2-OPMB and 2-OH modified DPA iridium complexes

The Hammett substituent constant states that the oxyanion is a strong electron-donor and that the dimethyl amino (NMe2) group is more electron donating than the hydroxyl group. 56b

Because the 2-OH group may promote Cp*Ir complex-catalyzed hydrogen heterolytic dissociation and NMe2 greatly enhances Cp*Ir complex hydrogenation activity, 51c we have incorporated these two features in our ligand design and synthesized a series of new catalysts.

Just during this thesis preparation Li's group reported the use of 6,6'-(OH)2-2,2'dipyridylamine Cp*Ir-Cl complexes for the synthesis of N-trideuteromethylated amines using the proposed deuterium auto-transfer process, which involves treating amines with deuterated methanol.61 

Ligand synthesis

The direct amination of 2-bromo-6-hydroxy pyridine 7 and 2-amino-6-hydroxy pyridine 8 failed to deliver the desired di(6-hydroxy-pyridin-2-yl)amine L7 (Scheme 2-8). The resulting yellow solids are stable to air and moisture. The structures of Ir15 and Ir18 were confirmed by X-ray crystallography from which selected bond lengths and angles were collected and compared to the parent complex Ir5 (Figures 89). The bond length of Ir1-N1 is a little bit longer than Ir1-N3 because of the NMe2 group on the side of dpa ligand (Table 234).

For Ir18 we can see a hydrogen bond between Cl and H (Figure 10). The ligand syntheses were achieved by copper-catalyzed amination reactions involving imidazole and thermally promoted substitution involving mesithylimidazole. 63 The complexes were synthesized using silver-transmetallation for the introduction of the NHC ligands. All the complexes were obtained in good yields, higher than 85% (Scheme 2-12).

Conclusion

We have successfully synthesized and characterized number of new ruthenium and iridium complexes. In particular, a synthesis pathway was found for the preparation of 4,4-

(dimethylamino)-2,2'-dipyridylamine L4.
Other original ligands bearing hydroxyfunctionalized dipyridylamine were also prepared. All these ligands were obtained in good to high yields. With these new ligands, numerous new ruthenium and iridium complexes have been prepared in good to excellent yields. In addition, four complexes bearing chelating pyridyl-NHC ligands have been prepared in high yields. All these complexes have been characterized and some X-ray molecular structures obtained for some of them. All these complexes will be involved and investigated in catalytic transformations presented in the next chapters. 

Experimental part

General Information

All reactions were conducted under an inert atmosphere of argon using standard Schlenk tube techniques. All the reagents used were obtained from commercial sources and used as received. 1 H NMR spectra were recorded on a Bruker Avance (400 MHz) spectrometer, 1 H and 13 C NMR spectra were calibrated using the residual solvent signal as reference ( A mixture consisting of [Cp*RuC12]2 (1.0 g, 1.63 mmol), granular activated zinc* (266 mg, 2.5 eq) and acetonitrile (30 mL) was stirred for 2 h in a dry Schlenk under argon atmosphere. KPF6

(600 mg, 3.6 mmol) was then added, and the mixture was stirred overnight at r.t.. The solvent was removed under vacuum, and the residue was extracted with dichloromethane (30 mL). The solution was filtered, and the orange filtrate was evaporated to leave the crude product, which was precipitated from methanol (30 mL) containing acetonitrile (1 mL). The [Cp*Ru(NCCH3)3]PF6 (orange crystals) obtained were dried under vacuum. NMR data were consistent with the reported data. 65

[IrCl2Cp*]2 was prepared according to the literature. 66 In a dry Schlenk tube, IrCl3•xH2O (0.2 g, 0.54 mmol, 1 equiv.) was dissolved in 5 ml degassed and dry MeOH. An excess of pentamethylcyclopentadiene (Cp*) (1.5 ml) was dropwise added to the system. After refluxing for 36 h, the mixture was cooled to room temperature, and the desired product was isolated by filtration and washed with cold methanol. Yield: 0.17 g (80%).

Synthesis of 2-Bromo-4-(N,N-dimethylamino)pyridine 1 67 : Dimethylethanolamine (0.8 mL, 8 mmol, 2 equiv.) was added to a Schlenk flask containing degassed dry hexane (10 mL) at 0 o C. A 1.6 M nBuLi solution (10 mL, 16 mmol, 4 equiv.) in hexane was added and the reaction mixture was stirred for 1 h. Then 4-dimethylaminopyridine (0.488 g, 4 mmol, 1 equiv.) was added to the mixture and stirred at 0 o C for 2 h. The reaction mixture was cooled to -78 o C and a solution of tetrabromomethane (3.31 g, 10 mmol, 2.5 equiv.) in dry hexane (20 ml) was added to the reaction mixture. After stirring for 1 h, the reaction mixture was quenched with H2O at r.t.. The aqueous phase was extracted with Et2O (3 x 10 mL) and the combined organic phases were dried over Na2SO4. Evaporation of the solvent in vacuo delivered the crude product. This crude product was purified by flash chromatography on silica gel (eluent: heptane/ethyl acetate 3/7) to give the target compound as a white solid. Yield: 0.27 g, 69 %; NMR data were consistent with reported data.

1 H NMR (400 MHz, CDCl3): δ 7.94 (d, J = 6.0 Hz, 1H,), 6.41 (d, J = 2.4 Hz, 1H,), 6.42 (dd, J = 6.0 Hz, 2.4 Hz, 1H,), 2.99 (s, 6H,).

Synthesis of 2-Iodo-4-(N,N-dimethylamino)pyridine 2 57b : Dimethylethanolamine (0.8 mL, 8 mmol, 2 equiv.) was added to a Schlenk flask containing degassed dry THF (10 mL) at 0 o C. A 2.5 M nBuLi solution (6.4 mL, 16 mmol, 4 equiv.)

in hexane was added at -5 o C and the reaction mixture was stirred for 1 h.

4-dimethylaminopyridine (0.488 g, 4 mmol, 1 equiv.) was added to the mixture and stirred at 0 o C for 2 h. The reaction mixture was cooled to -78 ℃ and a solution of I2 (2.6 g, 10 mmol, 2.5 equiv.) dissolved in dry THF (20 mL) was added to the reaction mixture. The temperature was then allowed to raise to 0 °C and the reaction mixture was slowly quenched with H2O. The aqueous phase was extracted with ethyl acetate (3 x 30 mL) and the combined organic phases were dried over Na2SO4. Evaporation of the solvent in vacuo delivered the crude product. The crude product was purified by flash chromatography on silica gel (heptane/ethyl acetate 3/7) to give the target compound as a white solid. Yield: 1.5 equiv.) was added to a suspension of powdered KOH (0.52 g, 9.3 mmol, 5.2 equiv.) in DMSO (10 mL) and the mixture was stirred for 40 min to facilitate the deprotonation of DPA. Benzyl bromide (0.31g, 1.8 mmol, 1 equiv.) was added and the reaction mixture was stirred at room temperature for 24 h. Addition of water (15 mL) was followed by extraction with ethyl acetate (15 ml x 3). The organic phases were collected and the solvent evaporated. The resulting product was purified by flash chromatography (Heptane: Ethyl acetate = 3: 1) to give the desired pure compound m = 0.41 g, yield = 87%. NMR data are consistent with reported data.

1 H NMR (400 MHz, CDCl3) δ 8.32 (ddd, J = 4.9, 2.0, 0.9 Hz, 2H), 7.52 (ddd, J = 8.4, 7.2, 2.0 Hz, 2H), 7.36 -7.32 (m, 2H), 7.28 -7.23 (m, 2H), 7.17 (dt, J = 8.4, 0.9 Hz, 3H), 6.85 (ddd, J = 7.2, 4.9, 1.0 Hz, 2H), 5.51 (s, 2H). 13 C NMR (100 MHz, CDCl3): δ 157. 1, 148.3, 139.3, 137.3, 128.4, 127.0, 126.6, 117.3, 114.7, 51.5. 68 M. P. Groziak L. M. Melcher, Heterocycles 1987, 26, 2905-10.

Synthesis of N 4 ,N 4 -dimethyl-N 2 -(pyridin-2-yl)pyridine-2,4-diamine L3 49a : 2-Iodo-4-(N, Ndimethylamino)pyridine (0.25 g, 1 mmol, 1 equiv.), 2aminopyridine (0.094 g, 1 mmol, 1 equiv.), Pd2(dba)3 (0.023 g, 0.025 mmol, 2.5 mol%), BINAP (0.025 g, 0.04 mmol, 4 mol%), t-BuOK (0.17 g, 1.5 mmol, 1,5 equiv.) and 10 mL of toluene were combined in a Schlenk tube under an argon atmosphere. The mixture was stirred at 90 °C for 24 h. After cooling to room temperature, the crude reaction mixture was filtered over celite.

Evaporation of the solvent in vacuo delivered the crude product. Purification by flash column chromatography on silica gel (heptane: ethyl acetate = 7/3, v/v). Afforded the target product obtained as colorless crystals (0.15g, 70%). NMR data were consistent with reported data.

1 H NMR (400 MHz, CDCl3): δ 8.24 (ddd, J = 5.0, 1.9, 0.9 Hz, 1H), 7.95 (d, J = 6.1 Hz, 1H), 7.60 (s, 1H), 7.55 (ddd, J = 8.9, 7.1, 1.9 Hz, 1H), 7.47 (dt, J = 8.4, 1.1 Hz, 1H), 6.83 (d, J = 2.3 Hz, 1H), 6.78 (ddd, J = 7.0, 5.0, 1.1 Hz, 1H), 6.20 (dd, J = 6.1, 2.4 Hz, 1H), 3.00 (s, 6H). 13 C NMR (101 MHz, CDCl3) δ 156.2, 155.0, 154.9, 147.9, 147.9, 137.6, 115.8, 111.7, 101.9, 93.2, 39.4.

Synthesis of N 2 -(4-(dimethylamino)pyridin-2-yl)-N 4 ,N 4 -dimethylpyridine-2,4-diamine L4:
A Schlenk-type tube (with a Teflon screw cap) equipped with a magnetic stir bar was charged with the 2 (0.25 g, 1.0 mmol, 1 equiv.), 3 (0.16 g, 1.2 mmol, 1.2 equiv.), [PdCl(C3H5)]2 (0.0036 g, 0.01 mmol, 1 mol%), XPhos (0.036 g, 0.077 mmol, 7.7mol%), Cs2CO3 (0.97 g, 3 mmol, 3 equiv.) and cyclopentyl methyl ether (10 mL). The mixture was first stirred at room temperature for 10 minutes and then stirred at 100 ℃ (preheated oil bath) for 40 hours. After cooling to room temperature, the crude reaction mixture was filtered over celite. Evaporation of the solvent in vacuo afforded the crude product.

Purification by column chromatography on silica gel (heptane: ethyl acetate = 7/3, v/v, Et3N 2%). Afforded target product obtained as a white solid (0.16 g, 63%).

1 H NMR (400 MHz, CDCl3) δ 7.92 (d, J = 6.0 Hz, 2H), 6.97 (s, 1H), 6.74 (d, J = 2.4 Hz, 2H), 6.17 (dd, J = 6.1, 2.4 Hz, 2H), 2.99 (s, 12H). 13 C NMR (100 MHz, CDCl3) δ 156. 1, 155.5, 147.8, 101.4, 92.9, 39.4 1 H NMR (400 MHz, CDCl3) δ 7. 41 -7.31 (m, 3H), 6.94 -6.87 (m, 2H), 6.14 (dd, J = 7.9, 0.7 Hz, 1H), 6.06 (dd, J = 7.9, 0.7 Hz, 1H), 5.21 (s, 2H), 4.30 (s, 2H), 3.81 (s, 3H). 13 C NMR (101 MHz, CDCl3) δ 163.4, 159.4, 157.2, 140.4, 129.8, 129.8, 114.0, 99.9, 99.4, 67.3, 55.4.

Synthesis of Di(6-(4-methoxybenzyl)oxy)-pyridin-2-yl)amine L8: 2-Bromo-6-((4methoxybenzyl)oxy)pyridine (0.60 g, 2.0 mmol, 1 equiv.), 2-amino-6-((4-methoxybenzyl)oxy)pyridine (0.46 g, 2.0 mmol, 1 equiv.), Pd2(dba)3 (0.05 g, 0.05 mmol, 2.5 mol%), BINAP (0.06 g, 0.08 mmol, 4.0 mol%), t-BuOK (0.34 g, 3.0 mmol, 1.5 equiv.) and 20 mL of toluene were combined in a Schlenk tube under argon atmosphere.

The mixture was stirred at 90 °C for 24 h. After cooling to room temperature, the crude reaction mixture was filtered over celite.

Evaporation of the solvent in vacuo delivered the crude product.

Purification by column chromatography on silica gel (heptane: ethyl acetate = 9/1, v/v) furnished the target product as a white solid (0.77 g, 87%). 8, 159.5, 152.0, 140.4, 129.7, 129.7, 114.1, 102.9, 102.4, 67.6, 55.4.

HR-MS (ESI, CH3OH) [M+Na] + calculated for (C26 H25 N3 O4 Na + ) = 466.17373; measured 466.1736.

Synthesis of Di(6-hydroxy-pyridin-2-yl)amine L7: Under an argon atmosphere, Pd/C (0.15 g, 10 wt%) was added rapidly in a 100-mL round bottom flask with a mixture of PMB-protected ligand L8 (0.88 g, 2 mmol, 1 equiv.), THF (20 mL), and methanol (20 mL). The flask was flushed three times with a hydrogen balloon. The reaction was stopped after reacting at room temperature for 24 h. After filtration of the catalyst over celite and removal of the solvent under vacuum, the residue was purified by flash chromatography on silica gel using a mixture of dichloromethane and methanol (7/3) as the mobile phase to give the product (0.35 g, 87% yield). 5, 157.6, 156.7, 150.1, 146.5, 144.9, 106.0, 103.7, 92.9, 92.7, 39. 3, 153.3, 138.6, 129.5, 118.9, 113.9, 79.2, 54.3, 54.0, 53.7, 9.5, 4. 3, 153.2, 149.0, 139.2, 138.4, 129.9, 128.6, 127.5, 120.2, 115.5, 58.0, 51.8, 34.2, 9.4. 19 F NMR (376 MHz, CD3CN) δ -72.9 (d, J = 706.1 Hz). 8, 154.4, 153.8, 153.3, 153.2, 151.9, 137.8, 117.7, 112.5, 104.4, 92.9, 77.7, 54.3, 38.5, 8.5. 19 5, 152.4, 142.6, 109.4, 101.5, 87.5, 58.0, 9. ), 6.96 -6.88 (m, 1H), 6.28 (dd, J = 7.0, 2.7 Hz, 1H), 3.12 (s, 6H), 1.46 (s, 15H). 13 C NMR (101 MHz, CDCl3): δ 156. 1,154.2,151.9,150.5,149.1,139.6,119.2,116.1,105.8,95.6,87.2,39.5, ,N 4 -dimethylaminopyridin-2-yl)amine)pentamethylcyclopentyl)] iridium chloride Ir6: With the same procedure as for the synthesis of Ir1, Ir6 was obtained as a yellow powder (yield: 96%). With the same procedure as for the synthesis of Ir7, Ir9 was obtained as a yellow powder (yield: 95%). Hz, 15H). 13 C NMR (101 MHz, D2O) δ 153.9, 151. 1, 142.3, 134.3, 129.1, 128.0, 126.7, 122.5, 116.8, 88.3, 56.3, 7.7 7, 151.0, 148.7, 106.4, 92.8, 86.9, 38.7, 7.8.

Synthesis of Ir13: Using the same procedure as for the synthesis of Ir1, Ir13 could not be synthesized. 2, 163.5, 160.8, 151.2, 143.0, 140.4, 131.4, 127.0, 120.2, 117.0, 116.0, 114.4, 109.3, 102.7, 88.0, 73.3, 55.9, 8.9.

Synthesis

Synthesis of Chloro-[(N 2 -(6-((4-methoxybenzyl)oxy)pyridin-2-yl)-N 4 ,N 4 -dimethylpyridine- 2,4-diamine)pentamethylcyclopentyl] iridium chloride Ir15:
With the same procedure as for the synthesis of Ir1, Ir15 was obtained as a yellow powder (yield: 94%). 13 C NMR (101 MHz, CDCl3) δ 163.0, 160. 1, 156.1, 153.9, 152.6, 149.0, 142.2, 130.9, 126.6, 114.0, 109.3, 105.6, 101.0, 95.5, 86.9, 72.9, 55.5, 39.6, 8.7.

Synthesis of Chloro-[(bis(6-hydroxypyridin-2-yl)amine)pentamethylcyclopentyl] iridium chloride Ir16: With the same procedure as for the synthesis of Ir1, Ir16 was obtained as a yellow powder (yield: 91%). 0, 164.2, 152.9, 150.6, 144.3, 141.1, 120.7, 116.5, 107.2, 105.8, 89.3, 9.0.

Synthesis of Ir18: With the same procedure as for the synthesis of Ir1, Ir18 was obtained as a yellow powder (yield: 97%) 13 C NMR (101 MHz, CD2Cl2) δ 164. 1, 156.9, 154.0, 151.9, 149.1, 143.8, 106.8, 106.5, 104.4, 95.6, 88.7, 39.9, 9.0.

Synthesis of Ir19: Ir13 was not observe the product thus no product of Ir19.

Synthesis of [(6-((4-methoxybenzyl)oxy)-N-(pyridin-2-yl)pyridin-2amine)pentamethylcyclopentyl] iridium sulfate Ir20: With the same procedure as for the synthesis of Ir7, Ir20 was obtained as a yellow powder (yield: 89%). 8, 159.8, 153.5, 152.1, 150.7, 145.0, 142.5, 132.9, 131.1, 129.6, 121.7, 121.3, 115.2, 114.9, 109.8, 105.5, 89.1, 55.7, 8.9 9, 159.0, 158.4, 156.7, 154.9, 149.1, 143.6, 129.6, 129.5, 113.5, 106.2, 105.6, 92.4, 91.4, 87.1, 54.3, 38.1, 33.9, 7.6.

Synthesis of [(bis(6-hydroxypyridin-2-yl)amine)pentamethylcyclopentyl] iridium sulfate Ir22:

With the same procedure as for the synthesis of Ir7, Ir22 was obtained as a yellow powder (yield: 86%). 3, 163.0, 156.8, 150.3, 148.3, 143.9, 106.8, 104.2, 103.9, 92.7, 87.2, 38.7, 8.0.

Synthesis of 11: A Schlenk-tube was charged with I-DMAP 2 (0.16 g, 0.7 mmol, 1 equiv.), imidazole (0.07 g, 1.0 mmol, 1.4 equiv.), CuI (0.27 g, 0.07 mmol, 0.1 eq), KOH (0.08 g, 1.4 mmol, 2 eq) evacuated and backfilled with argon. DMSO (2 ml) was added by syringe to this mixture under argon and the reaction mixture was stirred at 150 ℃ for 24 h. After complete reaction NH3•H2O (10 ml) was added, extract with DCM (3 x 20 ml), the organic layer was washed with saturated NH4Cl solution and water to remove DMSO, organic layer was then the organic layers were combined, dried over Na2SO4, and concentrated in vacuo. 11 was obtained as a brown powder (yield: 80%) 4, 150.4, 148.8, 130.3, 105.7, 94.7, 53.5, 41.1, 39.5.

DMAP-NHC(Me)-ligand 12:

In a 10 mL Schlenk-tube a mixture of 11 (0.19 g 1.0 mmol, 1.0 eq) and iodomethane (0.35g, 2.5 mmol, 2.5 eq) in degassed EtOAc (5 mL) was stirred at indicated temperature and time to give a colorless precipitate.

The product was isolated by filtration, washed with diethyl ether (3 x 10 ml)

and dried in vacuo. 0, 148.4, 147.4, 122.8, 119.3, 107.6, 96.5, 91.5, 40.3, 36.8.

Synthesis of Ir25:

A mixture of 12 (0.04 g, 0.14 mmol) and silver oxide (0.02 g, 0.08 mmol) was taken up in 5 mL of CH2Cl2 and was stirred for 4 h. The solution was filtered through celite, and then [Cp*IrCl2]2 (0.05 g, 0.06 mmol)

was added; the solution was stirred at room temperature for 16 h and filtered. After and evaporating the solvent under reduced pressure, the residue was washed with ether and then dried in a vacuum. Ir25 was obtained as a yellow powder (yield: 90%).

1 H NMR (400 MHz, CDCl3) δ 9.48 (s, 1H), 8.07 (s, 1H), 7.87 (d, J = 7.0 Hz, 1H), 7.19 (d, J = 1.9 Hz, 1H), 6.42 (dd, J = 7.0, 2.5 Hz, 1H), 3.98 (s, 3H), 1.78 (s, 15H), 1.58 (s, 6H). 13 C NMR (101 MHz, CD2Cl2) δ 214. 5, 166.1, 157.5, 148.4, 125.2, 119.8, 107.3, 95.6, 91.6, 40.9, 38.0, 9.9.

Synthesis of Ir26: With the same procedure as for the synthesis of Ir7, Ir26 was obtained as a yellow powder (yield: 86%).

1 H NMR (400 MHz, D2O) δ 8.27 (d, J = 7.0 Hz, 1H), 8.02 (s, 1H), 7.54 (s, 1H), 6.98 (s, 1H), 6. 83 -6.75 (m, 1H), 4.16 (s, 3H), 3.25 (s, 6H), 1.78 (s, 15H). 13 C NMR (101 MHz, D2O) δ 180. 5, 152.5, 148.2, 125.7, 124.8, 117.1, 107.3, 99.1, 91.0, 39.1, 37.8, 8.6.

Synthesis of 13:

A Schlenk tube charged with I-DMAP 2 (0.25 g, 1 mmol) and 1mesitylimidazole (0.19 g, 1 mmol), was evacuated and then heated in an oil bath at 150 ℃ for 4 days. After cooling to room temperature, the brown residue was washed three times with ether (3 x 5 ml) and the insoluble solid product isolated by filtration and dried in vacuo at room temperature. Yield: 0.37 g, 75%.

1 H NMR (300 MHz, CDCl3) δ 10.83 (s, 1H), 8.90 (s, 1H), 8.05 (d, J = 6.1 Hz, 1H), 7.75 (s, 1H), 7.05 (s, 2H), 6.55 (dd, J = 6.3, 2.2 Hz, 1H), 3.25 (s, 6H), 2.36 (s, 3H), 2.18 (s, 6H). 13 C NMR (75 MHz, CDCl3) δ 157.0, 148.3, 147.1, 141.7, 135.0, 134.2, 130.6, 130.1, 123.6, 121.1, 107.9, 97.7, 41.1, 21.3, 18.1. Synthesis of 14: Compound 13 (0.22 g, 0.5 mmol) and Ag2CO3 (0.08 g, 0.3 mmol) in dichloromethane (15 ml), heating at 40℃ for two days. After completion, the volatiles were removed under reduced pressure and the solid product was washed with ether and dried in vacuo, yield = 86%. 7, 149.0, 135.4, 129.9, 122.8, 120.7, 111.2, 107.4, 97.5, 89.6, 83.4, 78.3, 40.3, 21.5, 18.1. Synthesis of Ir27: Compound 14 (0.07g, 0.13 mmol, 2 equiv.) was added to a suspension of [Cp*IrCl2]2 (0.052 g, 0.065 mmol, 1 equiv.) in methanol (5 mL). The mixture was stirred for 16 h at r.t.. After evaporation to dryness, the residue was washed with diethyl ether (3 x 2 mL) to give the expected product Ir27 (0.077 g, yield: 85%). 4, 157.0, 152.4, 147.6, 140.3, 137.4, 135.5, 134.6, 130.2, 129.4, 126.0, 120.4, 107.5, 96.3, 91.3, 21.2, 19.2, 18.8, 9.1.

Synthesis of Ir28:

With the same procedure as for the synthesis of Ir7, Ir28 was obtained as a yellow powder (yield: 91%).

DMAP-NHC(Mes)-Ir-Cp*-SO4: yield = 91% 6, 157.2, 148.2, 135.5, 129.8, 127.5, 126.4, 124.9, 117.3, 116.4, 107.8, 93.1, 91.1, 39.2, 20.1, 17.4, 8.1.

X-ray data

Ru1

Structural data 

Identification code Ir21

Crystal data

Empirical formula C30H37Cl2IrN4O2

Formula weight 748.73 g/mol 

Ir24

Structural data

Table 2-9. Crystal data and structure refinement for Ir24.

Identification code Ir24

Crystal data

Empirical formula C23H33Cl2IrN4O2

Formula weight 660.63 g/mol 

Introduction

The developing sustainable chemistry industry perceives the creation of chemicals and fuels from renewable resources as an appealing proposition. 69 Plenty of products can be produced from biomass by different methods. 70 For example, as one of 12 building blocks derived from carbohydrates defined by Department of Energy (DOE) in 2004, levulinic acid (LA) can be prepared easily from carbohydrates or lignocelluloses. 42 Thus, LA has received a great deal of attention as a precursor of a variety of high-value compounds. It has to be emphasized that among these significant chemicals, γ-valerolactone (GVL) is considered as one of the most promising ones in this century as a value-added chemical produced from sustainable feedstock (such as biomass waste and food waste) due to its unique physicochemical features and prospective fuel applications. In addition to being a naturally occurring, secure, biodegradable, and nontoxic chemical, GVL plays an important role as a food additive, a green solvent for processing biomass, and an effective fuel additive 14,71 . Additionally, GVL can be employed and turned into a variety of derivatives, including 1,4-pentandiol, alkanes, and methyl tetrahydrofuran. 72

Mechanism for LA to GVL

In recent years, various methods for producing GVL from LA or its esters using heterogeneous or homogeneous catalysts for hydrogenation in the presence of H2 or transfer hydrogenation with hydride donors such as formic acid (FA) have been extensively studied. to form α-angelica lactone. Under acidic conditions, α-angelica lactone can be isomerized to βangelica lactone, and finally both of them are reduced to GVL promoted by catalyst.

Heterogeneous catalysis

Numerous examples of heterogeneous catalysis have been reported over the last couple of decades. 73a, 74 Notably, supported Ru catalysts were employed. 75 However, examples of Ni, 76 Cu,77 Zr, 78 Pd,15c,19a Re, 74a,79 Ir,19a Pt,15c,19a, and Au80 are also known. Heterogeneous catalysis repeatedly makes the separation and recycling processes easier, however due to the relatively poor catalytic efficiency, high temperatures, high pressures, or a combination of both are needed to get appropriate yields and conversions. For instance, Hwang and Chang et al. examined the ability of nanocomposite Cu/SiO2 catalysts to convert LA into a variety of hydrogenation derivatives, including GVL. 77 The traditional precipitation-deposition procedures used to create the Cu/SiO2 catalysts allowed for a variety of Cu loadings (5-80 wt%). After that, these catalysts were put to use in a vapor-phase reactor with H2/LA (80:1) mixtures flowing over the catalyst bed at 265 °C. Quantitative conversion of LA to GVL was achieved in this system when a 5

wt% Cu/SiO2 catalyst was used. However, GVL, which was further hydrogenated to yield 2-MeTHF, 1-pentanol, and 1,4-pentanediol, showed a low selectivity for catalysts with greater Cu loadings (30-80 wt%).

Wei and Deng reported that Cu-Re/TiO2 bimetallic catalysts made using an incipient wetness impregnation process were investigated for the liquid phase hydrogenation of LA in an effort to create an effective Cu-based catalyst. 81 It was shown that adding the suitable amount of Re to Cu/TiO2 significantly improved the catalytic performance for the hydrogenation of LA to GVL. The Cu-Re/TiO2 catalyst with a 1:1 molar ratio of Cu to Re achieved as high as 100% yield of GVL, but this reaction was performed at 180 °C and under 40 bar H2 for 4 h. The advantage is that the catalyst could be reused at least 6 times with slight activity loss.

Homogeneous catalysts

Homogeneous metal catalysts may typically work at relatively mild conditions and can be structurally modified to increase their activity and selectivity in catalysis, despite the higher difficulty for separation and recycling. By adjusting the ligand structure, one may alter the homogeneous catalyst's characteristics, which, if chiral ligands are utilized, can have a significant impact on reactivity and direct enantioselectivity.

i) Non-noble metal based catalyst

Due to their extensive chemical characteristics, rich chemical content, and long-term economic viability, non-precious metal catalysts including Cu, Ni, Fe, and Al have attracted the attention of many scientists in recent years. Utilizing hydrogen, formic acid, or alcohol as a donor, they may effectively convert LA to GVL. 82 The neat conversion of LA to GVL in presence of FA was carried out at 180 ℃ using the inexpensive and easily accessible [Fe3(CO)12] precursor. Although the catalyst and additive concentrations were somewhat high (cat. 4 mol%, imidazole 4 equiv. to substrates), the reaction produced a 92% product yield. 83 Song et al. have demonstrated that iron PNP pincer complex-catalyzed hydrogenation of LA into GVL in 95% yield achieving turnover numbers of approximately 23000 and turnover frequencies of 1917 h -1 (Figure 3-1). However, this reaction required one equivalent of KOH as base and 50 bar of H2 at 100 ℃. 84 In 2019, an easily accessible and highly effective cobalt-based catalytic system made of Co(BF4)2•6H2O and P(CH2CH2PPh2)3 was reported by Liu. 85 This in-situ generated catalyst was able to catalyze the reaction at atmospheric pressure of H2 and provided outstanding GVL yield of 95% at 100 °C. According to ESI-MS analysis, H2 may be activated during the reaction to produce active species [Co(H2) P(CH2CH2PPh2)3] + .

Fu described a cheap nickel-phosphine complex that, at 1 atm H2, can catalyze the conversion of neat levulinic acid (LA) to γ-valerolactone (GVL) without the need of any additives. 86 5.8 kg of LA were effectively converted to GVL with a 94% yield. The major active intermediates are L-Ni + -H species, according to DFT calculations and in-situ APXPS.

The hydrogenation of aliphatic ketoacids, including LA, was made possible with a reliable and

effective nickel-phosphine combination [Ni(OAc)2•4H2O/triphos, Ni(OAc)2•4H2O/DPPP]
(Figure 3-2). 87 The hydrogenation could proceed smoothly in the presence of 0.0133 mol% catalyst loading (S/C= 7500). Using the chiral (S, S)-Ph-BPE ligand under 70 atm of H2 at 50 °C for 12 hours, large scale (11.6 g) of levulinic acid was entirely converted into (R)-GVL with an isolated yield of 91% and an ee of 96%. Deuterium-labeling experiments, control experiments and DFT calculations have all contributed to a mechanistic understanding of this Ni-catalyzed asymmetric hydrogenation of levulinic acid, demonstrating the critical role a proton plays in the activation of the C=O bond and the control of stereoselectivity. To assist a simpler GVL separation, Heeres created a CH2Cl2/H2O biphasic hydrogenation of LA. 88e This system operated by using a ruthenium catalyst in-situ generated from RuCl3•3H2O and the TPPTS ligand at 45 bar and 90 °C. A quantitative yield of GVL was obtained after 80 min. However, only 55% conversion was shown in the second run after catalyst recycling.

Technology-wise, the removal of a solvent and other additives could make product separation and even catalyst recycling easier. Mika et al. investigated a series of water-soluble mixed phosphines bearing one or two alkyl groups for Ru-catalyzed reduction of LA in order to examine the advantageous combination of the high solubility of sulfonated phosphines and neat conditions established by the use of strongly electron-donating tertiary phosphines. 88f Since both the ligands and the precursor Ru(acac)3 were easily dissolved in LA, the reactions could be carried out in pure LA without the use of any other additives achieving yields up to 99% at 140 ℃ in 1.8 h under 100 bar H2. They could also recover and reuse the catalyst for at least six runs.

The hydrogenation of LA under 50 bar H2 at 100 °C was reported using iridium trihydride complexes generated in situ from [Ir(COE)2Cl]2 and tridentate pincer type ligands (Figure 34).

The addition of electron-donating substituents (tBu and iPr) to the P-ligand considerably increased the catalytic activity, and the reaction in EtOH produced the best yield (96%) after 15 h. 89a It was demonstrated that Ir-trihydride complexes performed better than Ir-Cl complexes.

Although the TON of 71,000 attained with a low catalyst loading was excellent, the TOF remained ordinary (1480 h -1 ).

Figure 3-4 Iridium tridentate pincer complexes

Half-sandwich complexes made of iridium-bipyridyl have also been proven to be effective hydrogenation catalysts when used for this purpose. In 2013, Fu reported that a variety of bipyridyl-iridium complexes having electron-donating groups such as a methoxy group in para position complex VI could convert LA into GVL in excellent yields (98%) at low pressures (Figure 345). 89b Steric hindrance also influenced the catalytic efficiency, which explained the reduced activity of catalyst VII (yield 98% vs 77%). At 120 ℃ and 10 bar of H2, they attained TONs as high as 78000. The catalyst also produced GVL from aqueous mixtures of LA and FA with high activity (Scheme 3-2). (125-762 h -1 ). These findings unequivocally showed that, although high conversions and selectivities could be accomplished in water, an acidic auxiliary material (p-toluenesulfonic acid (PTSA), 1.75 equiv. to cat.) was necessary for an effective neat transformation. In 2021, Li provided a thorough DFT calculation investigation to clarify the chemical mechanism of the LA to GVL conversion facilitated by the half-sandwich iridium complexes (Scheme 3-5). 92 The first step of the mechanism is the concerted reduction of the C=O unit of LA releasing hydroxyvaleric acid and an iridium alkoxo-complex. This iridium alkoxocomplex further leads to the metal-promoted cyclization of hydroxyvaleric acid to produce GVL. Importantly, water and counterions act as a hydrogen donor and a hydrogen shuttle, respectively. Thus, a metal-and counterion-assisted concerted dehydration-cyclization process is proposed for the 4-HVA cyclization step, as opposed to the direct intramolecular esterification of 4-HVA that was theorized in the early literature reports.

Scheme 3-5 Mechanism of the conversion of LA to GVL promoted by the half-sandwich iridium complexes

iii) Homogeneous asymmetric catalytic hydrogenation

The enantiomers of GVL could make great building blocks for the synthesis of chiral chemicals or chiral solvents (Scheme 3-6, Figure 3-10), 93 even if the main applications of GVL, such as solvent or even fuel, do not call for a specific enantiomer. Ruthenium complexes with chiral chelating phosphine demonstrated the highest activity and enantioselectivity among the d 8 -d 9

transition metals for the asymmetric reduction of LA or its esters (Figure 3-10). Figure 3 Scheme 3-6 Synthesis of chiral GVL from LA or its esters. To improve the catalysts performances, in this thesis, we have focused on modified DPA-ligand and prepared new ruthenium and iridium catalysts as presented in chapter 2. In this chapter, the catalytic performances of these catalysts have been investigated in the base-free and additivefree transformation of levulinic acid into γ-valerolactone.

Results and discussion

Transformation of levulinic acid into γ-valerolactone catalyzed by Ru1-Ru4

The four ruthenium complexes Ru1-Ru4 (Figure 3-12) were evaluated in the solvent-free transformation of levulinic acid under transfer hydrogenation conditions using formic acid as hydrogen donor and compared to the previously reported Ru-p-Cymene complexes which showed no catalytic activity under those experimental conditions (Scheme 3-7). An initial catalyst-free blank test carried out with 2 equiv. of formic acid (FA) did not show any conversion of LA. We initially tested the four catalysts at 110 °C without any additives or solvents, and the findings revealed that this new family of catalyst displayed some activity when compared to Ru-pcymene (Table 3-1). Ru1 with unsubstituted dpa ligand led to a poor conversion of 8% (Table 3-1, entry 1) but the introduction of 1 or 2 dimethylamino-group on the dpa ligand led to increased conversions of 17% and 28%, respectively, hence demonstrating the benefit of these electron-donating groups (Table 3-1, entries 3-4,). As observed precedently, the presence of a bridging secondary amine is mandatory for catalytic activity as Ru2 failed to convert levulinic acid (Table 3-1, entry 2).

By raising the temperature to 120 °C, Ru1, Ru3, and Ru4 showed an increase in conversion of 18%, 63%, and 68%, respectively while Ru2 was still not active (Table 3-1, entries 5-8). Finally, high conversions were achieved upon increasing the temperature from 120 to 140 ℃ and the reaction duration from 16 hours to 48 hours (Table 3-1, entries 12 -15). Ultimately, we achieved 92% conversion with Ru4 after 48 hours at 140 ℃, proving that the catalyst is stable and has a long lifetime at a high temperature (Table 3-1, entry 15).

As explained in the introduction, a number of catalysts require a base while others don't. In previous work with complexes carrying SO4 2-anion, it was proposed that this anion could play both the role of base and hydrogen shuttle. Ru1-Ru4 carrying a PF6 anion, the addition of an external organic base (NEt3) was considered and used in conjunction with Ru1. However, as depicted in (Table 3-1, entry 9), no beneficial effect on the reaction was achieved suggesting that the formation of a ruthenium-formate species is not determining in the catalytic process.

The four catalysts were also tested in water that had positive effects on the process catalyzed by iridium complexes. Surprisingly, none of the four catalysts displayed catalytic activity in water (Table 3-1, entries 16 -19). The stability of the complexes is unlikely to be the reason of these results as they are stable in formic acid that contains some water. Therefore, the inhibition by water may find its origin in the formation of very stable ruthenium-aquo complexes or in a drastic alteration of the reaction rate due to formic acid dilution.

Transformation of levulinic acid into γ-valerolactone catalyzed by iridium complexes

The solvent-free transfer hydrogenation of levulinic acid into γ-valerolactone with iridium catalysts was initiated (Figure 3-13) under conditions similar to those implemented with ruthenium complexes. Three chloro-iridium complexes were first evaluated. These complexes featured structural substitutions in order to evaluate the influence of steric hindrance (Ir2), electron-donating groups (Ir6) and nature of the bridging amine (Ir4). However, as observed with previously reported chloro-iridium complexes, no activity could be obtained with those catalysts (Table 3-2, entries 1-3). Several iridium-sulfato complexes Ir8-Ir12 and Ir22-Ir24

bearing dpa ligands with various steric and electronic properties have been evaluated under similar conditions. The inactivity of Ir8 and Ir9 emphasizes the importance of the steric hindrance around the iridium center considering the presence of the bulky Cp* ligand in the coordination sphere. However, experimental evidences suggest different reasons for this inactivity. Indeed, as it will be shown later, with iridium catalysts the hydrogen donor, formic acid, is quickly dehydrogenated and levulinic acid further hydrogenated. Interestingly, with Ir9, some pressure had developed in the reaction vessel (heavy wall Schlenck tube). The very low conversion thus finds its origin in the prevention of hydride transfer to levulinic acid due to steric constraint. With Ir8, no pressure had developed in the reaction vessel showing that in this case the dehydrogenation of FA did not occur (Table 3-2, entries 4-5). The iridium complexes Ir11 and Ir12 bearing 1 and 2 dimethylamino-substituents, respectively, displayed much better performances (Table 3-2, entries 6-7). In particular, the introduction of a second dimethylamino-group produced an important improvement of the conversion as initially hypothesized. Ir12 reached almost full conversion under rather mild conditions. Of note, a high conversion of 82% could be obtained after only 8 h at 110 °C and a conversion of 78 % was obtained with a catalyst loading as low as 0.05 mol% (entries 11-12, table 3-2).

Figure 3-13 different iridium catalysts

The hydroxyl-substituted complexes Ir22-Ir24 were also evaluated and allowed for moderate conversions ranging from 50% to 63% (Table 3-2, entries 8-10). Hence, the expected benefit of a hydrogen-bond donor in the vicinity of the metal center was not observed.

This first screening of all the iridium catalysts clearly emphasized the superiority of Ir12. To further find the limitation of this catalyst, we studied this reaction using lower temperatures.

Notably, the reaction could be conducted at 90 °C and 70 °C but also at a temperature as low as 50 °C allowing a conversion of 34%. This conversion could be increased to 80% upon an extended reaction time of 64 h thanks to the high stability of the catalyst ( As for ruthenium complexes, water was also evaluated as a solvent for this reaction at temperatures ranging from 70 °C to 110 °C (Table 3-2, entries 20-22). Whatever the temperature conversions similar to those obtained under neat conditions were achieved, 59% vs 62% at 70 °C, 82% vs 81% at 90 °C and 90% vs 97% at 110 °C. In contrast to ruthenium catalysts, no inhibition was observed in water, but no performance improvement was observed either, as could be expected from Fu's results.

Beside the transfer hydrogenation procedure, complexes Ir7, Ir11 and Ir12 were evaluated under mild hydrogenation conditions. As depicted in Table 3-3, all three complexes were competent for this reaction. Again, the benefit of introducing a second dimethylamino group (Ir12) was evidenced since nearly full conversion could be reached at 110 °C with only 5 bar of hydrogen when conversions of 66% and 77% were obtained with Ir11 (1-NMe2) and Ir7

(non-substituted dpa ligand), respectively (Table 3-3). Here too the activity of Ir12 is the highest reported so far under base free conditions and low hydrogen pressure. 

Transformation of levulinic acid into γ-valerolactone catalyzed by others complexes

As described in the previous chapter, a number of iridium catalysts bearing electron donating ligands has been prepared. They have been evaluated in the reduction of levulinic acid into GVL using formic acid as hydrogen donor under identical experimental conditions as those implemented earlier. Interestingly, the iridium complex Ir-28 bearing a chelating dimethylaminopyridine-NHC showed higher performances than Ir12. This catalyst structure is an avenue for the development of other catalysts considering the structural richness of NHCs (Scheme 3-9). Ir30 was evaluated in the transformation of LA into 2-Me-THF under similar conditions as those described earlier but this attempt was also not successful. Nevertheless, the potential of this catalyst in the base-free reduction of ketones has been investigated and the results presented in chapter 5.

Mechanism study

Before, studying the mechanism of the reaction, we first looked at the stability of Ir12 under acidic conditions. This was done by monitoring by 1 H NMR, mixtures of Ir12 and acetic acid (pKa = 4.76/ pKa of formic acid = 3.74). Ir12/acetic acid ratio from 1:1 to 1:10 were used at romm temperature and 80 o C, with mixing times from 10 min to 16 h. This study could not be done with FA due to fast dehydrogenation of FA resulting in pressure increase in the NMR tube (Figure 3-14). As depicted in Figure 3-14, whatever the conditions, no decomposition or modification of the complex was observed as evidenced by the non-affected aromatic proton region. The catalyst operating mode was investigated experimentally in order to determine the nature of the reduction process. Indeed, it was already shown that two distinct mechanisms could be involved when formic acid is used as a hydrogen donor. A hydrogen transfer mechanism can be involved in which a metal-hydride is generated with concomitant formation of CO2. The hydride is then transferred to the carbonyl function of levulinic acid in the present case.

Alternatively, fast formic acid dehydrogenation into H2 and CO2 can occur, the following With ruthenium, the left part of the H-tube was loaded with Ru4 (0.1 mol%), FA (4 mmol) and the right part with Ru4 (0.2 mol%) and LA (2 mmol). The H-tube was placed in an oil bath at 110 °C for 16 h. 1 H NMR of the reaction mixture of the right part revealed a very poor conversion of about 5%. For comparison the same reaction carried out in a normal Schlenk tube with half the amount of catalyst led to 68% conversion. This result indicates that the reaction mechanism with Ru4 is a transfer hydrogenation mechanism.

For iridium catalyst, the left side of the vessel was loaded with Ir12 (0.05 mol%), FA (4 mmol), while the right side was loaded with Ir12 (0.1 mol%) and LA (2 mmol). The H-shaped Schlenk tube was placed into an oil bath at 110 °C for 16 h. The crude reaction mixture in the right side was analyzed by 1 H NMR to determine if any conversion of levulinic acid occurred. A conversion of 66% was indeed observed hence indicating that hydrogenation of levulinic acid is occurring, fed by hydrogen resulting from the fast formic acid dehydrogenation in the left part of the H-tube. However, this 66% conversion is a little lower than that obtained in a conventional Schlenk tube (81%). This lower conversion may have several origins. First, due to the higher dead volume in the H-tube vs conventional Schlenk tube, the hydrogen pressure is lower in the H-tube. Second, in a conventional tube the activation of the catalyst is likely to occur with formic acid whereas in the right part of the H-tube, the activation of the catalyst occurs with H2. Thirdly, the 81% conversion obtained in a conventional Schlenck tube may be the result of both transfer hydrogenation and hydrogenation. Although the dehydrogenation of formic acid is very fast suggesting a predominant hydrogenation pathway, a hydrogen transfer pathway may still contribute to a certain extend to the observed conversion. This contribution of a transfer hydrogenation pathway is not possible using the H-tube experimental setup.

Conclusion

We have developed a series of half-sandwich ruthenium complexes coordinated with various dipyridylamine ligands. They have been employed in the transfer hydrogenation of levulinic acid using formic acid as the hydrogen source in base-free and neat conditions. From all the ruthenium catalysts prepared, Ru4 presented a better capability in this reaction. Such results under base-free condition compares positively with the previous family of p-cymene-ruthenium catalysts. With iridium catalysts, the steric congestion around the metal centre was also investigated by introducing methyl-and methoxy-substituents at the position 2 of the pyridine ring. The resulting catalysts were found non-reactive thus showing that steric congestion is not tolerated. However, the catalytic performances of the new catalyst Ir12 was improved with regards to Ir7 bearing a simple dipyridylamine ligand and to a lesser extent to Ir11 bearing only one dimethylamino-group. Of note, high conversions were still reached with very low catalyst loading and under mild conditions of temperature. Overall, the results acquired during these investigations validate the initial hypothesis which was correlating the performances of the catalysts with the electronic properties of the ligands. The more electron donating the ligand is, the higher catalytic performances. Within the dpa-containing catalysts prepared, the activity followed this trend and the bis-dimethylamino ligand led to the highest performances both with ruthenium and iridium catalysts.

Experiment part

General Information:

Levulinic acid (98%), formic acid (98%) were purchased from Sigma-Aldrich and used as received. Solvents (methanol, diethyl ether) were HPLC grade and used as received. Deionized and degassed water was used. Fossil fuels have been used as the primary energy source for our society's economic growth ever since the industrial revolution. With the rapid depletion of fossil fuel reserves and growing environmental concerns, the development of renewable energy sources and more efficient energy consumption is both necessary and difficult. The most potential sustainable energy source has long been solar energy. However, a large-scale solution is required for the problem of energy storage and conversion. One of the most promising solutions to this issue is hydrogen energy, which is marketed as a clean, renewable energy source with a high energy density (three times that of gasoline).

As a chemical energy source that can be stored and transported, hydrogen gas could support the transition to renewable intermittent energy sources. However, due to the low density of hydrogen gas, which is one of its fundamental drawbacks, effective handling and storage techniques are crucial issues that must be resolved in order to create a hydrogen-based economy. However, the supply and storage problems make practical use of H2 difficult. 96 In-depth research has been done on both solid and liquid hydrogen storage options in order to create a system that is effective in addressing compression and transportation-related problems.

Metal hydrides (TiH, NaAlH4, MgH2, etc.) and porous materials (zeolite, metal-organic frameworks [MOFs]), microporous organic polymers, etc.), which may absorb hydrogen chemically or physically, are common solid hydrogen storage materials. 38,97 The theoretical hydrogen capacity of LiBH4 is 18.5 wt%, which is higher than that of nanoporous materials (2 wt%) at room temperature and 200 bar of pressure. Metal hydrides typically have a reasonably high hydrogen capacity. The increased energy consumption for solid hydrogen carriers is caused by the quantitative uptake and release of hydrogen, though. 98 The low energy density of hydrogen held in high-pressure tanks or as a liquid in cryogenic tanks, however, provides considerable disadvantages, as do potential safety risks. Finding appropriate hydrogen carriers is therefore highly desired.

The search for reversible hydrogen storage materials has resulted in the development of "liquid organic hydrogen carriers" (LOHCs). Formic acid (FA) has drawn a lot of attention in this area because it is simple to ship and store and has a high volumetric hydrogen concentration under ambient circumstances (53 g-H2/L). 40f, 47, 99 Furthermore, its exceptional storage and transportation benefits include high stability, low toxicity, low flammability, and biodegradability. Most significantly, after releasing the H2 from FA, only CO2 is produced, which may then be converted back to FA to complete the HCOOH ⇌ CO2 cycle (Figure 4-2). the aim to feed a fuel cell with hydrogen resulting from FA dehydrogenation, the reaction and catalyst used must be highly selective for the dehydrogenation process because small amounts of carbon monoxide could have a deleterious effect on the fuel-cell electrodes lifetime. as the solvent. 100 An [IrH3(PPh3)3] catalyst was used to successfully hydrogenate nbutyraldehyde to n-butanol with a 70% yield, achieving initial FA dehydrogenations rates of up to 80 mol L -1 h -1 (TOF ≈ 8900 h -1 ). Several rhodium, iridium, and ruthenium-based catalysts were investigated for FA dehydrogenation in the ensuing decades, albeit the results were only moderate. 101 In several research, FA was assessed not as a hydrogen storage medium but as a hydrogen donor in transfer hydrogenation. Binuclear ruthenium complex Ru2(µ-CO)(CO)4(µ-DPPM)2, which showed enhanced activity (TOF = 500 h independently revealed the possible use of FA as a liquid organic hydrogen carrier. 103 The result was the accomplishment of exceptional catalytic activity using both molecularly specified pincer complexes and in situ produced catalysts. is worth to notice that there was no CO detected during the reaction. This group suggested that formic acid may find practical applications as a hydrogen storage medium in portable electric devices. the rate for the Ru-4dhbp complex in comparison to the non-substituted bipyridine complex.

Full FA conversion to CO-free hydrogen gas was made possible by each of these related Ir, Rh, and Ru bipyridine complexes. Using the Rh-4dhbp catalyst, it was possible to produce pressurized H2 (50 bar) from a 2 M FA/formate (95:5) solution after 4 hours. It was advantageous that the Rh complex enabled complete conversion of FA over a broad pH range and with high TONs (83 000) and TOFs (up to 7900 h -1 ).

Himeda also investigated the usage of five-membered aromatic N-heterocycles (azoles) as ligands in iridium or rhodium complexes. The aim was to increase the ligand's ability to donate electrons. 52c High catalytic activity (TOF = 34000 h -1 ) was indeed observed with the iridium tetramethyl bisimidazole complex (Figure 4567). This high value is ascribed to the ligand's improved capacity to donate electrons to the metal center. The reaction was also very selective as no CO was detected. A rhodium catalyst was also studied but showed much lower activity than the iridium complex. Investigations of the TOF values' relationship to temperature were reported giving the apparent activation energy of 78 kJ.mol -1 (18.6 kcal.mol -1 ). Of note a high pressure of 18 bar could be achieved. Scheme 4-5 Plausible mechanism of the FA dehydrogenation using iridium complex

Fischmeister and co-workers proceeded to dehydrogenate neat formic acid using an iridium dipyridylamine catalyst (Figure 4-11). 49a The obtained TOF was approximately 13292 h -1 at 100 °C. Additionally, the reaction was run with a higher TOF of 38236 h -1 in aqueous media.

The catalyst showed good stability and latent behavior, allowing the reaction mixture to be prepared ahead of time and kept in the refrigerator for 2 to 10 days. After a heating step, the dehydrogenation was started, delivering TOFs of around 4600 h -1 . Comparing the outcome to the reference reaction, the result was just marginally lower. The gas flow produced by the dehydrogenation did not contain any CO. It was discovered that the N-H bridge was necessary for the catalyst to function effectively, indicating that H-bonding was likely involved in the reaction mechanism. In 2013, Milstein developed an iron pincer complex catalyzing the efficient and selective hydrogen production from formic acid in the presence of trialkylamines (50 mol%). 118 At 40 °C, turnover frequencies of up to 836 h -1 and turnover numbers of up to 100 000 were accomplished with a catalyst loading of 0.2 mol%. Scheme 4-8 describes the mechanism for the decomposition of formic acid catalyzed by iron pincer complex. A dihydrogen complex is produced by protonating the iron dihydride complex with FA, which is followed by the release of dihydrogen and formation of a hydrido-formate complex. CO2 removal is the penultimate step for iron dihydride catalyst regeneration (Scheme 4-8). DFT calculations predict that this last step will go through a new, non-classical intramolecular β-H elimination since a vacant In situ formation of new iron(II) catalysts (0.5 mol%) allowed to generate H2 and CO2 from aqueous FA solutions without the use of organic co-solvents, bases, or any other additions, achieved a TOF of 133 h -1 and a TON of 1000 at 80 ℃ in 7.5 h. We should point out that aqueous solutions of iron precatalyst Fe 2+ (TPPTS) retain their activity even after 30 dehydrogenation cycles at 80 °C and 8 weeks in solution when there are no specific safeguards against oxidation (air) (total TONs of over 13 000). Beller reported cobalt pincer complexes for the mild dehydrogenation of formic acid/amine mixtures in aqueous medium in 2019. 124 The catalysts displayed good activity under mild conditions (80 °C). In particular, the phenyl substituted PNP pincer complex (Scheme 4-12) exhibited high activity, reaching a catalyst turnover number (TON) of 2260. According to preliminary findings, carbonyl coordination to cobalt causes the catalyst to become inactive.

The activation of C-H, which causes the release of CO2 and the creation of the amine complex, is the initial and rate-determining step. The release of H2 from the amine complex with the assistance of formic acid occurs in step two through a non-classical bifunctional outer-sphere mechanism (Scheme 4-12).

Scheme 4-12 Proposed mechanism for cobalt-catalyzed dehydrogenation of formic acid. In 2020, Beller and Co-workers developed numerous Mn complexes for FA dehydrogenation (Figure 4-19). From all these complexes, Mn-4a (0.014 mol%) showed the best results. At 92.5 °C, after 45 hours of reaction, a TON of 5763 was obtained with the help of a base (1.1 equiv. to FA). 125 For the solvent issue, triglyme remained superior to dioxane, NMP, DMSO or DMF. Notably the catalyst could not work without solvent. Increasing the temperature could lead to a higher TOF but also to the undesired dehydration of FA to form CO, which is detrimental to fuel cell applications.

Figure 4-19 Mn complexes for FA dehydrogenation

The key formate complex Mn-OCHO intermediate was well characterized both with NMR and XRD. NMR and KIE experiments were used to propose a mechanism (Scheme 4-13). Those results showed that β-hydride elimination of intermediate Mn-OCHO to form Mn-H complex was the rate limiting step for this transformation. but those catalysts still suffer from several drawbacks when compared to noble transition metals.

They always need additives including bases and they require a solvent. Therefore, the desirable dehydrogenation of neat formic acid is for the moment not accessible. Most of all, those catalysts always show moderate activities with regards to noble metal-based catalysts.

In the preceding section, we saw that the dehydrogenation of formic acid is promoted, accelerated, and gives superior results when basic additive is used. However, there are a number of disadvantages to using base or basic additives when using formic acid as a LOHC. In fact, those bases may call for the use of a purification steps between the synthesis of hydrogen and its use in a fuel cell, in addition to the economic and environmental costs entailed by their use.

A further possibility is that using amine as base will poison the fuel cell. The hydrogen concentration of the FA mixture is also decreased by the inclusion of additives. Base-free FA dehydrogenation has drawn more attention recently for all of these reasons.

Furthermore, if one ambitions using FA as a potential H2 carrier for storage and transport, it is 123 better to avoid the use of solvents and other volatile additives whenever possible. The energy density of the entire system will be compromised by the introduction of additives (minor effect) and solvents (major effect) ( 

Results and discussion

Dehydrogenation of formic acid

All the complexes synthesized and described earlier in chapter 2 have been evaluated in the catalytic dehydrogenation of formic acid in the absence of any additives. Ruthenium complexes were first examined in water at 80 °C with a low catalyst loading (Scheme 4-14).

Scheme 4-14 Dehydrogenation of formic acid in water

A digital flowmeter that was calibrated for a 1/1 mixture of H2/CO2 was used to measure and monitor the gas evolution all along the dehydrogenation process. The initial catalyst activity (TOF) was determined at t = 10 minutes. The experimental device setup is shown in figure 4-21.

Figure 4-21 setup for FA dehydrogenation

The ruthenium catalysts used for FA dehydrogenation are presented in Figure 4-22 and the results reported in Table 4-2. First, we observed a little improvement upon moving from the pcymene Ru0 compared to Cp* Ru1 as the TOF increased from 338 to 388 h -1 . This activity increase was further exalted with introduction of one and two -NMe2 substituent on the dpa ligand. Indeed, TOF values increased from 388 h -1 to 617 h -1 and 799 h -1 , for Ru1, Ru3, Ru4, respectively. Of note comparison of Ru1 and Ru2 demonstrates here again that the NH moiety of the dpa bridge may play an important role in the reaction as Ru2 was found very poorly active. Several iridium catalysts were also used for the FA dehydrogenation (Figure 4-23). The same trend observed with ruthenium catalysts has emerged here. The electron donating group -NMe2 on the dpa ligand brought higher TOFs (Table 4-3, entries 2, 6, 7, 8). The highest activity ever obtained with an Ir(dpa) catalyst was thus achieved with Ir12 (20441 h -1 ). This catalyst led to full conversion of FA in 35 min (TON 10000). Iridium chloride complex was yet not very active for this reaction although the two dimethylamino-groups improved somehow the activity (Table 4-3, entry 1) when compared to unsubstituted dpa (Ir1, TOF = 3047 h -1 ). Steric hindrance at the iridium center also influences the performance of the catalysts. Thus, catalyst Ir8 with methyl substituents at the 6,6'-positions was the least active of all the catalyst prepared.

Interestingly, despite its steric hindrance, the -OMe group at the 6,6' positions of the catalyst Ir9 achieved an excellent TOF of 13064 h -1 . We can assume that the lower steric hindrance of the -OMe group vs -Me and its stronger electron-donating effect are responsible for this result.

Of note, the iridium complex Ir30 bearing a bipyridine ligand modified with NMe2 was found very active achieving a of 75000 h -1 . This complex was reported for the dehydrogenation of formic acid by Himeda during this PhD. 55 Much higher performances were reached with the zwitterionic complexes Ir21-Ir24 (Table 4-4, entries 6-9). The highest TOF (13064 h -1 ) was obtained with Ir24 (Table 4-4 entry 9) showing a slight improvement when compared to the related complex Ir11 (11680 h -1 ). The same effect was observed upon comparing Ir7 (TOF = 8705 h -1 ) and Ir22 (TOF = 9990 h -1 ). However, the benefit of the -OH substituent is far below the one obtained with a -OMe group (Ir9 vs Ir22) at the same 6,6'-position hence making the -OH substitution strategy not satisfactory. 

i) Influence of the concentration on FA dehydrogenation

Following the thorough study of the structure/activity relationship of the numerous ruthenium and iridium complexes, Ir12 was selected for further studies as the most active one. First, the behavior of this catalyst under various conditions of concentration was scrutinized (Table 4- obtained for a concentration of 3 mol/L. A lower concentration (1 M) caused the activity to drop to 13156 h -1 . It is interesting to note that the reaction in neat formic acid proceeded with a TOF of 11373 h -1 . Although this finding is less favorable than those found in water, it nevertheless

shows that a base-free dehydrogenation of neat formic acid, a method with great potential for producing hydrogen, is feasible. Those results are two times higher than Ir11 indicating that the more electron donating group modified ligand is helpful in the catalytic reaction. For comparison, Milstein recently reported a maximum TOF of 3067 h -1 for the base-free dehydrogenation of neat formic acid with a ruthenium catalyst 112 while Gelman reported a TOF of 11760 h -1 for the same reaction using an iridium pincer-complex. 110

ii) Influence of the pH on the catalyst performances

A pH-dependence study on the initial TOFs was conducted using mixture of formic acid and sodium formate in varying proportions (Table 456). The results showed that the highest TOF of for which the best TOFs were obtained at pH 3.5-4 (i.e. ~ pKa of formic acid). These results confirm that acidic media is required and that formate improves the catalyst activity. However, the improvement is not sufficient to make such conditions preferable to base-free conditions considering the cost and waste management associated with the use of a basic additive. iii) Variation of activity with temperature.

In aqueous solutions of FA (3M), the temperature dependency of the catalytic activity was examined throughout a temperature range from 60 to 100 °C (Table 4567). It was shown that the catalyst was still active even at 60 °C. The highest TOF values were found at 100 °C, and remarkably, a TOF of 66639 h -1 was recorded for the base-free dehydrogenation of FA at this temperature using a very low catalyst loading of 0.005 mol% (50 ppm), which is a major improvement with regard to Ir11 for which a TOF of 38236 was obtained under identical conditions (Figure 4-26). From those results we could calculate an activation energy of 16.4 kcal/mol (see details in experiment part). Being foreseen as a hydrogen reservoir, the question of hydrogen release in remote locations should be considered. In particular, for mobile application, the end-user should be able to generate hydrogen without proceeding to any complex manipulation or FA/catalyst mixing.

Premixing FA and catalyst would constitute an attractive option requiring a long-term catalyst stability in the presence of FA. Catalysts exhibiting this property are often referred as latent or dormant catalysts. To evaluate the latent character of Ir12, a stock solution of this complex (0.01 mol%) in 1.5 mL of FA was prepared and stored at ± 4 °C. An aliquot was removed after two days and submitted to the dehydrogenation procedure at 80 °C following dilution with water to a FA concentration of 3M. After ten days, this procedure was performed again. In both instances, TOFs of 20594 and 20133 h -1 were achieved, respectively, which represents only a small drop from the 21025 h -1 recorded under standard conditions. This outcome shows that the catalyst Ir12 is very stable in pure formic acid at low temperatures. Here again Ir12 was found more efficient than Ir11 for which TOFs about 4500 h -1 were obtained under similar procedures.

iv) Reaction selectivity

Fuel cells generate electricity by combining hydrogen gas with oxygen to produce water, which is perfectly clean and green. However, the purity of the gas feed must be good enough to guaranty proper operation and longevity of the fuel cell. In particular, the CO content must be very low as even minute quantities of carbon monoxide can poison the platinum electrodes that are key to driving the fuel cell. In the heart of a fuel cell, CO binds tightly to platinum and prevents it from grabbing hydrogen, hence the gas flow generated by formic acid dehydrogenation must be free or containing less than 10 ppm of CO. During the dehydrogenation of FA, CO can be generated by a competitive FA dehydration (Scheme 4-15).

Scheme 4-15 Two possible pathway of FA decomposition

In order to improve previous experimental procedure in which measurements were done only at the very beginning of a dehydrogenation process, the flowmeter was connected to a gas chromatography apparatus equipped with a katharometer detector. With this setup, CO levels could be monitored all along the dehydrogenation, i. The possibility to generate high pressure of hydrogen by dehydrogenation of FA with Ir12 was investigated running the dehydrogenation in a high pressure reactor (Figure 4-29). Thus, using 20 mmol of formic acid in 6.0 mL of water ([FA] = 3 M) at 80 °C, a pressure of 60 bar (CO2:H2 = 1:1) generated was within 1 h and did not further evolve suggesting that equilibrium was reached. Of course, this pressure is dependent on the conditions and amount of FA employed and we can assume that much higher pressure could be obtained. However, due to technical constraint, the pressure is limited by the high pressure reactor (Pmax = 90 bar). Figure 4-30 displays the high-pressure evolution of gas from FA over time in the presence of catalyst Ir12. Having previously demonstrated the high stability of the catalyst in FA, we have also evaluated its recyclability using the generated pressure as a probe (3M in H2O). After a first run delivering 60 bar of pressure, the reactor was gently depressurized and reloaded with fresh FA. Upon heating at 80 °C the pressure reached 60 bar within 1.5 h. The next recycling highlighted a decrease of the activity as lower pressure of 55 bar and 50 bar were reached within 2 h and 3 h, respectively (Figure 4-31). These findings suggest that complex Ir12 could operate as an affordable and reusable catalyst for the hydrogen station to produce high-pressure hydrogen gas. 

Bar

For instance, in 2015, Reek reported the activity of an iridium catalyst under base-free conditions for FA dehydrogenation (Scheme 4-16). 130 130 With this catalyst, the activation of formic acid involves the bifunctional property of the catalyst that is able to deprotonate formic acid through TS1. In the final step, formic acid is necessary to assist the release of hydrogen (TS2). It should be noted that the catalyst used is an iridium hydride complex (pre-formed hydride) but this hydride is not directly involved in the mechanism. From these calculations a formic acid-assisted dehydrogenation mechanism would be favored. DFT calculations were also performed for the dehydrogenation of neat formic acid. As depicted in Figure 4-36, the mechanism follows a similar path to that in water, with the exception of the release of hydrogen which, in this case, can only be assisted by FA. It is interesting to note that this last step is easily accessible with a low energy barrier of 5.9 kcal.mol -1 as is TS1 with an energy barrier of 11.9 kcal.mol -1 . However, according to KIE measurement in neat conditions, none of these transition states can be rate determining. It is possible that the initial substitution of the coordinated OSO3 -ligand by FA is in fact the rate determining step, but a transition state for this ligand exchange could not be calculated. Considering that hydride transfer is involved in the rate determining step, we turned our attention to the hydricity of the catalyst. 51a, b, 53, 132 In particular, the kinetic hydricity is highly relevant in catalytic processes involving hydride transfer from a metal hydride to a hydride acceptor. It has been shown in several examples that hydricity of M-H can be directly correlated to the electronic properties of ancillary ligands and that electron-donating ligands lead to more hydritic complexes. This feature correlate well with our results considering the increase of activity upon moving from a simple dpa ligand (Ir7) to a mono-NMe2-dpa ligand (Ir11) and to a bis-NMe2-dpa ligand (Ir12). The experimental determination of kinetic hydricity as well as thermodynamic hydricity are rather complex studies that require, among other things, the synthesis of M-D intermediates and the study of their reactivity. We looked at the correlation between the relative charge at the metal center, easily accessible from DFT data, with the catalytic activity. Interestingly, as it can be seen from Table 4-9, the charge at Ir decreased with the electron-donating strength of the ligand. Although somewhat crude, this approach seems to correlate well with the increased hydricity and activity of the complexes studied. 

Conclusion

Formic acid is foreseen as a potential hydrogen carrier for mobile applications in fuel cells.

Efficient dehydrogenation catalysts are therefore required to make this development possible. Several catalysts synthesized and presented in chapter 2 have been implemented in the basefree dehydrogenation of formic acid. With ruthenium complexes, the strategy of electronenriched ligands proved to be valid but the results obtained remained modest. Ru4 led to the highest TOF of 799 h -1 in a 2M aqueous solution of formic acid at 80 °C in the absence of base.

Much better results were obtained with iridium catalyst yet demonstrating the benefit of electron-donating ligands. A 2M solution of formic acid was dehydrogenated by Ir12 with an initial activity of 20441 h -1 . Remarkably, the same catalyst could dehydrogenate neat formic acid with a TOF of 11373 h -1 which constitutes the best result when compared to the state of the art. The selectivity of the reaction was very good as carbon monoxide could not be detected.

CO free H2 is a prerequisite for utilization in low temperature fuel-cells. Experimental and theoretical calculation results permitted the proposal of a reaction mechanism in which the rate determining step is the water-assisted release of hydrogen. Several original catalysts investigated displayed promising results and will be further developed.

Experiment part

General Information:

Formic acid (98%) was purchased from Sigma-Aldrich and used as received. Water was deionized and degassed. 1 H NMR spectra were recorded on a Bruker Avance (400 MHz)

spectrometer and reported in ppm with reference to tetramethyl silane (TMS) using the residual signal of CHCl3 (7.26ppm). Data are reported as follows: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet. Coupling constants are reported in Hz. 13 C NMR spectra were recorded at 100 MHz on the same spectrometer and reported in ppm with reference to CDCl3 (77.2 ppm).

FA, DCOOD, H2O, D2O were obtained from commercial sources and used as received. Gas volume was measured with an EL flow meter from Bronkhorst. Gas analyses were performed on a mGC 3000 SRA equipped with a 5Å molecular sieves column and a catharometer detector.

4.5.2 General experimental procedure for FA dehydrogenation FA (4 mmol), with or without water was added to a 10 mL two-neck flask with a condenser and connected to the flow meter (EL flow) from Bronkhorts company. The mixture was heated to the desired temperature for 5 min. After which the catalyst (0.1 mol%) was add to the mixture.

The gas volume was record in the first 10 min, all the reaction were repeated at least 2 times without significant error. 

Introduction

The reduction of carbonyl compounds is an ubiquitous reaction in organic synthesis. In particular, the catalytic reduction of ketones into alcohols has found a number of applications in the pharmaceutical, agrochemical, flavor, fragrance, materials, and fine chemical industries.

Of particular interest are stereoselective reduction of ketones into chiral alcohols. 101j, 142 The hydrogenation, using molecular hydrogen, or transfer hydrogenation, using hydrogen donors of ketones have been extensively used in homogeneous catalysis, most often using basic additives or basic media which are necessary for catalyst turnover. These basic additives present a number of drawbacks such as unfavorable environmental impact due to waste generation and further treatment and the limitation of substrate scope to reagents stable under basic conditions.

Furthermore, the capacity of many bases to promote the reduction of ketones without any catalyst is very often neglected despite its clear and unambiguous evidence in a number of reports. In addition, the ability of many bases to catalyze the reduction of ketones without any organometallic catalyst is very often overlooked despite the fact that this activity has been clearly demonstrated in a number of reports. 143 For these reasons, in the past years, researchers have been investigating organometallic catalyst able to catalyze the reduction of ketones without any assistance of basic additives. This challenge is accessible using catalyst able to play the dual role of catalyst and base through metal-ligand cooperation. An overview of some examples of catalyst operating under base-free conditions is provided in the following paragraph. Most of these examples are not stereoselective and use acetophenone as a benchmark substrate for comparison.

Base-free hydrogenation of ketones

In 2007, Noyori reported ruthenium catalysts for the hydrogenation of a series of chloroacetophenones substituted on the phenyl rings to afford quantitatively the chlorohydrins with consistently high enantioselectivity (Scheme 5-1). 144 The asymmetric hydrogenation of α-142 a) M. Kitamura, M. Tokunaga, R. Noyori, J. Am. Chem. Soc. 1995, 117, 2931-2932. b) N. Uematsu, A. Fujii, S. Hashiguchi, T. Ikariya, R. Noyori, J. Am. Chem. Soc. 1996, 118, 4916-4917. c) R. Noyori, Angew. Chem., Int. Ed. 2002, 41, 2008-2022. 143 Huang and coworkers studied ruthenium catalyst for the transfer hydrogenation of ketones with iPrOH as hydrogen donor (Scheme 5-9). 151 The transfer hydrogenation of ketones was discovered to be efficiently catalyzed by ruthenium complex through a process involving metalligand cooperation involving reversible dearomatization of the pyridine ring. Under base-free condition, iridium catalyst was discovered to be a versatile and very effective catalyst for the transfer hydrogenation of ketones with methanol as hydrogen donor.

Scheme 5-14 Transfer hydrogenation of ketones with methanol under base-free conditions catalyzed by an anionic iridium catalyst ii) Formic acid as hydrogen donor

It appears that Watanabe published the pioneering works on base-free transfer hydrogenation of ketone with FA as hydrogen source in the 1980s. 158 Without using a solvent, formic acid and a ruthenium catalyst (RuCl2(PPh3)3) were mixed at 125 °C for three hours. The yield of alcohol was 84% using acetophenone as the model substrate. Additionally, the process could be used with aldehydes and other ketones. However, the interaction between the resulting alcohol and the FA resulted in the formation of esters containing aldehydes.

157 R. Shvo's catalyst was studied in 1996 for the transfer hydrogenation of ketones to alcohols without the use of a base, but some esterification occurred. Only the matching alcohol was produced by adding a small amount of water and sodium formate. 159 A key intermediate comprising a ruthenium-hydride and an hydroxyl-substituted pentamethylcyclopentadienyl ligand was found during the reaction (Figure 5-1).

Figure 5-1 Key intermediate of Ru-H

In order to conduct the base-free transfer hydrogenation with FA, Sawamura briefly disclosed an iridium precursor [Ir(OMe)(cod))]2 coupled with a prolinol-phosphine ligand in 2020. 160 Using acetophenone as the model substrate, a yield of 83% was attained (Scheme 5-15).

Scheme 5-15 [Ir(OMe)(cod))]2 catalyst transfer hydrogenation of ketones

As exemplified in these limited examples from the state of the art, the base-free reduction of ketones requires the presence of basic ligands able to play the role of a base through metalligand cooperation mechanism. Having previously demonstrated the catalytic activity of a number of iridium complexes in the base-free dehydrogenation of formic acid and synthesis of GVL from levulinic acid, we have studied the potential of those catalysts in the base-free reduction of ketones using hydrogen of formic acid as hydrogen donor.

Results and discussion

The base-free reduction of ketones was investigated with the three Ir-dipyridylamine complexes Ir7, Ir11 and Ir12 along with the bipyridine complex Ir30 that showed very good results in the Sawamura, Adv. Synth. Catal. 2020, 362, 1-8. 193 dehydrogenation of formic acid (Figure 5-2). The activity of these catalysts was first scrutinized under hydrogenation condition and then under transfer hydrogenation conditions using formic acid as a hydrogen donor. Under these conditions and using a low catalyst loading of 0.1 mol%, all four catalysts were found active for the hydrogenation of 1-acetophenone (Table 5-1, entries 1-4). In particular, Ir30 furnished 95% conversion within 16 h. The reaction could be driven to full conversion using either higher temperature (90 °C, Table 5-1, entry 5) or higher pressure (20 bar, Table5-1, entry 6). Of note Ir30 remained active at lower temperature and room temperature, albeit a modest conversion of 30 % was achieved. It should be noted that all these reactions were performed with a catalytic amount of formic acid. Without this co-catalyst, the reactions were found less efficient as depicted in Table5-1, entries 7 and 8. We anticipate that FA facilitates the activation of the catalyst that occurs with a liquid reagent versus dissolved hydrogen in the absence of FA. These results are very satisfactory and compare well with the state of the art considering that only 0.1 mol% of catalyst is implemented in these hydrogenation reactions. As depicted in the introduction, such a low catalyst loading is rarely used. 

i) Hydrogenation of ketones by Ir30

With these optimized conditions, we have carried out the hydrogenation of a number of commercially available ketones in order to determine the scope and limitations of the catalyst Ir30. Several ketones with various steric hindrance and functional groups were investigated at 70 °C and 90 °C under 10 bar of hydrogen (Scheme 5-17). Interestingly, in a few instances, complete conversions were accomplished, producing extremely clean reaction mixtures. In those instances, the products were separated via straightforward filtration on a small silica plug.

Scheme 5-17 Optimized conditions used for the hydrogenation of ketones using Ir30

First, we studied the aptitude of the given catalytic system to cope with steric hindrance imposed by the substrate substitution pattern. As depicted in Figure 5-3, the catalyst accommodated very well the steric hindrance of an ortho-methyl substituent on the aromatic ring and delivered b2 with 94% conversion. However, further increase of the steric bulk inhibited totally the transformation of the mesityl-substituted ketone as b3 could not be detected.

A naphthyl substituent was tolerated by the catalyst delivering b4 with 75% conversion. Other sterically hindered substrates were also moderately transformed (Figure 5-3, b5, b6) but an increase of the catalyst loading enabled acceptable conversion of 56% for the synthesis of b5.

The compatibility of the catalyst with substrates bearing various functional group with electrodonating or electron withdrawing groups was further studied. Ketones bearing either electron donating (b7) and withdrawing groups b8, b9, b10 were transformed with good conversions.

Of note, the catalytic system mediated the reduction of pharmaceutically relevant CF3-tagged acetophenones b10 to generate the corresponding trifluoromethyl-alcohols in high yield.

Aliphatic ketones were also efficiently transformed (b11-b13). However, steric hindrance was again found detrimental to the reaction since both camphor and l-menthone were not converted to the corresponding alcohol (b14, b15). Of note, 2-Acetylpyridine, containing a coordinating pyridine ring was efficiently transformed in 93 % conversion. Finally, the chemoselectivity of the reaction was tested using 2 keto-substrates bearing a second reducible functional group.

Interestingly, the p-cyano-substituted reagent was selectively transformed with moderate conversion into the corresponding alcohol b17. On the contrary, the reduction of the p-nitrosubstituted ketone proceeded with low conversion and poor selectivity as the reduction of the nitro-substituent was detected (b18').

All together, these results demonstrate the high activity of catalyst Ir30 considering the low catalyst loading employed, which is mandatory considering the use of iridium. A downside has nevertheless been identified concerning the steric congestion around the metal center. We could however hypothesize that this issue related to the steric hindrance could be addressed using a less sterically demanding catalyst employing a Cp ligand rather than a Cp*. 

Transfer hydrogenation

Hydrogenation reactions requires hydrogen and hydrogen pressure to run the reaction. This imposes the use of costly high pressure reactors and the manipulation of hazardous hydrogen gas. Changing the hydrogen source from hydrogen gas to some non-hazardous liquid hydrogen donors such as formic acid or iPrOH can avoid this risk. Furthermore, in the case of formic acid, there is an interest of growing concern as formic acid can be obtained from bio-source hence contributing to sustainable chemistry 118,165 .

Formic acid was selected as hydrogen donor, as it was demonstrated that it could be efficiently dehydrogenated by iridium-catalyst (Scheme 5-18). It was also found that FA, used as cocatalyst, could improve the catalytic performances of iridium catalysts under hydrogenation reaction. Considering that dehydrogenation releases H2 and CO2, the reactions must be conducted, for safety reasons, in ACE pressure tubes that can be easily purchased from commercially source at a much lower cost than stainless-steel high-pressure reactors. With the optimized conditions, we have reinvestigated the scope focusing on particular substrates as shown in Figure 5-6. Not surprisingly, the steric hindrance issue was not solved and b6 was obtained in a low 15% conversion. Interestingly, the electron withdrawing group Br was well tolerated leading to b9 with a high conversion of 85%. The acid substituted ketone derivatives also showed excellent conversion leading to 4-acetylbenzoic acid alcohol b21 (99%)

and lactone b22 (100%). As observed in the previous section, 2-OMe and 4-OMe substituted ketones were converted to the corresponding alcohol and further form the ethers with a good yield. The selectivity of the reaction was further studied with 3 reagents. Similarly, to the hydrogenation reaction, the -NO2 functional group was reduced leading to a mixture of nitrophenylethanol b18 and 4-aminophenylethanone b18'. Interestingly, the transfer hydrogenation of 2-hydroxyacetophenone delivered 6% of the corresponding diol along with the reduced compound. This diol was not detected previously under hydrogenation conditions.

Finally, the catalyst selectively reduced the C=C bond of trans-chalcone when only 21% of this product was obtained under hydrogenation conditions.

Figure 5-6 Transfer hydrogenation of ketones by Ir30

The selective transfer hydrogenation of cinnamaldehyde was studied in more details looking for conditions favoring a selective transformation.

Scheme 5-19 Transfer hydrogenation of cinnamaldehyde with Ir12

As in hydrogenation, the transfer hydrogenation of cinnamaldehyde by Ir12 with FA as hydrogen donor can produce hydrocinnamaldehyde (b25), cinnamyl alcohol (b25') and hydrocinnamyl alcohol (b25'') (Scheme 5-19). As depicted in table 5-7 we can see that full conversion was achieved at 100 ℃ delivering a mixture of b25' and b25'' in an 85:15 ratio (table5-3, entry1). We could postulate that under these conditions, product b25 was formed and transformed into b25''. However, upon decreasing the reaction temperature, the conversion decreased but the ratio of product b25' was increased. Eventually, at 20 ℃ compound b25' was selectively obtained but a moderate conversion of the reagent ( Finally, Levulinic acid was also studied under transfer hydrogenation with FA as hydrogen donor (Scheme 5-20). Interestingly, this catalyst showed very good performance, even at 30 ℃ at which temperature, full conversion of LA to GVL (table 5-4).

Scheme 5-20 Transfer hydrogenation of levulinic acid with Ir30 in neat condition 

Conclusion

Several iridium catalysts have been studied for the reduction of ketones using either hydrogenation conditions or transfer hydrogenation conditions with formic acid as hydrogen donor. From the four catalysts evaluated, the one bearing an electron-donating bis-pyridine ligand delivered the best performances. In particular, a number of ketones could be efficiently reduced in the corresponding alcohols. Mild conditions could be implemented for hydrogenation reactions, typically, 10 bar of H2 and temperature of 70 ℃ to 90 ℃. Slightly lower results were obtained under transfer hydrogenation conditions operating at 100 °C.

However, this last process could find utility in organic synthesis as it does not require specific equipment and it uses non-hazardous formic acid as hydrogen donor. The catalyst suffers from lower reactivity with sterically hindered ketones. In fact, this catalyst was initially designed for the dehydrogenation of formic acid for which there is no steric hindrance issue. It can be anticipated that this problem could be solved using a less sterically demanding catalyst bearing a Cp ligand instead of a Cp* ligand. Finally, it must be mentioned that these catalytic reduction processes are in line with sustainable chemistry requirements as they are performed in water without the need of basic additive, hence reducing the cost and complexity of the process while reducing the amount of wastes. Furthermore, this base-free catalytic protocol makes possible the transformation of base-reactive reagents that were never reported before when catalysts requiring basic-cocatalyst were implemented.

Experiment part

General Information

All reactions were carried out with dried glassware using ACE tubes flushed with argon for transfer hydrogenation reactions. Hydrogenation reactions were carried in 22 mL Parr  reactors.

NMR spectra were recorded on Bruker spectrometers Avance I 300 MHz or Avance III 400

MHz. Coupling constants (j) and chemical shifts (δ) are given in Hz and ppm respectively.

Chemical shifts are given vs TMS using the residual signal of deuterated solvents. The peak patterns are indicated as follows (s-singlet, d-doublet, t-triplet, q-quadrat, quin-quintet, mmultiplet, and br-broad peak).

-

General procedure for hydrogenation of ketones

A GC vial was loaded with the catalyst Ir30 (1.3 mg 0.1 mol%, 2 mmol). The catalyst was dissolved in water (1.0 mL). Then, substrate (0.24 g, 2 mmol) was added. Finally, the GC vial was put into the high-pressure reactor which was charged with 10 bar of H2. The reaction was stirred (600 rpm) at 90 °C for 16 h.

-

General procedure for transfer hydrogenation of ketones

In a dried Ace ® Pressure Tube, the catalyst Ir30 was loaded (0.1 mol%) and a flash with argon.

Degassed water (1.0 mL) and the substrate (0.24 g, 2 mmol) were added under a flow of argon.

Then, the formic acid (0.15 ml, 4mmol, 2 equivalents) was added. Finally, the tube was closed and placed in an oil bath at 90 ℃ for 24 h.

b1: 1-phenylethanol Light yellow oil. 1 H NMR (400 MHz, CDCl3) δ 7. 40 -7.35 (m, 4H), 7.34 -7.27 (m, 1H), 4.83 (q, J = 6.0, 3.2 Hz, 1H), 3.26 (s, 1H), 1.48 (d, J = 6.5 Hz, 3H). 13 C NMR (101 MHz, CDCl3) δ 145.9, 128.3, 127.2, 125.4, 70.0, 25.1. b2: 1-(o-tolyl)-ethanol Light yellow oil. 1 H NMR (400 MHz, CDCl3) δ 7.51 (dd, J = 7.6, 1.5

Hz, 1H), 7.25 (td, J = 7.4, 1.7 Hz, 1H), 7.19 (td, J = 7.3, 1.5 Hz, 1H), 7.17 -7.12 (m, 1H), 5.10 (q, J = 6.4 Hz, 1H), 2.35 (s, 3H), 1.46 (d, J = 6.4 Hz, 3H). 13 C NMR (101 MHz, CDCl3) δ 143.9, 134.2, 130.4, 127.1, 126.4, 124.6, 66.8, 23.9, 18.9. 3, 133.5, 128.5, 128.1, 127.8, 126.3, 126.0, 124.0, 70.7, 25.3. b6: 2-methyl-1-phenylpropan-1-ol Light yellow oil. (m, 4H), 4.71 (q, J = 6.5 Hz, 1H), 1.33 (dd, J = 6.5, 1.1 Hz, 3H). (dd, J = 6.5, 1.1 Hz, 3H). 13 C NMR (101 MHz, CDCl3) δ 149.8, 129.6 (q, 2 JC-F = 32.4 Hz), 125.7, 125.4 (q, 3 JC-F = 3.8 Hz), 124.2 (q, 1 JC-F = 273.0 Hz), 69.9, 25.4. 1.92 (dddd, J = 13.6, 8.6, 6.7, 5.3 Hz, 1H). 13 C NMR (101 MHz, CDCl3) δ 145. 1, 143.3, 128.2, 126.6, 124.8, 124.3, 76.2, 76.2, 35.8, 29.8. b13: 1,2,3,4-tetrahydronaphthalen-1-ol Colorless liquid. 1 H NMR (400 MHz, CDCl3) δ 7.43 (dt, J = 6.1, 3.6 Hz, 1H), 7.28 -7.17 (m, 2H), 7.13 (dt, J = 5.2, 3.5 Hz, 1H), 4.75 (dd, J = 5.5, 3.9 Hz, 1H), 2.90 -2.69 (m, 2H), 2.05 -1.71 (m, 4H). 13 C NMR (101 MHz, CDCl3) δ 138.9, 137. 1, 129.0, 128.7, 127.5, 126.1, 68.1, 32.3, 29.3, 18.9.

b16: 1-(pyridin-2-yl)ethan-1-ol Light yellow oil. 1 H NMR (400 MHz, CDCl3) δ 8.49 (d, J = 4.9 Hz, 1H), 7.65 (td, J = 7.7, 1.7 Hz, 1H), 7.31 -7.24 (m, 1H), 7.16 (dd, J = 7.5, 4.9 Hz, 1H), 4.87 (q, J = 6.6 Hz, 1H), 1.48 (d, J = 6.6 Hz, 3H). 13 C NMR (101 MHz, CDCl3) δ 163.3, 148.2, 136.9, 122.3, 119.9, 69.0, 24.3. (dd, J = 6.4, 1.9 Hz, 3H). 13 C NMR (101 MHz, CDCl3) δ 151. 5, 132.2, 126.1, 118.9, 110.5, 69.3, 25.2. 2, 147.3, 126.3, 123.9, 69.6, 25.6. 13 C NMR (101 MHz, CDCl3) δ 196.6, 151.3, 130.9, 127.9, 113.8, 26.2. 4, 133.7, 128.2, 126.0, 120.8, 110.4, 66.2, 66.2, 55.2, 23.0. 1.1 Hz, 1H), 6.85 (ddd, J = 18.6, 8.2, 1.1 Hz, 2H), 4.98 (q, J = 6.3 Hz, 1H), 4.77 (q, J = 6.4 Hz, 1H), 3.77 (s, 3H), 3.74 (s, 3H), 1.47 (d, J = 6.3 Hz, 3H), 1.43 (d, J = 6.5 Hz, 3H).

Chapter 5. Reduction of ketones with iridium complexes 208 13 C NMR (101 MHz, CDCl3) δ 156.9, 156. 1, 133.3, 133.3, 127.9, 127.62, 126.7, 126.1, 120.9, 120.7, 110.35, 110.1, 69.5, 68.9, 55.3, 55.2, 23.2, 22.4. (m, 2H), 6.88 -6.80 (m, 2H), 4.76 (q, J = 6.5 Hz, 1H), 3.76 (d, J = 0.9 Hz, 3H), 1.42 (dd, J = 6.5, 0.9 Hz, 3H). 13 C NMR (101 MHz, CDCl3) δ 158.8, 138.2, 126.7, 113.7, 69.7, 69.7, 55.2, 25.0. Hz, 3H), 1.40 (dd, J = 6.5, 1.8 Hz, 3H). 13 C NMR (101 MHz, CDCl3) δ 159. 0, 158.8, 136.5, 136.3, 127.6, 127.5, 113.9, 113.7, 73.9, 73.8, 55.3, 55.3, 24.8, 22.9. Hz, 1H), 1.32 (d, J = 6.4 Hz, 3H). 13 C NMR (101 MHz, DMSO) δ 167.4, 152.5, 129.2, 129.1, 125.4, 67.8, 25.8. b22: 3-methylisobenzofuran-1(3H)-one white solid. 1 H NMR (400 MHz, CDCl3) δ 7.88 (dt, J = 7.7, 1.0 Hz, 1H), 7.67 (td, J = 7.5, 1. 1 Hz, 1H), 7.55 -7.48 (m, 1H), 7.43 (dt, J = 7.6, 0.9 Hz, 1H), 5.55 (q, J = 6.7 Hz, 1H), 1.63 (d, J = 6.7 Hz, 3H). 13 C NMR (101 MHz, CDCl3) δ 170.6, 151.3, 134.2, 129.2, 125.9, 125.8, 121.7, 77.8, 20.5. b23: 2-ethylphenol Colorless liquid. 1 H NMR (400 MHz, CDCl3) δ 7.21 (dd, J = 7.3, 1.7 Hz, 1H), 7.14 (td, J = 7.7, 1.7 Hz, 1H), 6.95 (td, J = 7.5, 1.2 Hz, 1H), 6.80 (dd, J = 8.0, 1.2 Hz, 1H), 5.03 (s, 1H), 2.70 (q, J = 7.5 Hz, 2H), 1.30 (t, J = 7.6 Hz, 3H).

Chapter 6. General conclusion and perspectives

Also relevant to sustainable chemistry, all the catalytic reactions implemented during this PhD were performed in the absence of solvent or using "green" solvents such as water or using less hazardous solvents such CPME (CycloPentyl Methyl Ether) instead of DMF for the synthesis of some ligands.

In details, for the base-free levulinic acid reduction to GVL by transfer hydrogenation using formic acid as hydrogen donor, we improved the ruthenium catalysts' performance using Ru4.

This catalyst led to a TON of 920 at 140 ℃ over 48 h when previously reported Ru0 complex enabled a maximum TON of (< 20, 110℃, 16 h). Iridium complexes also followed this trend.

Ir12 allowed reaching a high conversion of levulinic acid at low catalyst loading of 0.1 mol%.

Notably, neat levulinic acid was converted into GVL at 110 °C with a TON of 970 after 16 h.

A higher TON was obtained using a lower catalyst of 0.05 mol% (TON = 1560). A higher TON (1920) could also be reached under hydrogenation conditions using a low hydrogen pressure of 5 bar.

The second catalytic transformation studied concerns the energy transition and deals with the use of formic acid as a hydrogen reservoir also called Liquid Organic Hydrogen Carrier.

Dehydrogenation of formic acid generates H2 that can be utilized in low temperature fuel-cells.

All the ruthenium catalysts were active in this transformation and again Ru4 led to the highest TOF of 799 h -1 in a 2M aqueous solution of formic acid at 80 °C in the absence of base.

Compared with ruthenium catalysts, iridium catalysts showed much higher activity. A 2M solution of formic acid was dehydrogenated by Ir12 with an initial activity of 20441 h -1 .

Remarkably, the same catalyst could dehydrogenate neat formic acid at 80 °C with a TOF of 11373 h -1 , the best result in comparison to the state of the art. The composition of the gas was carefully monitored all along the dehydrogenation process and it was shown that the H2/CO2 mixture was free of CO, which is a prerequisite for utilization in fuel-cells. On the basis of experimental results including isolation of an iridium hydride species and Kinetic Isotope Effect measurements, and theoretical studies by DFT calculations, it was possible to propose a reaction mechanism in which the rate determining step is the water-assisted release of hydrogen. This mechanism also validates some earlier hypothesis formulated on the basis of experimental observations. In particular, the role of the bridging N-H of dpa ligands in hydrogen-bond networks and the role of the SO4 anion which act as a base in this mechanism were clarified.

In the last chapter, the reduction of ketones still under base-free conditions has been investigated with some of the most active iridium complexes with formic acid as the hydrogen donor. The incidentally synthesized iridium catalyst ligated to an electron enriched bipyridylligand provided the best results. A number of ketones could be efficiently reduced to the corresponding alcohols. Some peculiar reactivities were evidenced and will need further investigations (see perspectives). A remarkable result was the transfer hydrogenation of

Perspectives

A number of perspectives are foreseen from the results obtained during this PhD.

First, the strategy of electron enriched catalyst was validated using -NMe2 substituted dipyridylamine-and bispyridyl-ligands. Considering the difficulties for the syntheses of those ligands, it sounds difficult to increase further the number of electron donating groups. On the contrary, several hydroxy-substituted dipyridylamine ligands have been prepared and the catalysts based on these ligands displayed high activity albeit lower that the (bisdimethylamino)-dipyridylamine-based catalysts. These ligands initially used to participate in H-bond networks will be further investigated in their basic oxo-form which is known to participate efficiently in dehydrogenation/hydrogenation processes.

Having evidenced the importance of H-bonding network involving the NH bridge of dpa ligands and the SO4 anion, it will be interesting to try to improve the efficiency of this H-bond network by bringing and H-bond donor in the close vicinity of the metal center. The N-H bridge could be used for such purpose.

2 catalysts bearing strong electron donating NHC ligands have been prepared and briefly studied in the catalytic transfer hydrogenation of levulinic acid. In particular, the mesityl-NHC complex displayed very good performances suggesting that this ligand architecture should be further developed. Among the possibilities for further developments, the synthesis of a complex with a more donating saturated NHC should be considered. In line with strong electro-donating ligands, the use of a CAAC-based ligand sounds interesting but it may be difficult to synthesize this type of ligand.

An iridium catalyst with an electron-enriched bispyridyl-ligand was prepared and displayed very good performances in all the reactions investigated in this thesis. It will be interesting to further develop this catalyst in other challenging catalytic reactions. Considering the very positive impact of this ligand it will be interesting to use it in ruthenium complexes which have shown much lower performances than iridium complexes. Developing more efficient ruthenium catalysts is an important challenge considering the cost of iridium vs ruthenium. With this in mind, the use of cheaper and more abundant metal should also be considered.

Considering the mechanism of iridium catalysts, the poor reactivity of the ruthenium catalysts may find its origin in the very low basicity, if any, of the PF6 anion. The strategies proposed here above may thus be of high interest for the improvement of the performances of ruthenium catalysts. The bridging nitrogen atom may be used to introduced a basic functional group in the vicinity of the metal center.

Additionally the oxo-ligand architecture may also be useful for the same purpose.

Finally, some peculiar and interesting reactivities were observed in the reduction of ketones. In particular, an excellent selectivity for the reduction of cinnamaldehyde into cinnamyl alcohol was obtained. This reactivity will be investigated in more details and extended to other , ßunsaturated aldehydes.

Résumé

Les travaux réalisés au cours de cette thèse se sont concentrés sur deux aspects de la chimie durable, à savoir l'utilisation et la valorisation de produits biosourcés et l'utilisation de l'hydrogène comme nouveau vecteur énergétique. Pour assurer un développement durable, il est crucial de réduire nos émissions de gaz à effet de serre en diminuant drastiquement et en stoppant à plus long terme l'utilisation de ressources fossiles. Pour l'industrie chimique, le seul moyen d'atteindre cet objectif est de passer à des matières premières renouvelables. La biomasse est une formidable source de composés contenant du carbone qui peuvent être utilisés pour fournir des matières premières à l'industrie chimique. La biomasse lignocellulosique est la ressource riche en carbone la plus abondante et la plus facilement accessible sur terre, et elle apparaît comme la principale ressource à cibler pour la fabrication durable de molécules plateformes ainsi que des carburants alternatifs. Dans le domaine de l'énergie, les ressources solaires, éoliennes, marémotrices, hydroélectriques, géothermiques et la biomasse sont des exemples de sources d'énergie renouvelables qui sont propres, ne produisent pas de déchets, sont recyclables et ont un potentiel de croissance important pour l'avenir. Toutefois, la nature intermittente de ces sources d'énergie constitue un obstacle à leur développement à grande échelle. L'hydrogène produit à partir de ressources renouvelables est une des alternatives très sérieusement prise en considération pour traverser cette transition énergétique mondiale. Notamment, les piles à hydrogène embarquées constituent une application ciblée de l'hydrogène. Cependant, le stockage et le transport de l'hydrogène constituent un problème important à résoudre. Une réponse possible réside dans les transporteurs d'hydrogène organiques liquides (LOHC). En particulier, l'acide formique présente un grand intérêt en tant que LOHC car il s'agit d'un produit chimique peu dangereux, facile à manipuler et à transporter. L'acide formique contient également 4,4% en poids d'hydrogène, ce qui correspond à une capacité volumétrique de 53,3 g L -1 . En d'autres termes, l'acide formique contient plus d'hydrogène que l'hydrogène gazeux comprimé à 700 bar, qui est la pression de stockage visée pour les applications futures. Il faut noter que l'acide formique peut être produit efficacement à partir de CO2 et de H2. Le CO2 est utilisé comme matière première parce qu'il est bon marché et abondant et qu'il peut être capturé directement sur des sites industriels générant de grandes quantités de CO2. L'H2, quant à lui, peut être produit de manière durable grâce à l'électrolyse de l'eau alimentée par l'énergie solaire ; on parle alors d'hydrogène vert. La déshydrogénation de l'acide formique en CO2 et H2 permet de garantir un cycle neutre en carbone. Cette spécificité rend possible la mise en oeuvre d'un cycle énergétique durable comprenant la synthèse de l'acide formique par hydrogénation du CO2 (stockage de l'hydrogène) et la déshydrogénation de l'acide formique (libération de l'hydrogène). Par conséquent, la recherche de catalyseurs performants dans ces domaines est un sujet de grand intérêt. Dans ce contexte, l'objectif principal de ce doctorat était de préparer de nouveaux catalyseurs organométalliques homogènes. Sur la base des travaux en cours dans l'équipe de recherche, des ligands dipyridilamine portant des groupements donneurs d'électrons, censés exalter l'hydricité des catalyseurs de ruthénium et d'iridium ont été préparés et étudiés. Une autre famille de catalyseurs incorporant des ligands dipyridilamine substitués par des groupements hydroxyles, qui pourraient être impliqués dans des réseaux de liaisons hydrogène et éventuellement servir de navettes à protons, a également été préparée et étudiée. A number of new homogeneous ruthenium and iridium catalysts have been prepared using a strategy involving strongly electron donating dipyridylamine ligands. All these catalysts have the advantage of operating without the use of basic additives in reactions which, in principle, require a base. This reactivity is made possible by the participation of the anionic ligand which plays the role of base through a network of hydrogen bonds. These catalysts were used for the reduction of levulinic acid into γ-valerolactone. The iridium catalysts were found to be the most efficient and the strategy of increasing the donor character of the ligands was validated. A major difference in reactivity was demonstrated between the ruthenium catalysts operating by hydrogen transfer and the iridium catalysts operating by rapid dehydrogenation of formic acid followed by hydrogenation.

In a second part, these same catalysts were used for the selective dehydrogenation of formic acid, which is considered as a hydrogen reservoir and as such is of great interest in the context of the energy transition. Here again, iridium catalysts have led to the best performance in terms of TOF. The best catalyst is capable of dehydrogenating formic acid in aqueous solution but also pure formic acid, which is of great interest in terms of energy storage. The absence of carbon monoxide in the gas stream is the signature of a selective reaction that is essential for powering a fuel cell. Mechanistic studies, both experimental and theoretical DFT calculations, have allowed us to propose a reaction pathway in which the limiting step is the water-assisted release of hydrogen. Finally, an iridium catalyst was successfully used in hydrogen transfer reduction reactions of ketones using formic acid as the hydrogen donor.
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 27 Figure 2-7 Molecular structures of Ir12. Ellipsoids are shown at 30% probability. H atoms and counterions are omitted for clarity.
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  Bond lengths (Å), angles (deg). b Ctd = Cp* centroid. c Average plane calculated from pyridine rings and N3.
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 28 Figure 2-8 Molecular structures of Ir15. Ellipsoids are shown at 30% probability. H atoms and counterions are omitted for clarity.
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 29 Figure 2-9 Molecular structures of Ir18. Ellipsoids are shown at 30% probability. H atoms and counterions are omitted for clarity.

Figure 2 -

 2 Figure 2-10 Hydrogen bond representation between Cl and OH of Ir18 using Olex2 software

Figure 2 -

 2 Figure 2-11 NHC-DMAP iridium catalysts

  63 a) M.Peters, R. Breinbauer, Tetrahedron Lett. 2010, 51, 6622-6625. b) X.-Q. Xiao, G.-X. Jin, J.Organomet. Chem. 2008, 693, 3363-3368. c) A. A. D. Tulloch, A. A. Danopoulos, S. Winston, S. Kleinhenz G. Easthamb, Dalton Trans. 2000, 4499-4506 

13 C

 13 NMR (101 MHz, D2O) δ 188.

Scheme 3- 1

 1 Scheme 3-1 Proposed mechanism of LA to GVL

  74 a) X. Huang, K. Liu, W. L. Vrijburg, X. Ouyang, A. I. Dugulan, Y. Liu, E. J. M. Hensen, Applied Catalysis B: Environmental 2020, 278, 119314. b) A. García, R. Sanchis, F. J. Llopis, I. Vázquez, M. P. Pico, M. L. López, I. Á.-Serrano B. Solsona, Energies 2020, 13, 3448. 75 a) M. G. Al-Shaal, W. R. H. Wright, R. Palkovits, Green Chem. 2012, 14, 1260-1263. b) A. M. R. Galletti, C. Antonetti, V. De Luise, M. Martinelli, Green Chem. 2012, 14, 688-694. c) L. Deng, Y. Zhao, J. Li, Y. Fu, B. Liao, Q.-X. Guo, ChemSusChem 2010, 3, 1172-1175. d) D. Albani, Q. Li, G. Vile, S. Mitchell, N. Almora-Barrios, P. T. Witte, N. Lopez, J. Perez-Ramirez, Green Chem. 2017, 19, 2361-2370. 76 a) R. V. Christian, H. D. Brown, R. M. Hixon, J.Am. Chem. Soc. 1947, 69, 1961-1963. b) Z. Yan, L. Lin, S.Liu, Energy Fuels 2009, 23, 3853-3858. 

Figure 3 - 1

 31 Figure 3-1 Iron PNP pincer complex

Figure 3 - 2

 32 Figure 3-2 Phosphine ligands

Figure 3 - 3

 33 Figure 3-3 TPPTS phosphine ligand

Figure 3 - 5

 35 Figure 3-5 Iridium bipyridyl complexes

Figure 3 - 6

 36 Figure 3-6 Phosphine ligands

Figure 3 - 7

 37 Figure 3-7 Shvo type catalysts

Figure 3 - 8

 38 Figure 3-8 Pd-diphosphine complexes

Figure 3 - 9

 39 Figure 3-9 Iridium complexes

Figure 3 -

 3 Figure 3-10 Applications of chiral GVL

Figure 3 -

 3 Figure 3-12 Ruthenium catalysts

Figure 3 -

 3 Figure 3-14 1 H NMR spectrum of Iridium complex with acetic acid (DMSO-d6)
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  Ir12 + 1 eq. acetic acid, r.t.. few minutes ② Ir12 + 10 eq. acetic acid, r.t., few minutes ③ Ir12 + 10 eq. Acetic Acid 80 o C 10 min ④ Ir12 + 10 eq. acetic acid 80 o C, 1 h ⑤ Ir12 + 1eq. acetic acid 80 o C, 16 h H from Ir12 H from acetic acid reduction mechanism is thus in that case a hydrogenation mechanism (Figure 3-15).
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 1 Scheme 4-1. Decomposition pathways of FA dehydrogenation (A) and dehydration (B).
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 4 Figure 4-12 Ruthenium complex for the selective decomposition of formic acid to H2 and CO2
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 4 Figure 4-14 Iridium complex for FA dehydrogenation

  Scheme 4-8 Mechanism for FA dehydrogenation catalyzed by iron pincer complex
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 4 Figure 4-16 Al complexes for FA dehydrogenation

Figure 4 -

 4 Figure 4-17 P4-based iron catalysts for FA dehydrogenation

  123 M. Montandon-Clerc, A. F. Dalebrook, G. Laurenczy, J.Catal. 2016, 343, 62-67. 
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 4 Figure 4-18 Ligands: tris[2-(diphenylphosphino)ethyl]phosphine (PP3) and the water soluble TPPTS.

  Scheme 4-13 Proposed mechanism for Mn catalyzed FA dehydrogenation

For

  hydrogen fuel cell, the amount of energy per mole of hydrogen which can be provided as electrical energy is the change in the Gibbs free energy: ΔG = ΔH -TΔS = -285.83 kJ + 48.7 kJ = -237.1 kJ 126Based on our previous work,48, 49 we have continued to design and prepare new catalysts based on dipyridylamine ligands. The guideline is the increase of electron-density at the metal center upon functionalizing the original dpa structure by electron-donating ligands. The dimethyl amino (NMe2) group was selected as an electron donating group known as one of the more electron donating neutral organic moiety. Precedently, if one NMe2 could be efficiently introduced on the dpa core delivering catalysts of higher performances, the introduction of a second NMe2 group was unsuccessful. During this thesis, a procedure for the synthesis of this desired bis-(NMe)2 dpa ligand L4 (Figure4-20) was disclosed (see chapter 2) and a series of new ruthenium and iridium complexes was synthesized. As the o-OH group may promote or assist the release of H2 from Ir-H, we also designed and synthesised -OH functionalized dpa ligands including L7 (Figure4-20) and the corresponding complexes. More interestingly, in our ligand design strategy, we combined these two features into the dpa ligand L12 (Figure4-20) and synthesized corresponding iridium catalyst.
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 4 Figure 4-24 -OH and -OR containing catalysts (PMB = 4-methoxyphenyl)
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 54 Figure 4-25). As explained in the introduction, high formic acid concentrations are preferable as they translate into high energy concentration. To date only a few catalysts are stable enough to promote the dehydrogenation of highly concentrated formic acid solutions or eventually neat formic acid.
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 4 Figure 4-25 Influence of the concentration on the activity of the base-free dehydrogenation of FA.

28678 h - 1

 1 was achieved at pH = 3.2. In contrast, catalytic activity was almost inhibited at neutral pH of 7.4 where a low TOF value of 1291 h -1 was obtained. These results are similar to those iridium complexes bearing bipyridine or bis-N-heterocyclic ligands52c, 127 
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 4 Figure 4-26 Activity of Ir12 in different temperature

  of formic acid using ruthenium and iridium complexes 133

  e., up to high and full conversions. It is indeed a common feature to have very selective catalytic transformation at low conversion with further selectivity erosion at higher conversions. Using this setup, the dehydrogenation of a 3M solution of formic acid at 80 °C was online monitored at 1 min, 15 min and 30 min. As depicted in Figure4-27, CO was never detected (CO references, retention time = 4.2 minutes, Figure4-28) ensuring that the CO level in the gas flow was below the detection limit of the analysis, i.e., below 1 ppm.

Figure 4 -Figure 4 - 28

 4428 Figure 4-27 Gas analysis: reference of CO (a, 1 min, b, 15 min, c, 30 min), DHFA: Dehydrogenation of FA
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 4430 Figure 4-29 Autoclave for FA dehydrogenation generate pressure
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 4 Figure 4-32 Different dehydrogenation processes of formic acid have been proposed.
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 164 Scheme 4-16 Iridium catalyst under base-free conditions for FA dehydrogenation

  Scheme 4-19 Hypotheses mechanism of FA dehydrogenation
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 4 Figure 4-34 H2O assistance H2 release

  Furthermore, owing to the low difference of the calculated energy barriers between TS1 and TS2'(1.7 kcal.mol -1 ), it is not possible to conclude on the rate determining step having in mind that both TS1 and TS2' are possible transition state agreeing with KIE measurements. Indeed, in TS1 both the cleavage of C-H(D) bond and O-H(D) bonds of FA are involved while TS2' involves the cleavage of an Ir-H(D) bond assisted by the O-H(D) bond of FA. However, an experimental activation energy calculated from the Arrhenius equation furnished a value of 16.4 kcal.mol -1 for a 3M aqueous solution of FA. This value is close to the theoretical energy barrier of TS2 (15.0 kcal mol -1 ) suggesting that this pathway could in fact be at play. This result is conceivable considering that the activation energies of TS2 and TS2' are accessible at r.t. and that the reactions are carried out in water, thus with a large excess of water, and most of all it must be considered that the reaction progresses with depleting amounts of FA. TS2 is also compatible with KIE experiments as it involves the release of H2 from an Ir-H(D) bond assisted by the O-H(D) bond of water.
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 4 Figure 4-35 Relative free-energy profiles for the proposed mechanism (in water) (kcal mol -1 ).
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 4 Figure 4-36 Relative free-energy profiles for the proposed mechanism (neat) (kcal mol -1 ).
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 52 Figure 5-2 Iridium catalysts for reduction of ketones
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 5354 Figure 5-3 Hydrogenation of ketones with Ir30. Conversions determined by 1 H NMR
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 55 Figure 5-5 Hydrogenation of ketones by Ir12

b3: 1 -

 1 (p-tolyl)ethan-1-ol Light yellow oil.1 H NMR (400 MHz, CDCl3) δ 7.12 (d, J = 7.4 Hz, 2H), 7.03 (d, J = 7.9 Hz, 2H), 4.68 (q, J = 6.5 Hz, 1H), 2.23 (s, 3H), 1.33 (d, J = 6.5 Hz, 3H).13 C NMR (101 MHz, CDCl3) δ 143.0, 137.0, 129.1, 125.4, 70.1, 25.1, 21.1. b4: 1-(naphthalen-2-yl)ethan-1-ol Light yellow solid.1 H NMR (300 MHz, CDCl3) δ 7.84 (dd, J = 8.9, 3.1 Hz, 4H), 7.55 -7.45 (m, 2H), 5.08 (qd, J = 6.4, 3.4 Hz, 1H), 1.91 (d, J = 3.6 Hz, 1H), 1.59 (d, J = 6.4 Hz, 3H).13 C NMR (75 MHz, CDCl3) δ 143.

b11:

  Cyclohexanol Light yellow oil.1 H NMR (400 MHz, CDCl3) δ 3.57 (dq, J = 9.1, 4.5 Hz, 1H), 2.14 -1.94 (m, 1H), 1.86 (dt, J = 9.9, 4.6 Hz, 2H), 1.71 (dt, J = 8.5, 4.3 Hz, 2H), 1.51 (dt, J = 12.6, 4.0 Hz, 1H), 1.37 -0.99 (m, 5H).

b17: 4 -( 1 -

 41 hydroxyethyl)benzonitrile Light yellow oil.1 H NMR (400 MHz, CDCl3) δ 7.56 - 7.50 (m, 2H), 7.45 -7.38 (m, 2H), 4.87 (tt, J = 8.1, 4.0 Hz, 1H), 1.41 

b18: 1 -

 1 (4-nitrophenyl)ethan-1-ol Light yellow solid.1 H NMR (400 MHz, CDCl3) δ 8.19 (d, J = 8.8 Hz, 2H), 7.54 (d, J = 8.6 Hz, 2H), 5.02 (q, J = 6.5 Hz, 1H), 1.51 (d, J = 6.5 Hz, 3H).13 C NMR (101 MHz, CDCl3) δ 153.

b18': 1 -

 1 (4-aminophenyl)ethan-1-one Light yellow solid. 1 H NMR (400 MHz, CDCl3) δ 7.79 (d, J = 8.2 Hz, 2H), 6.63 (d, J = 8.1 Hz, 2H), 4.20 (s, 2H), 2.49 (s, 3H).

b19: 1 -

 1 (2-methoxyphenyl)ethanol Light yellow oil.1 H NMR (400 MHz, CDCl3) δ 7.37 (dd, J = 7.6, 1.8 Hz, 1H), 7.25 (ddd, J = 8.1, 7.4, 1.8 Hz, 1H), 6.97 (td, J = 7.5, 1.1 Hz, 1H), 6.88 (dd, J = 8.2, 1.1 Hz, 1H), 5.16 -5.06 (m, 1H), 3.84 (s, 3H), 1.50 (d, J = 6.5 Hz, 3H).13 C NMR (101 MHz, CDCl3) δ 156.

  , 1H), 7.07 (td, J = 7.4, 1.1 Hz, 1H), 6.94 (td, J = 7.5,

b20: 1 -

 1 (4-methoxyphenyl)ethanol Light yellow oil.1 H NMR (400 MHz, 

  ))bis(methoxybenzene) white solid.1 H NMR (400 MHz, CDCl3) δ 7.24 (dt, J = 8.7, 2.1 Hz, 4H), 6.93 (dd, J = 8.6, 1.5 Hz, 2H), 6.90 -6.83 (m, 2H), 4.51 (qd, J = 6.4, 1.7 Hz, 1H), 4.23 (qd, J = 6.5, 1.9 Hz, 1H), 3.84 (s, 3H), 3.81 (s, 3H),1.48 (dd, J = 6.4, 1.7 

b21: 4 -( 1 -

 41 hydroxyethyl)benzoic acid white solid.1 H NMR (400 MHz, DMSO) δ 7.89 (d, J = 8.3 Hz, 2H), 7.45 (d, J = 8.2 Hz, 2H), 5.30 (s, 1H), 4.78 (q, J = 6.5

  Dans une première partie, nous avons synthétisé et caractérisé avec succès un grand nombre de nouveaux complexes de ruthénium et d'iridium. En particulier, deux types de ligands ont été préparés, la dipyridinylamine (dpa) modifiée avec deux groupes diméthylamino (-NMe2) en position para-et deux groupes hydroxyle (-OH) en position ortho-(position par rapport à l'atome d'azote des cycles pyridiniques). Pour la synthèse du ligand avec des groupes donneurs d'électrons -NMe2, la réaction d'amination de Buchwald-Hartwig dans des conditions standard ou la réaction de couplage catalytique au cuivre n'ont pas été couronnées de succès. La modification du catalyseur au palladium et d'autres conditions expérimentales ont permis la synthèse du produit désiré avec un bon rendement. Les conditions optimisées ont été obtenues avec [PdCl(C3H5)]2 et XPhos comme ligand en présence de Cs2CO3 à 100 ℃ pendant 40 h, dans le CPME. Les ligands dpa fonctionnalisés par des hydroxyles ont été préparés via une s séquence de protection par un groupement pméthoxybenzyle, puis déprotégés pour obtenir les produits souhaités. Avec ces nouveaux ligands, plusieurs complexes cationiques et dicationiques de ruthénium et d'iridium ont été préparés avec de bons rendements. En outre, quatre complexes portant des ligands chélatant pyridyl-NHC ont été préparés avec des rendements élevés. Lors de la synthèse de la 2-iodo-4-diméthylamino-pyridine, un ligand bipyridine a été obtenu comme sousproduit. Le complexe d'iridium portant ce ligand a été préparé avec un rendement élevé. Tous ces complexes ont été caractérisés par RMN 1 H, RMN13 C, HRMS et des structures moléculaires aux rayons X ont été obtenues pour certains d'entre eux. Tous ces complexes ont été étudiés dans les transformations catalytiques décrites ci-après.Dans une deuxième partie, un certain nombre de catalyseurs à l'iridium ont été étudiés pour la réduction des cétones dans des conditions d'hydrogénation par transfert ou d'hydrogénation. Le catalyseur avec un ligand bis-pyridine donneur d'électrons a fourni les meilleurs résultats parmi les quatre catalyseurs testés. Plusieurs dérivés de cétones ont été efficacement réduits dans les alcools correspondants. Pour les processus d'hydrogénation, des conditions douces, typiquement 10 bar de H2 et des températures entre 70 °C et 90 °C avec une faible charge de catalyseur de 0,1 mol%, ont pu être utilisées. Les résultats de l'hydrogénation par transfert utilisant l'acide formique comme source d'hydrogène à 100 °C étaient un peu moins bons. Toutefois, comme elle utilise de l'acide formique non dangereux comme donneur d'hydrogène et qu'elle ne nécessite pas d'équipement spécial, la dernière méthode pourrait s'avérer utile en synthèse organique. Les cétones stériquement encombrées réduisent la réactivité du catalyseur. Enfin, il convient de noter que ces procédés de réduction catalytique répondent aux critères de la chimie durable car ils sont réalisés dans l'eau et ne nécessitent aucun additif notamment basique, ce qui réduit le coût et la complexité du procédé tout en diminuant la production de déchets. En outre, l'approche catalytique sans base permet la transformation de produits chimiques réactifs à la base qui n'étaient pas signalés auparavant lors de l'utilisation de catalyseurs basiques. Schéma 1. Hydrogénation of LA to GVL Enfin, tous les catalyseurs au ruthénium et à l'iridium ont été utilisés pour la déshydrogénation sélective de l'acide formique (schéma 2), qui est considéré comme un réservoir d'hydrogène et, à ce titre, présente un grand intérêt dans le contexte de la transition énergétique. En particulier, l'acide formique est considéré comme un vecteur d'hydrogène potentiel pour des applications mobiles dans les piles à combustible. Plusieurs catalyseurs synthétisés et décrits ci-dessus ont été utilisés pour la déshydrogénation sans base de l'acide formique. Avec les complexes de ruthénium, la stratégie des ligands enrichis en électrons s'est avérée satisfaisant, mais les résultats obtenus sont restés modestes. Le TOF le plus élevé atteint avec un complexe de ruthénium dans une solution aqueuse d'acide formique 2 M à 80 °C en l'absence de base était de 799 h -1 . Ici encore, les catalyseurs à base d'iridium ont conduit aux meilleures performances en termes de TOF, démontrant encore l'avantage des ligands donneurs d'électrons. Ainsi, une solution 2 M d'acide formique a été déshydrogénée par un complexe d'iridium avec une activité initiale de 20441 h -1 . Fait remarquable, le même catalyseur est capable de déshydrogéner l'acide formique pur avec un TOF de 11373 h -1 , ce qui est le meilleur résultat selon l'état actuel de la technique. La sélectivité de la réaction est très bonne puisque le monoxyde de carbone n'a pas pu être détecté, sachant qu'un flux d'H2 sans CO est une condition préalable à l'utilisation dans les piles à combustible à basse température. Le mécanisme de la réaction a été étudié à la fois expérimentalement et théoriquement. Des expériences sur l'effet isotopique cinétique ont été réalisées en utilisant de l'acide formique deutéré et/ou de l'eau deutérée afin d'identifier l'étape cinétiquement déterminante. Alors que la vitesse de déshydrogénation de l'acide formique dans D2O n'a été que légèrement affectée, la vitesse de déshydrogénation de l'acide formique deutéré dans H2O a montré un KIE significatif de 3,3. Ces résultats indiquent que le clivage de la liaison C-H de l'acide formique intervient dans, ou avant l'étape déterminant la vitesse de la réaction. L'eau pourrait également être impliquée dans un réseau de liaisons hydrogène et éventuellement comme navette de protons. Des expériences KIE dans l'acide formique pur ont également été réalisées et ont démontré que dans cette condition sans solvant, ni le groupe CH ni le groupe OH de l'acide formique ne sont impliqués dans ou avant l'étape déterminant la vitesse de réaction. Des calculs DFT ont également été réalisés. Cette étude a montré que le clivage d'une liaison Ir-H était impliqué dans l'étape cinétiquement déterminante dans laquelle l'acide formique ou l'eau étaient impliqués en tant que navettes de protons. Une énergie d'activation théorique de 15,0 kcal.mol -1 a été calculée, ce qui correspond bien à la barrière d'activation expérimentale de 16,4 kcal.mol -1 obtenue selon la loi d'Arrhenius. Cette étude DFT a également confirmé le rôle clé du groupement N-H du ligand dpa et de l'anion SO4 2-qui agit comme une base pour la déprotonation de l'acide formique par l'intermédiaire d'un réseau de liaisons H. Les résultats des calculs expérimentaux et théoriques ont permis d'établir un lien entre l'énergie d'activation théorique et l'énergie d'activation expérimentale. Ils ont permis de proposer un mécanisme de réaction dans lequel l'étape déterminant la vitesse est la libération d'hydrogène assistée par l'eau. Plusieurs catalyseurs originaux étudiés ont donné des résultats prometteurs et seront développés ultérieurement. Schéma 2. Catalyseur homogène de l'iridium pour la déshydrogénation d'acide formiqueMots-cléfs:Produits biosourcé, acide lévulinique, γ-valerolactone, acide formique, déshydrogénation, réduction de cétones, réservoir d'hydrogène, iridium, ruthenium, dipyridylamine Nouveaux catalyseurs organométalliques pour la chimie durable : Valorisation de la biomasse et hydrogène ............................ ............................................................ ............................ Mots clés : Acide lévulinique, deshydrogénation de l'acide formique, iridium, ruthénium, dipyridylamine Résumé : Les travaux menés au cours de cette thèse ont concerné deux aspects de la chimie durable qui sont l'utilisation et la valorisation de produits biosourcés et l'hydrogène comme nouveau vecteur énergétique. De nombreux nouveaux catalyseurs homogènes du ruthénium et de l'iridium ont été préparés selon une stratégie mettant en oeuvre des ligands dipyridylamine fortement donneurs d'électrons. Tous ces catalyseurs présentent l'avantage d'opérer sans utilisation d'additifs basiques dans des réactions qui nécessitent, en principe, une base. Cette réactivité est rendue possible par la participation du ligand anionique qui joue le rôle de base au travers d'un réseau de liaisons hydrogènes. Dans un premier temps, ces catalyseurs ont été utilisés pour la réduction de l'acide lévulinique en γ-valérolactone. Les catalyseurs d'iridium se sont montrés les plus efficaces et la stratégie d'accroissement du caractère donneur des ligands a été validée. Une différence majeure de réactivité a été mise en évidence entre les catalyseurs du ruthénium fonctionnant par transfert d'hydrogène et les catalyseurs d'iridium fonctionnant pour leur part par déshydrogénation rapide de l'acide formique puis hydrogénation. Dans une seconde partie, ces mêmes catalyseurs ont été utilisés pour la déshydrogénation sélective de l'acide formique qui est considéré comme un réservoir d'hydrogène et il présente, à ce titre, un grand intérêt dans le contexte de la transition énergétique. Ici aussi, les catalyseurs d'iridium ont conduit aux meilleures performances en terme de TOF. Le meilleur catalyseur est capable de déshydrogéner l'acide formique en solution aqueuse mais également l'acide formique pur, ce qui représente un grand intérêt en terme de stockage de l'énergie. L'absence de monoxyde de carbone dans le flux gazeux est la signature d'une réaction sélective indispensable en vue d'alimenter une pile à combustible. Des études mécanistiques, à la fois expérimentales et théoriques par DFT, ont permis de proposer un chemin réactionnel dans lequel l'étape limitante est la libération d'hydrogène assistée par l'eau. Enfin, un catalyseur d'iridium a été utilisé avec succès dans des réactions de réduction de cétones par transfert d'hydrogène utilisant l'acide formique comme source d'hydrogène. New transition-metal catalysts for sustainable chemistry: Biomass valorization and hydrogen energy ............................................................. ............................ Keywords : levulinic acid, γ-valerolactone, formic acid dehydrogenation, iridium, ruthenium, dipyridylamine Abstract : The work carried out during this thesis concerned two aspects of sustainable chemistry, namely the use and valorisation of bio-based products and hydrogen as a new energy carrier.
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Table 2 -

 2 1 Substituent constants: para and meta substituted benzene rings

	Substituent	para-effect	meta-effect
	Dimethylamino	-0.83	-0.211
	Oxyanion	-0.81	-0.47
	Amino	-0.66	-0.161
	Butylamino	-0.51	-0.34
	Hydroxy	-0.37	+0.12
	Methoxy	-0.268	+0.115
	Ethoxy	-0.25	+0.015
	Methyl	-0.170	-0.069
	Trimethylsilyl	-0.07	-0.04
	None	0.000	0.000
	Fluoro	+0.062	+0.337
	Chloro	+0.227	+0.373
	Bromo	+0.232	+0.393
	Iodo	+0.276	+0.353
	Ethoxycarbonyl	+0.45	+0.37
	Trifluoromethyl	+0.54	+0.43
	Cyano	+0.66	+0.56
	Nitro	+0.778	+0.710

In 2009, the monosubstituted dpa ligand was reported and displayed enhanced performances in catalysis. Further to this work we have prepared a number of dpa ligands diversely substituted by electron donating groups.

Table 2 -

 2 

	Ru1-N1	2.122	2.085	2.100
	Ru1-N3	2.137	2.097	2.093
	Ru1-Cp* centroid	1.775	1.683	1.675
	N1Ru1N3	83.18	83.64	84.73
	Figure 2-5 Ru-OSO3 and Ru-OH2 p-cymene complexes	
	2.2.3 Iridium complexes synthesis		

2 Selected bond length (Å) and bond angle (˚) compared with Ru-OSO3 and Ru-OH2 p-cymene (see below Figure 2-5). Atom Length/Å for Ru1 (Cp*) Length/Å for Ru-OSO3 49d Length/Å for Ru-OH2 Iridium chloride complexes were first prepared by stirring the ligand with the iridium precursor [(Cp*IrCl2)2] in dry MeOH for 16 h at 50 ℃. All the complexes Ir1-Ir6 were obtained in good to excellent yields. The sulfato-complexes Ir7 -Ir12 were synthesized by abstraction of the chloride ligand with silver sulfate (Scheme 2-7). These complexes were isolated in high yields and the new complexes Ir6 and Ir12 were characterized by X-ray crystallography (Figures 6-

Table 2 -

 2 

	Atom	Ir6	Ir1	Ir12	Ir7
	Ir1-Cl(O)	2.405	2.38	2.094	2.101
	Ir1-N1	2.089	2.094	2.090	2.104
	Ir1-N2	2.093	2.102	2.087	2.096
	Ir1-Cp* centroid b	1.779	1.778	1.783	1.786
	N1Ir1N2	83.22	83.96	83.01	84.06
	Cl1(O1)Ir1N1	87.47	87.68	80.39	79.63
	Cl1(O1)Ir1N3	88.03	87.59	79.52	82.73
	C1N3C8	126.2	127.90	125.5	125.1
	PyN3Py c	152.1	153.55	147.2	146.5

3 Selected bond length (Å) and bond angle (˚) for Ir6, Ir12, compared with Ir1, Ir7. a a Bond lengths (Å), angles (deg). b Ctd = Cp* centroid. c Average plane calculated from pyridine rings and N3.

Table 2 -4

 2 Selected bond length (Å) and bond angle (˚) of Ir15 and Ir18 compare with known

	Ir5. a			
		Ir15	Ir 18	Ir5
	Ir1-Cl1	2.404	2.425	2.41
	Ir1-N1	2.136	2.122	2.09
	Ir1-N3	2.091	2.087	2.09
	Ir1-Cp* centroid b	1.777	1.780	1.79
	N1Ir1N3	84.65	82.72	83.07
	Cl1Ir1N1	91.04	90.22	79.63
	Cl1Ir1N3	85.49	87.12	97.27
	C1N3C2	126.22	128.20	127.04
	PyNPy c	155.6	153.3	153.88

-Amino-4-(N, N-dimethylamino)pyridine 3 57a

  

	1 H NMR (400 MHz, CDCl3) δ 7.88 (d, J = 6.0 Hz, 1H), 6.87 (d, J = 2.5 Hz, 1H), 6.43 (dd, J =
	6.0, 2.5 Hz, 1H), 2.95 (s, 6H).
	13 C NMR (101 MHz, CDCl3) δ 155.0, 149.7, 119.4, 116.6, 106.7, 39.3.
	Synthesis of 2: A Schlenk tube was loaded
	under an argon atmosphere with Cu2O (0.0143 g, 0.1 mmol, 5 mol%),
	2-iodo-4-(N, N-dimethylamino)pyridine (0.5 g, 2 mmol, 1 equiv.), 2.8
	mL of a 28% solution of NH3•H2O (80 mmol, 20 equiv.), K2CO3
	(0.0553 g, 0.4 mmol, 20 mol%), DMEDA (0.0176 g, 0.2 mmol, 10 mol%) and 4 mL of 1,4-
	dioxane. The Schlenk tube was closed and the reaction was stirred for 16 h at 60 °C. A
	protecting safety screen was placed for safety. After cooling down, the reaction mixture was
	extracted with ethyl acetate (4 x 5mL). The organic fractions were grouped and the solvent
	evaporated. Silica gel chromatography (heptane/ethyl acetate = 7/3) afforded the desired
	compound in 65% yield. NMR data were consistent with reported data 68
	1 H NMR (400 MHz, CDCl3) δ 7.76 (d, J = 6.2 Hz, 1H), 6.05 (dd, J = 6.2, 2.3 Hz, 1H), 5.68 (d,
	J = 2.3 Hz, 1H), 4.21 (s, 2H), 2.95 (s, 6H).
	13 C NMR (101 MHz, CDCl3) δ 159.0, 156.4, 146.8, 100.0, 89.3, 39.3.
	Synthesis of N
	g, 76 %. NMR data are consistent with
	reported data.
	66 R. G. Ball, W. A. G. Graham, D. M. Heinekey, J. K. Hoyano, A. D. McMaster, B. M. Mattson, S. T. Michel, Inorg.
	Chem. 1990, 29, 2023-2025.
	67 M. Bachmann, J. Terreni, O. Blacque, K. Venkatesan, Chem. Eur. J. 2017, 23, 3837-3849.

-benzyl-N-(pyridin-2-yl)pyridin-2-amine L2 58

  

	: In a 100 mL Schlenk flask,
	previously purged with argon, dipyridylamine (0.31 g, 1.8 mmol, 1

-bromo-6-((4-methoxybenzyl)oxy)pyridine 9: 62a

  

	Synthesis of 2A stirred mixture of 2,6-
	dibromopyridine (11.70 g, 50 mmol, 1 equiv.), 4-
	methoxybenzyl alcohol (7.35 g, 53.2 mmol, 1.06 equiv.),
	potassium hydroxide (3.37 g, 60 mmol, 1.2 equiv), 18-crown-
	6 (1.32 g, 5 mmol, 0.1 equiv.) and toluene (200 mL) was
	heated at 120 o C for 16 hours. The cooled solution was evaporated under vacuum before 100
	mL of DCM was added. The organic layer was washed with brine twice and dried over
	anhydrous Na2SO4. A white crude compound was collected after evaporation of the solvent.
	After purification by flash chromatography on silica gel (heptane: ethyl acetate = 9: 1), the
	target compound was obtained as a white solid. Yield: 13.5 g, 92 %. NMR data were consistent
	with reported data.
	1 H NMR (400 MHz, CDCl3) δ 7.44 -7.36 (m, 3H), 7.06 (d, J = 7.4 Hz, 1H), 6.95 -6.88 (m,
	2H), 6.70 (d, J = 8.2 Hz, 1H), 5.29 (s, 2H), 3.82 (s, 3H).
	Synthesis of 2
	.
	HR-MS (ESI): m/z Calculated for C14H20N5: 258.17132; m/z measured: 258.1713.

-Amino-6-((4-methoxybenzyl)oxy)pyridine 10: A

  

							Schlenk tube was loaded
			under an argon atmosphere with Cu2O (0.072 g, 0.5 mmol,
			5 mol%), 2-bromo-6-((4-methoxybenzyl)oxy)pyridine (3.0
			g, 10 mmol, 1 equiv.), 28% solution of NH3•H2O (14.0 ml,
			200 mmol, 20 equiv.), K2CO3 (0.28 g, 2.0 mmol, 20 mol%),
	DMEDA (0.09 g, 1 mmol, 10 mol%) and 20 mL of 1,4-dioxane. The reaction was stirred for 16
	h at 60 °C. The reaction mixture was extracted with ethyl acetate (20 x 5 mL). Silica gel
	chromatography	(heptane:	ethyl	acetate	=	3:7)	afforded	2-amino-6-((4-
	methoxybenzyl)oxy)pyridine 1.92 g in 83% yield.				

-((4-methoxybenzyl)oxy)-N-(pyridin-2-yl)pyridin-2-amine L9 : 2

  

	13 C NMR (101 MHz, CD3OD) δ 164.
	1 H NMR (400 MHz, CD3OD) δ 7.56 (t, J = 8.1 Hz, 2H), 6.13 (d, J = 8.1 Hz, 4H).
	13 C NMR (101 MHz, CD3OD) δ 163.9, 151.5, 144.3, 104.3, 98.2.
	HR-MS (ESI, CH3OH) [M+Na] + calculated for (C10 H9 N3 O2 Na + ) = 226.0587; measured
	226.0587.
	Synthesis of 6-Bromo-6-
	((4-methoxybenzyl)oxy)pyridine 9 (0.60 g, 2.0 mmol, 1 equiv.), 2-
	aminopyridine (0.18 g, 2.0 mmol, 1 equiv.), Pd2(dba)3 (0.05 g, 0.05
	mmol, 2.5 mol%), BINAP (0.06 g, 0.08 mmol, 4.0 mol%), t-BuOK (0.34
	g, 3.0 mmol, 1.5 equiv.) and 20 mL of toluene were combined in a
	Schlenk tube under argon atmosphere. The mixture was stirred at 90 °C
	for 24 h. After cooling to room temperature, the crude reaction mixture
	was filtered over celite. Evaporation of the solvent in vacuo delivered
	the crude product. Purification by column chromatography on silica gel
	(heptane: ethyl acetate = 9/1, v/v). Furnished target product as a yellow solid (0.66 g, 75%).
	1 H NMR (400 MHz, CDCl3) δ 8.26 (ddd, J = 5.0, 2.0, 0.9 Hz, 1H), 7.67 (dt, J = 8.5, 1.1 Hz,
	1H), 7.58 (ddd, J = 8.6, 7.1, 1.9 Hz, 1H), 7.50 (t, J = 7.9 Hz, 1H), 7.43 -7.35 (m, 2H), 6.96 -

iridium Ir3: With the same procedure as for the synthesis of Ir1, Ir3 was

  

	Synthesis of known Chloro-[bis(pyridin-2-ylamine)pentamethylcyclopentyl] iridium chloride
	Ir1: Dipyridylamine (0.019g, 0.12 mmol, 2.1 equiv.) was
	added to a suspension of [Cp*IrCl2]2 (0.045 g, 0.056 mmol,
	1 equiv.) in methanol (5 mL). The mixture was stirred for 16
	h at 50 ℃. After evaporation to dryness, the residue was
	washed with diethyl ether (3 x 2 mL) to give the expected
	product Ir1 (0.059 g, yield: 92%) as a yellow powder. NMR
	data were consistent with reported data. 49a
	1 H NMR (400 MHz, CDCl3) δ 12.79 (s, 1H), 8.26-8.20 (m, 4H), 7.74-7.69 (m, 2H), 7.03-6.99
	(m, 2H), 1.42 (s, 15H).
	13 C NMR (100 MHz, CDCl3): δ 153.2, 150.6, 140.2, 120.3, 116.5, 87.8, 8.7.
	Synthesis of Chloro-[(bis(6-methylpyridin-2-yl)amine)pentamethylcyclopentyl)] iridium
	chloride Ir2: With the same procedure as for the synthesis of
	F NMR (376 MHz, CD3CN) δ -72.0 (d, J = 703.1 Hz). Ir1, Ir2 was obtained as a yellow powder (yield: 80%).
	31 P NMR (162 MHz, CD3CN) δ -144.6 (hept, J = 703.1 Hz). 1 H NMR (400 MHz, CDCl3) δ 11.98 (s, 1H), 8.18 (d, J = 8.2
	HR-MS (ESI, CH3CN): m/z Calculated for C22H29N4Ru + : 451.14302; m/z measured: 451.1429. Hz, 2H), 7.55 (t, J = 7.8 Hz, 2H), 6.99 (d, J = 7.4 Hz, 2H), 2.94
	(s, 6H), 1.38 (s, 15H).
	Synthesis of Ru4: With the same procedure as for the synthesis of Ru1, Ru4 was obtained as a
	dark green powder (yield: 86%). 13 C NMR (101 MHz, CDCl3) δ 160.3, 154.4, 140.4, 122.5, 114.3, 88.1, 28.2, 9.6, 9.2.
	1 H NMR (400 MHz, CD3CN) δ 7.99 (d, J = 6.8 Hz, HR-MS (ESI, CH2Cl2): m/z Calculated for C22H28N3ClIr + : 562.15957; m/z measured: 562.1600.
	2H), 6.38 (dd, J = 6.8, 2.5 Hz, 2H), 6.13 (d, J = 2.5 Hz, 2H), 3.00 (s, 12H), 1.96 (s, 3H), 1.38 (s, 15H). 13 C NMR (101 MHz, CD3CN) δ 156.7, 155.1, 153.0, Synthesis of Chloro-[(bis(6-methoxypyridin-2-yl)amine)pentamethylcyclopentyl)] obtained as a yellow powder (yield: 92%).
	142.1, 104.9, 93.7, 78.2, 39.5, 9.7, 5.1. 1 H NMR (400 MHz, CDCl3) δ 12.01 (s, 1H), 7.94 (d, J = 8.1
	19 F NMR (376 MHz, CD3CN) δ -72.93 (d, J = 706.2 Hz). Hz, 2H), 7.64 (t, J = 8.1 Hz, 2H), 6.47 (d, J = 8.0 Hz, 2H),
	3.95 (s, 6H), 1.44 (s, 15H).
	31 P NMR (162 MHz, CD3CN) δ -142.42 (hept, J = 706.2 Hz).
	13 C NMR (101 MHz, CDCl3) δ 163.
	HR-MS (ESI, CH2Cl2): m/z Calculated for C24H34N5Ru + : 494.18522; m/z measured: 494.1859.
	Syntheses of iridium complexes

sulfate Ir12: With the same procedure as for the synthesis of Ir7, Ir12 was obtained as

  .

	Synthesis	of	know	[(N 4 ,N 4 -Dimethyl-N 2 -(pyridin-2-yl)pyridin-2,4-
			diamine)pentamethylcyclopentyl] iridium sulfate Ir11: With the
			same procedure as for the synthesis of Ir7, Ir11 was obtained as a
			yellow powder (yield: 82%). NMR data were consistent with
			reported data. 49a	
			1 H NMR (400 MHz, D2O) δ 8.43 (dd, J = 6.1, 1.7 Hz, 1H), 7.99 -
	7.93 (m, 1H), 7.92 (d, J = 7.1 Hz, 1H), 7.32 (d, J = 8.4 Hz, 1H), 7.26 (t, J = 6.8 Hz, 1H), 6.66
	(dd, J = 7.2, 2.7 Hz, 1H), 6.39 (d, J = 2.7 Hz, 1H), 3.13 (s, 6H), 1.48 (s, 15H).
	HR-MS: (ESI, H2O) [M-H] + calculated for C22H28N4 Ir + = 541.19379; measured 541.1939, m/z
	(z = 2) calculated for C22H29N4 Ir 2+ = 271.10053; measured 271.1005.
	Synthesis of [(bis(N 4 ,N 4 -dimethylaminopyridin-2-yl)amine)pentamethylcyclopentyl)] iridium
				a yellow powder (yield: 90%).
			1 H NMR (400 MHz, D2O) δ 7.91 (d, J = 7.1 Hz, 2H), 6.61 (dd,
			J = 7.1, 2.7 Hz, 2H), 6.30 (d, J = 2.7 Hz, 2H), 5.47 (s, 1H), 3.11
			(s, 12H), 1.48 (s, 15H).
	13 C NMR (101 MHz, D2O) δ 156.	

  .

	Synthesis	of	[(N 2 -(6-((4-methoxybenzyl)oxy)pyridin-2-yl)-N 4 ,N 4 -dimethylpyridine-2,4-
			diamine)pentamethylcyclopentyl] iridium sulfate Ir21: With the
			same procedure as for the synthesis of Ir7, Ir21 was obtained as a
			yellow powder (yield: 85%).
			1 H NMR (400 MHz, MeOD) δ 8.56 (d, J = 7.0 Hz, 1H), 7.53 (d, J
			= 7.9 Hz, 1H), 7.17 (dd, J = 8.4, 6.3 Hz, 2H), 6.87 -6.81 (m, 2H),
			6.64 (d, J = 8.1 Hz, 1H), 6.55 (dd, J = 7.2, 2.4 Hz, 1H), 6.41 -6.33
			(m, 2H), 5.21 (s, 2H), 3.75 (s, 3H), 3.11 (s, 6H),1.37 (s, 15H).

13 

C NMR (101 MHz, MeOD) δ 162.

Synthesis of Ir24: With the same procedure as for the synthesis of Ir7, Ir24 was obtained as a

  

	1 H NMR (400 MHz, MeOD) δ 7.59 (t, J = 8.0 Hz, 2H), 6.49 (dd, J = 7.8,
	1.1 Hz, 2H), 6.40 (dd, J = 8.2, 1.1 Hz, 2H), 1.46 (s, 15H).
	1 H NMR (400 MHz, D2O) δ 7.66 (t, J = 8.0 Hz, 2H), 6.61 (d, J = 7.9 Hz,
	2H), 6.55 -6.46 (m, 2H), 1.46 (s, 15H).
	13 C NMR (101 MHz, MeOD) δ 201.9, 144.4, 134.0, 107.2, 101.5, 88.4, 9.0.
	Synthesis of Ir23: With the same procedure as for the synthesis of Ir7, Ir23 was obtained as a
	yellow powder (yield: 93%).
	1 H NMR (400 MHz, D2O) δ 8.39 (dd, J = 6.0, 1.7 Hz, 1H), 7.95 (ddd, J =
	8.7, 7.3, 1.7 Hz, 1H), 7.82 -7.75 (m, 1H), 7.39 -7.32 (m, 1H), 7.32 -
	7.26 (m, 1H), 6.81 (dd, J = 8.0, 1.0 Hz, 1H), 6.71 (d, J = 8.3 Hz, 1H), 1.47
	(s, 15H).
	13 C NMR (101 MHz, D2O) δ 163.2, 151.3, 150.2, 150.0, 144.2, 141.7, 121.1, 114.6, 105.1,
	104.2, 87.8, 7.9.
	yellow powder (yield: 92%).
	1 H NMR (400 MHz, D2O) δ 7.78 (dd, J = 7.1, 1.4 Hz, 1H), 7.66
	(ddt, J = 5.5, 4.1, 1.4 Hz, 1H), 6.65 (d, J = 8.0 Hz, 1H), 6.56 (ddd,
	J = 9.9, 7.7, 2.1 Hz, 2H), 6.25 (d, J = 2.5 Hz, 1H), 3.03 (d, J = 1.4
	Hz, 6H), 1.38 (d, J = 1.5 Hz, 15H).
	13 C NMR (101 MHz, D2O) δ 169.

Table 2 -

 2 5. Crystal data and structure refinement for Ru1.

	Identification code	Ru1
	Empirical formula	C22H27F6N4PRu
	Formula weight	593.51
	Temperature/K	150(2)
	Crystal system	monoclinic
	Space group	P21/c
	a/Å	12.8977(16)
	b/Å	11.7505(12)
	c/Å	16.1413(19)
	α/°	90
	β/°	100.753(5)
	γ/°	90
	Volume/Å 3	2403.3(5)
	Z	4
	ρcalcg/cm 3	1.640
	μ/mm -1	0.783
	F(000)	1200.0
	Crystal size/mm 3	0.450 × 0.380 × 0.290
	Radiation	MoKα (λ = 0.71073)
	2Θ range for data collection/°	6.198 to 54.964
	Index ranges	-16 ≤ h ≤ 16, -15 ≤ k ≤ 12, -20 ≤ l ≤ 20
	Reflections collected	37858
	Independent reflections	5451 [Rint = 0.0394, Rsigma = 0.0253]
	Data/restraints/parameters	5451/0/354
	Goodness-of-fit on F 2	1.057
	Final R indexes [I>=2σ (I)]	R1 = 0.0273, wR2 = 0.0623
	Final R indexes [all data]	R1 = 0.0354, wR2 = 0.0679
	Largest diff. peak/hole / e Å -3	0.64/-0.71

Table 2 -
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	Identification code	Ir6
	Empirical formula	C24H34Cl2IrN5
	Formula weight	655.66 g/mol
	Temperature/K	150 K
	Crystal system	monoclinic
	Space group	P21/c
	Unit cell dimensions	
	a/Å	7.8511(3)
	b/Å	13.1138(5)
	c/Å	24.6323(10)
	α/°	90
	β/°	97.999(2)
	γ/°	90
	Volume/Å 3	2511.41(17)
	Z, Calculated density	4, 1.734 g.cm -3
	Absorption coefficient	5.551 mm -1
	F (000)	1296
	Crystal size/mm	0.130 x 0.080 x 0.050
	Crystal color	yellow
	Crystal description	stick

6. Crystal data and structure refinement for Ir6. b S (Goodness-of-fit) 1.046 Final R indices [I>2σ] R1 c = 0.0284, wR2 d = 0.0538 R indices (all data) R1 c = 0.0391, wR2 d = 0.0569 Largest diff. peak/hole / e Å -3 0.940 and -1.194 Ir12 Structural data

Table 2-7. Crystal data and structure refinement for Ir12. d = 0.0504 Largest diff. peak/hole / e Å -3 1.882 and -0.732 Ir21 Structural data Table 2-8. Crystal data and structure refinement for Ir21.

Table 3 - 1

 31 Transfer hydrogenation of levulinic acid with ruthenium complexes. a

	Entry Cat (mol%)	t (h) T °(C) Base Solvent	Conv (%) b
	1	Ru1 (0.1)	16	110	--	neat	8
	2	Ru2 (0.1)	16	110	--	neat	<1
	3	Ru3 (0.1)	16	110	--	neat	17
	4	Ru4 (0.1)	16	110	--	neat	28
	5	Ru1 (0.1)	16	120	--	neat	18
	6	Ru2 (0.1)	16	120	--	neat	<1
	7	Ru3 (0.1)	16	120	--	neat	63
	8	Ru4 (0.1)	16	120	--	neat	68
	9 c	Ru1 (0.1)	16	120	Et3N neat	5
	10	Ru4 (0.1)	24	120	--	neat	78
	11	Ru4 (0.1)	48	120	--	neat	88
	12	Ru3 (0.1)	16	140	--	neat	60
	13	Ru4 (0.1)	16	140	--	neat	80
	14	Ru4 (0.1)	24	140	--	neat	88
	15	Ru4 (0.1)	48	140	--	neat	92
	16 d	Ru1 (0.1)	16	120	--	Water [LA] = 1 mol.L -1	0
	17 d	Ru2 (0.1)	16	120	--	Water [LA] = 1 mol.L -1	0
	18 d	Ru3 (0.1)	16	120	--	Water [LA] = 1 mol.L -1	<2
	19 d	Ru4 (0.1)	16	120	--	Water [LA] = 1 mol.L -1	<4
	a LA (0.232 g, 2 mmol), FA (0.184 g, 4 mmol), b Determined by 1 H NMR. c Et3N 1 eq., 2 mmol,

d H2O 2 ml.

Table 3
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	-2, entries 13-

Table 3 -2

 3 Transfer hydrogenation of levulinic acid. a

	Entry Cat (mol%)	t (h) T °(C) Solvent	Conv (%) b
	1	Ir2 (0.1)	16	110	neat	1
	2	Ir4 (0.1)	16	110	neat	<1
	3	Ir6 (0.1)	16	110	neat	5
	4	Ir8 (0.1)	16	110	neat	1
	5	Ir9 (0.1)	16	110	neat	3
	6	Ir11 (0.1)	16	110	neat	72
	7	Ir12 (0.1)	16	110	neat	97
	8	Ir22 (0.1)	16	110	neat	53
	9	Ir23 (0.1)	16	110	neat	50
	10	Ir24 (0.1)	16	110	neat	63
	11	Ir12 (0.1)	8	110	neat	82
	12	Ir12 (0.05)	16	110	neat	78
	13	Ir12 (0.1)	16	90	neat	81
	14	Ir12 (0.1)	16	70	neat	62
	15	Ir12 (0.1)	24	70	neat	69
	16	Ir12 (0.1)	48	70	neat	88
	17	Ir12 (0.1)	16	50	neat	34
	18	Ir12 (0.1)	64	50	neat	80
	19	Ir12 (0.1)	64	25	neat	2
	20	Ir12 (0.1)	16	70	Water [LA] = 1 mol.L -1	59
	21	Ir12 (0.1)	16	90	Water [LA] = 1 mol.L -1	82
	22	Ir12 (0.1)	16	110	Water [LA] = 1 mol.L -1	90

a LA (0.232 g, 2 mmol), FA (0.184 g, 4 mmol), b Determined by 1 H NMR.

Table 3

 3 Catalytic route to 1,4-PDO and 2-MTHF from LA.

		-3 Hydrogenation of levulinic acid a	
	Entry	Cat (mol%)	Conv (%) b
	1	Ir12 (0.05)	96
	2	Ir12 (0.01)	33
	3	Ir11 (0.05)	66
	4	Ir7 (0.05)	77
	was evaluated in this very challenging transformation. Unfortunately, as depicted in Table3-8,
	using strong conditions no 2-Me-THF or any other derivative was formed under high hydrogen
	pressure and temperature. The utilization of additives did not change the course of the reaction
	and only GVL was obtained in all cases.	

a LA (0.232 g, 2 mmol), H2 5 bar, water 1 ml, 110 ℃, 16 h b Determined by

1 

H NMR.

The very good performances of Ir12 under hydrogenation conditions prompted us to investigate the related reaction of levulinic acid hydrogenation into 2-methyl Tetrahydrofuran (2-MeTHF).

2-MeTHF is a green alternative to THF that has advantageous physical and chemical properties such as a higher boiling point (80.2 °C), water immiscibility, reactivity, and biodegradation pathways. 2-MeTHF is also a non-petroleum liquid fuel that can be used in place of or in mix with gasoline.

94 

Its synthesis from levulinic acid follows a pathway of LA → 4-HVA → GVL → 1,4-PDO → 2MeTHF (Scheme 3-8), Only a few homogeneous catalysts can promote this transformation under 100 bar H2 at 160 °C with the catalytic system of [Ru]/Phosphine. Ir12 94 U. Omoruyi, S. Page, J. Hallett, P. W. Miller, ChemSusChem 2016, 9, 2037 -2047 Scheme 3-8

Table 3
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		-8 Hydrogenation of levulinic acid for 2Me-THF a	
	Entry Cat (mol%)	Additive	GVL Conv (%) b	2 Me-THF (%) b
	1	Ir12 (0.1)	-	>99	0
	2	Ir12 (0.1)	HCOOH 1mol%	>99	0
	3	Ir12 (0.1)	p-TsOH	>99	0

a LA (0.232 g, 2 mmol), H2 70 bar, 120 ℃ 16 h b Determined by 1 H NMR.

Table 3 -

 3 9 Transfer hydrogenation of levulinic acid. a

	Entry	Cat (mol%)	t (h)	T °(C)	Conv (%) b
	1	Ir30 (0.1)	16	90	100
	2	Ir30 (0.1)	16	70	100
	3	Ir30 (0.1)	16	50	100
	4	Ir30 (0.1)	16	40	100
	5	Ir30 (0.1)	16	30	97
	a LA (0.232 g, 2 mmol), FA (0.184 g, 4 mmol), b Determined by 1 H NMR.

  1 H NMR spectra were recorded on a Bruker Avance (400 MHz) spectrometer.1 H and13 C NMR spectra were calibrated using the residual solvent signal as internal standard ( 1 H: CDCl3 7.26 ppm, MeOD 3.31 ppm, C6D6 7.16 ppm,13 C: CDCl3, central peak is 77.16 ppm, MeOD central peak is 49.00 ppm). Data are reported as follows: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet. Coupling constants are reported in Hz.

	Data collection	
	Diffractometer	D8 Venture diffractometer
	Theta range for data collection /°	2.083 to 27.513
	(sinθ/λ)max (Å -1 )	0.650
		-14, 14
	Index ranges	-15, 15
		-19, 19
	Reflections collected / unique	39730 / 8208 [R(int) a = 0.0459]
	Reflections [I>2σ]	7670
	Completeness to theta max	0.999
	Structural data Absorption correction type	multi-scan
	Max. and min. transmission	0.383, 0.284
	Identification code Refinement	Ir30
	Crystal data Refinement method	Full-matrix least-squares on F 2
	Empirical formula H-atom treatment	C29H53IrN4O9S H-atom parameters constrained
	Formula weight Data / restraints / parameters	826.01 g/mol 8208 / 1 / 429
	Temperature/K	150(2) K
	Radiation type	Mo-Kα
	Wavelength	0.71073 Å
	Crystal system	triclinic,
	Space group	P-1
	Unit cell dimensions	
	a/Å	11.0523(12) Å
	b/Å	11.5830(13) Å
	eluent. c/Å	14.7888(16) Å
	α/° ii) Study of the stability of Ir12 β/°	76.982(4) ° 84.247(4) °
	γ/° Ir12 (0.0068 g, 0.01 mmol) was dissolved in DMSO-d6 in a J. YOUNG NMR tube. Then acetic 76.184(4) ° acid (5.7 μl, 0.1 mmol, 10 eq) was added to the J. YOUNG NMR tube. The mixture was heated Volume/Å 3 1789.1(3) Å 3
	at 80 o C for 10 min, 1 h, 16 h, in an oil bath and then analyzed by 1 H NMR. Z, Calculated density 2, 1.533 g.cm -3
	Absorption coefficient	3.842 mm -1
	Room temperature, 1 H NMR (400 MHz, DMSO-d6) δ 9.86 (s, 1H, NH), 8.21 (d, J = 7.1 Hz, 2H, F (000) 40
	Crystal size/mm	0.420 x 0.390 x 0.250 mm
	Crystal color	yellow
	Crystal description	prism

i) General experimental procedure for transfer hydrogenation of levulinic acid Safety: As these reactions generate pressures up to 5 bar, they were carried-out in heavy walled (2.7 mm) Schlenk tubes of small size (h = 11 cm, o.d. = 2 cm) equipped with Teflon Rota flow manifold. A polycarbonate mobile safety shield was also used as a protection equipment.

LA (2 mmol), FA (2-4 mmol), catalyst (0.05-0.1 mol%), with or without water (0-6 mL) were added to a 15 mL Schlenk tube with a Teflon screw cap. The mixture of substrates and catalyst was heated to the desired temperature in less than 15 min. After the reaction, the crude mixtures were analyzed by 1 H NMR. Volatile compounds were removed under vacuum and the crude product was purified by column chromatography using heptane / ethyl acetate (3/1; v/v) as CH), 6.59 (dd, J = 7.

1, 2.7 Hz, 2H, CH), 6.35 (d, J = 2.7 Hz, 2H, CH)

, 3.06 (s, 12H, N(CH3)2), 1.90 (s, 3H, acetic acid CH3), 1.38 (s, 15H, Cp*CH3). Heat to 80 o C for 10 min, 1 H NMR (400 MHz, DMSO-d6) δ 9.85 (s, 1H, NH), 8.21 (d, J = 7.1 b S (Goodness-of-fit) 1.108

  Table 4-1) Dehydrogenation of neat FA without any additive is incredibly rare in comparison to the plethora of FA dehydrogenation systems with additives and solvents.

	Table 4-1 A calculation of energy conversion	
	FA concentration	mol of H2	Energies/(kJ)
	1L HCOOH	26.5	6282
	1L 3M HCOOH (Solution in water)	3	711

Table 4 -2

 4 Dehydrogenation of formic acid with ruthenium complexes a

	Entry	Cat (mol%)	TOF (h -1 ) b
	1	Ru1	388
	2	Ru2	92
	3	Ru3	614
	4	Ru4	799
	5	Ru0	338

Conditions: a FA (4 mmol), catalyst (0.01 mol%), H2O (2 mL), 80 °C, 10 min. b based on gas volume released.

Table 4 -3

 4 Dehydrogenation of formic acid with iridium complexes a

	Entry	Cat (mol%)	TOF (h -1 ) b
	1	Ir6	7439
	2	Ir7	8705
	3	Ir8	2121
	4	Ir9	13064
	5	Ir10	3382
	6	Ir11	11680
	7	Ir12	20441
	8	Ir30	75000
	Conditions: a FA (4 mmol), catalyst (0.01 mol%), H2O (2 mL), 80 °C, 10 min. b based on gas
	volume released.		
	A series of complexes bearing -OH or -OR substituted-dpa ligands was investigated under
	similar experimental conditions (Figure 4-24). These complexes, notably the -OH containing
	ones were synthesized with the aim of bringing H-bond donors in the close vicinity of the

iridium center as H-bond networks have been shown to play an important role in a number of examples and -OH group were reported to assist H2 release from Ir-H complexes. As previously observed, the Ir-Cl complexes Ir14-Ir18 displayed moderate activities (Table

4

-4, entries 1-5).

Table 4 -4

 4 Dehydrogenation of formic acid with iridium complexes a

	Entry	Cat (mol%)	TOF (h -1 ) b
	1	Ir14	5133
	2	Ir15	7408
	3	Ir16	7961
	4	Ir17	3074
	5	Ir18	6363
	6	Ir21	8637
	7	Ir22	9990
	8	Ir23	6301
	9	Ir24	13064
	Conditions: a FA (4 mmol), catalyst (0.01 mol%), H2O (2 mL), 80 °C, 10 min. b based on gas
	volume released.		

Table 4 - 5

 45 Dehydrogenation of formic acid with iridium complexes in different concentrations a

	Entry	Cat (mol%)	[FA]	Solvent	TOF (h -1 ) b
	1	Ir12	1 M	H2O (4 ml)	13156
	2	Ir12	2 M	H2O (2 ml)	20441
	3	Ir12	3 M	H2O (1.3 ml)	21025
	4	Ir12	4 M	H2O (1 ml)	20164
	5	Ir12	8 M	H2O (0.5 ml)	17213
	6	Ir12	Neat	H2O (trace)	11373
	Conditions: a FA (4 mmol), Ir12 (0.01 mol%), 80 °C, 10 min.	

b 

based on gas volume released

Table 4
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		-6 Dehydrogenation of formic acid with iridium complexes at different pH a
	Entry	Cat (mol%)	FA/HCOONa	pH b	TOF (h -1 ) c
	1	Ir12	4: 0	1.8	20441
	2	Ir12	3: 1	3.2	28678
	3	Ir12	2: 2	3.9	21824
	4	Ir12	1: 3	4.4	12141
	6	Ir12	0: 4	7.4	1291
	Conditions: a FA (4 mmol), catalyst (0.01 mol%), H2O: 2 ml, 80 °C, 10 min.

b pH values were measured with a pH meter. c based on gas volume released.

Table 4 -7

 4 Dehydrogenation of formic acid with Ir12 in different temperature a based on gas volume released, c due to the maximum range of the flow mater, the catalyst loading was decreased for this reaction.

	Entry	Cat (mol%)	Temp.	V Gas (ml)	TOF (h -1 ) b
	1	Ir12 (0.01)	60	6.7	4119
	2	Ir12 (0.01)	70	20.0	12295
	3	Ir12 (0.01)	80	35.0	21516
	4	Ir12 (0.01)	90	61.0	35700
	5 c	Ir12 (0.005)	100	54.2	66639

b 

  Table4-8, the rate of dehydrogenation of formic acid in D2O was only slightly impacted. On the contrary, the rate of dehydrogenation of deuterated formic aid in H2O showed a significant KIE of 3.3 which was further increased in D2O. These results indicate that C-H group of FA is involved in or before the rate-determining step of the reaction. Despite lower impact on the reaction rate, the role of water should not be neglected. Water could be involved in hydrogen bond networks and eventually as a proton shuttle. Alternatively, as fast H/D exchanges with the acidic proton of FA is occurring, the involvement of the OH group of FA in the rate determining step should not be neglected.

	KIE experiments in neat formic acid were also performed and demonstrated that under this
	solvent-free condition, nor the CH or OH group of FA are involved in or before the rate
	determining step (Table 4-8, entries5-6).

Table 4 -8

 4 Kinetic isotope effect (KIE) in the dehydrogenation of formic acid with Ir12 a

	Entry	Source	Solvent	TOF (h -1 ) b	KIE
	1	HCOOH	H2O	20686	-
	2	HCOOH	D2O	12326	1.7
	3	DCOOD	H2O	6270	3.3
	4	DCOOD	D2O	5010	4.1
	5	HCOOH	--	11127	
	6	DCOOD	--	7469	1.5
	Conditions: a FA (4 mmol), catalyst (0.01 mol%), H2O (1.3 mL), 5 min. b based on gas volume
	released.				

Table 4 -9 Mulliken charges of Ir7, Ir11 and Ir12:
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		Ir7			Ir11			Ir12	
	Entry Atom Charge	Entry Atom Charge	Entry Atom Charge
	14	Ir	+ 0.64	14	Ir	+ 0.59	14	Ir	+ 0.53

Reduction of ketones with iridium complexes Chapter 5. Reduction of ketones with iridium complexes

  was performed with larger def2TZVP 139 basis set. Frequency calculations were performed to determine free energy corrections, and to verify the nature of all stationary points of encountered structures as intermediates (no imaginary frequency) or transition states (one and only one imaginary frequency).140 The intrinsic reaction coordinate (IRC) method was performed to ensure that transition states led to expected intermediates.141 iii) Optimized structures of 2NMe 2 dpa iridium catalyst.

	H C C H C N H C C H H C H H C H H C H H C H H O N C H Ir C H		2.77775100 1.29687700 5.76743100 4.23861300 -3.41177600 -0.34442900 -4.63173500 -4.09388000 1.14031300 -1.27717800 2.77059800 -0.73337900 2.05781100 4.82676600 3.78637000 -1.36235600 5.32493400 2.49849000 -2.74831300 5.58660900 4.91253400 -2.31065000 1.62428000 3.93860000 1.00450100 3.50624200 -4.65183000 2.10228100 -3.18652500 3.47898000	-0.49436000 3.20857500 -2.69055000 -2.70590000 -2.55275900 -1.38620100 -3.01860600 0.54816400 -0.83083000 -2.55774700 0.47658700 -2.66543000 5.67016400 2.88867000 1.12032700 5.96185100 1.67514200 -0.10851300 6.65439300 -1.46432100 1.01225100 -2.24695500 0.09963500 0.83548000 0.39081400 -5.06149500 -0.24873800 -0.03710000 4.52297000 -3.24452100	0.77936900 -0.11872700 -0.65110800 -0.84153200 1.26527200 0.34510200 -1.23303200 2.05884000 -1.06283700 -2.37379700 1.53437800 -1.12598500 -2.11188100 1.00941600 -0.22443600 1.44581100 0.09739000 -3.03513500 0.03345300 -1.65162600 1.45674500 2.36332100 -4.02825700 -0.02525200 -1.63118300 -0.67728000 0.74733000 0.29261400 -1.07179500 -0.48238300
	H C H H C C H C C H H C H H C H H C C H O H O C H H C H H		-1.44803800 0.15709200 6.48135100 5.73377000 -4.33459300 0.82270500 -4.17783200 -3.69730100 2.17631800 1.71318700 4.64588800 0.11968000 2.82404600 5.25051900 2.46588400 -0.69625500 4.36595700 3.47475900 -1.10561200 2.12993800 -4.34029600 2.27226500 3.67560000 0.68912300 2.63576300 -2.59327500 2.86206500 -3.65828700 2.45036200	0.95618100 3.60664400 -3.32109500 -1.79730200 -1.58789500 -1.20663200 -2.82926900 -2.47816900 -1.62437500 0.53517000 -0.93581800 -3.73587900 6.53325200 -0.89364300 1.97690600 6.34737800 -0.17129400 -2.54831600 -1.16674900 -3.89693400 -0.86730500 0.55923700 -1.21487600 1.53856600 -5.71990400 0.83015200 0.73285800 5.49590200 -2.78983900	-2.91690600 0.66582300 -1.17895000 -0.59290500 -1.65207100 -0.30638700 0.46388100 1.20265100 -1.54258700 2.15019500 0.82883700 -1.03411200 -0.76377400 -1.69102800 -2.30158500 -0.15349600 -2.58948600 -1.25520500 2.67675700 0.20461700 0.75955000 -2.45194000 1.36527200 -0.90797600 -0.73371600 1.53389600 -1.67108700 -1.20365100 -1.85255900
	H C H H C C H O C H H C C H C H H C O H S Int1-Neat N H N H H C H H	-2.70805300 -1.04217400 6.22166800 1.91191600 -4.28091700 1.72083000 3.45211900 2.18143700 2.33557900 -1.24477800 2.02054400 1.38404500 3.64890900 5.25882100 2.37671500 -2.39156000 3.92039000 4.67265700 -1.61388700 3.89112000 -4.79353100 4.03350200 -1.63784700 -0.30411900 3.73427100 1.18342300 2.80437400 -2.91945800 4.20439000	-0.07599100 3.31986300 -1.70392500 -2.58970800 1.58292400 -2.25125400 0.32949700 0.58252100 -2.93959100 -0.19117800 -2.55366500 -3.56082700 -4.26948100 0.87634100 -1.19072200 6.70694200 -1.88742000 -1.37573200 -0.20427600 -3.98939900 0.33239800 3.83571900 2.38874200 1.48356500 -4.87750400 1.56334200 -0.68043400 4.14110600 -2.80294100	-2.21799400 -0.07908100 -0.52863600 2.11179700 -1.69985500 -0.52433100 1.42102000 1.54141900 -1.07804900 1.77182500 -2.21971300 -0.41599100 0.06908900 -1.69039900 -2.87205200 0.22604700 -2.58876100 1.47142600 2.06405400 0.29509500 -0.22717900 0.07638200 1.33266300 0.00155200 0.38194500 -3.20055800 -1.74042000 -2.06324000 -2.03043700
	H C H H O C H S C N H C H H C C H C H H O N N H C H H C H H H C H S C N O C N H Ir H H C O H O Int7 H O C C H C C H C C H		-2.12344500 -1.56778200 5.59809800 3.62835700 3.64104500 1.44688000 -1.74695100 3.71389300 1.38868000 3.36353000 -0.03302800 1.67956400 4.12140400 6.28623400 3.97752100 -1.51369100 5.45600800 4.51101800 -1.76067900 3.10695200 -6.20058700 1.21398700 -5.17292700 -0.56773300 -0.55620900 4.34712500 2.56969100 3.62988300 -3.92071100 4.65076000 -2.37728400 1.65453700 3.00487900 4.46373400 0.23627500 2.31239200 4.50626900 0.39295800 1.35882000 -2.15115800 -2.07379600 4.22499700 4.35888800 5.09150300 -1.92457200 2.14709000 -3.99510900 -1.52399700 -3.92184900 0.84769500 5.43674900 2.07676000 0.09409100 4.42274600 2.26841300 4.24390500 -1.79816200 4.36899100	-0.38062400 2.36930500 -3.11724100 -2.78753700 -1.06461500 -3.53819800 0.05422400 0.06642000 -3.39517000 -3.72884600 -1.77735000 -2.26970800 -3.59124200 -0.01390500 -2.63801700 -1.07373300 -1.37008300 1.80107700 -2.01437100 -3.61706800 0.01689600 0.75136600 2.43257600 4.58678900 2.60865400 -5.59046000 1.48556600 -1.22332600 3.83734400 -0.93830500 Arrhenius Plot -3.85559900 -2.45115100 0.34564100 2.47022700 -1.42060200 -0.02695400 4.24987300 1.32857300 -0.12597500 -1.50559100 -2.28414500 0.05051600 -0.65443300 -0.56296100 -0.56901000 2.79748700 -1.88610600 1.32196500 2.97403800 -1.24432600 -0.53002900 0.29234600 0.62488300 1.19105400 0.71120700 -1.12513700 -2.10215300 -0.66164700 -0.62956800 2.29345400 -3.56349300 -0.63052600 2.21963100 -2.50773900 -3.24966400 0.88226400 0.10672200 -0.61745500 -3.69626000 0.69903400 -4.57229300 -0.20352300 0.68101500 2.41789500 -2.54697700 0.28344100 5.19455700 -0.81966900 -2.34264200 -2.23985800 0.00005100 -0.37114600 -5.19296800 0.10767400 -2.73244400 -0.69667000 -0.40738700 1.44023100 -0.22581900 2.02111500 -3.88437000 0.13865600 -0.95488800 1.08785700 0.54369600 -2.50019900 0.24381200 -1.43639400 2.00934400 -0.03526500 3.56223700 0.32471800 2.88721300 -1.79860000 3.79993600 0.52100700 -3.21311400 -2.06157600 2.94886000 -3.03413600 -0.11255100 0.02110300 5.92049800 0.47797800 -2.42854500 1.38183900
	H C Int2' H O C N O N C H C H H C H H S N H O C H H C H H C H H H C N O O N C O C H H C C H O H O C O H C H H C H H C H H	12	-3.15139800 2.72642700 0.78111500 5.86572200 -0.59537900 2.20055000 4.06164500 1.02405800 3.66915400 -4.65380700 -2.67595400 3.70047600 3.14973300 4.18557300 -2.16041200 3.91016700 -4.68739300 -0.22149100 1.67785100 -4.58353200 1.75686900 5.59246900 1.76357500 1.10554900 5.20108500 3.10843600 3.72456500 -1.90540700 5.83708000 -2.62335500 0.20644600 0.34238500 1.71033900 4.08474600 1.15975000 3.40731500 3.65476600 0.59628700 2.81277400 -2.63409200 -2.67653600 2.04394000 4.79647900 -4.33985800 3.00506200 -6.10898400 -1.05862200 -0.84413800 1.64330100 3.12113700 5.85458500 3.02326300 1.39978800 4.15657400 3.52054700 2.14849500 -0.80333800 4.49891200	-2.16287700 3.39025200 0.02562800 -0.26898900 -2.61719700 4.67335000 0.58940700 0.46225500 -4.94116000 -0.39723900 0.70622000 -3.80146300 -3.25975900 2.44821800 -1.79469700 -3.95916700 0.21409800 -1.36025900 -0.51228900 1.58234100 3.05971700 3.14461500 0.79897700 3.88664800 -3.96246100 3.31886800 1.10550800 5.79521700 -1.48418600 -3.52261700 4.16630700 -1.43443000 -0.15567300 -0.00836400 0.04454100 4.50679300 -1.41207700 1.59582000 -5.61883900 0.75224000 -0.70824800 -5.81875000 -2.90581800 -0.84343200 -3.55203600 -0.17317900 -0.92042600 0.12016300 -2.84604300 2.83551000 2.86012500 -0.97390100 2.70362900 -2.82118000 2.49218400 1.71001900 6.33377400 1.37157300	-1.38418500 0.24380100 -2.65496200 -0.87817800 0.84931800 -0.14430200 -0.01118000 -1.56582700 -0.76229200 0.72602200 1.68518300 1.05617800 0.48123500 0.31415100 3.31545200 0.08894700 0.18494900 -0.07695400 -2.18558900 0.53673300 -0.11193300 1.32537300 -2.32709400 -0.47030600 -2.20129600 1.28802600 -0.55175700 1.56257700 1.10641200 -2.37947600 2.03936800 -0.31288600 -2.45116400 0.81075100 -0.79829800 -0.93373600 1.41319400 -0.88178800 -0.74833600 1.50919000 1.68403700 -1.02358800 1.00679300 0.80537300 -1.37286600 0.18624700 0.88500200 -3.08733600 0.95720600 0.14930400 -0.40724800 -2.21032600 -1.17264100 -3.04788300 -0.21940100 -2.53365000 0.27884700 2.22195500
	H C C H O C H H N H H C H H S TS2 H O C H H C H H Ir H H C H H	11	1.39222800 -2.43630300 -0.90608700 2.18127300 4.03499000 0.77896500 3.19043800 -1.45412200 -0.40148100 3.96235600 1.10562300 -3.58674500 1.08398000 1.10516000 -4.75448300 -1.39771000 -4.07086900 -2.11371900 -0.37767500 0.09396500 3.49056300 5.99705300 1.53793200 -1.66567700 4.83333800 3.32112100 2.02354700 -2.53609600 4.12013000	-4.23194500 3.62893300 -1.23724700 0.61722700 1.38049700 1.28570700 4.29061900 2.60578500 1.48817400 -4.73132700 1.66758200 -1.16666200 -6.26196300 -1.07956200 0.40821800 0.23502300 0.12619300 -1.69011400 0.87766700 -4.71257700 1.51270400 4.49390500 -4.30296100 -0.17327200 -2.38674300 4.24504100 -1.51001900 6.64950100 2.74446300	-0.19801900 0.33196200 0.16394400 -2.79422100 -1.23530800 -0.30435600 -1.98781500 1.13971300 0.01916600 0.27504400 -3.20291600 0.63375100 -0.74858700 2.98918200 -0.17230300 -2.37343200 -1.16715000 1.35582000 -3.45677100 0.62891000 0.50748100 0.26032300 0.13862400 0.11423600 -1.46297200 -0.20181300 -2.69486300 0.14610300 1.17352700
	H O C N H N H H C H H C H H O N H O C H H C C H O C H C C H	10	-0.36313500 0.89915800 -1.85275100 -2.38647300 -1.43614400 -0.41286200 4.02307900 -0.13972300 -0.75931800 4.49045300 2.48776400 -4.19117200 2.05646200 2.55632300 -6.18487300 -0.23152100 1.37804000 -4.38400700 -2.38579900 0.88495000 -2.62451900 2.52590200 3.62462800 -0.43012400 0.48436800 2.91109000 -0.41346900 3.92776800 -1.53454100 5.66202100	-4.41134800 -1.56989600 -2.25926300 4.57380100 -2.83281500 1.43993400 3.69098800 4.66461700 2.61357600 -5.45841400 1.58898800 0.00094000 -5.67075500 -2.04288200 0.16113000 -1.33956200 -0.31503300 1.48320800 -2.94289700 -0.31055400 -1.86225700 0.54064500 5.15598000 -2.93374600 -0.79317600 5.04358900 4.15149300 -2.66585000 -0.47191600 1.90032200	-0.03081600 2.87409300 0.19869500 -0.23864600 -0.87204300 0.30536900 -0.54027700 0.97893700 0.68231300 -1.25661300 -2.09877000 0.04063300 -2.11145500 3.29241700 -0.40921800 -0.00969400 -2.05559100 0.88074300 0.78346600 -2.06700400 -1.19127300 0.56505600 -0.36166800 0.63412300 3.03021100 -1.60723100 2.61572700 -0.45572900 2.94434700 1.00409300
	8 9 TS2-Neat H S C N H C H H C C H C H H O C O H C N H N H H C H H C O H Int1 H H O O C C C H H H C C C H H H C C H H H H C C Int6 N H H O H C C H H H H C N N C H H C N H H H H O C H H H H C O H H H Ln(TOF) N H O N H H C H H Ir H H C C O H C N H C H H C C H C C H S H 7 C H H C H H Ir H H O C H C C H H C N H N H H C H H C H H O N H	0.44571400 -0.18696600 -1.53198300 -2.44141500 0.16172300 -0.72188000 3.99348600 2.37662500 -0.20842200 4.46437400 2.16413900 -3.58564500 2.82427100 1.50991000 -3.92832900 -1.09608000 -0.72366000 1.58940500 -1.50672500 -3.46156200 -2.03553400 -0.47840400 3.19629700 -2.14531400 -0.65909900 3.72167100 1.34742800 5.26359800 -2.09450000 2.06416600 3.00969000 3.30742500 0.23915900 -0.05776900 -0.22141900 0.64765700 -3.83511200 -4.24477400 2.67204700 1.99359900 0.08588900 1.33665900 1.75979400 1.41924700 1.85555700 2.89115500 0.80173800 1.20640300 5.20915400 4.12270500 2.97699900 3.41389200 -1.86968400 -1.87034800 0.46928100 -3.70669000 2.20373000 -4.44545100 1.52731600 -2.15513200 -2.39326000 -0.56472100 0.48529000 0.07928400 -2.63998500 -0.46789600 -0.84716700 -0.89344400 -3.89021400 -2.47625600 0.32698100 -1.62454900 -1.56521500 4.49233100 2.87884500 -2.56075200 -3.82639700 -1.59822400 -2.78861800 3.29423800 2.62779300 0.56312600 -2.33634100 4.14626600 -4.37175600 -2.04009500 3.79713200 3.04197400 1.20686700 3.10525000 -1.51151300 -1.27864400 -3.95750700 2.58513200 1.65434000 2.59929900 1.07953700 -1.65006500 4.94453700 3.16527300 -3.96874100 -0.69772500 -2.48020400 -0.06811800 -1.48848600 -3.45747100 -2.08879900 -0.39770200 -4.73293400 1.73930800 -2.70218100 -5.21377600 -3.96713400 -3.00945200 1.56679200 -2.96807800 -4.71941200 -3.11887400 0.83645000 0.73484300 2.72023800 -0.89030700 -4.41949100 0.10707400 -2.01751400 0.94334000 -0.70224500 0.51881700 2.53960600 -0.56380100 -5.28506600 -1.58599300 -2.56872100 -2.62574000 -0.45487200 -1.01148000 -2.60955100 0.51276200 -4.20127100 1.69720300 -3.90888900 -6.24261500 -3.27823000 -3.59670200 1.88796100 -2.46570100 -6.11716400 0.40794400 1.68562900	y = -8276.6x + 33.336 R² = 0.9821 -4.97243300 -1.49535100 -2.74154300 2.60725000 -3.54405400 -0.26765900 -4.55905700 -0.24249500 -4.67381900 -0.65057300 2.67226900 0.77234200 5.42305300 -0.88289300 2.59873100 -1.88763000 3.84830600 0.45705600 -3.09870600 -2.21662000 3.06874700 -2.99708900 1.16700900 0.63547900 -6.53294800 -0.76368600 -2.44170600 1.93316900 0.26839800 -1.40047600 -0.89576200 0.92436800 -0.35940200 -2.87234500 -2.83417600 0.85988100 -3.38391000 -0.23947900 -3.68382100 1.17596700 0.18019500 -1.25980700 2.28086600 -0.35071600 5.13473800 -1.37140900 -0.09643900 -3.44799300 -1.12963900 2.92537400 4.39928800 -1.24105500 3.99740400 2.56730800 -0.20517100 1.09886000 -0.08512900 1.93362300 2.62199000 -1.98140400 -2.83238400 -0.84693600 -1.26318700 -1.60676800 -3.80779600 3.53870500 -3.13011900 1.18032200 -3.72843600 -0.78172500 -2.67002800 -0.78043700 -4.23681900 0.01633100 -3.54327600 -0.72996100 -1.94495700 1.59258200 0.05456000 1.81450400 3.77176500 0.63933300 3.63062400 -0.01704000 6.01852500 0.18011600 6.08300600 1.21729300 0.54021000 -2.35809200 -1.35802300 -2.21513400 3.98666900 -0.52954800 2.80901900 -1.18201300 -3.85545000 -2.45878600 -2.65453700 -3.15499300 3.39616400 1.32169200 2.59757400 -0.19451400 1.61089200 2.54617400 -1.61480600 2.54311800 -1.41083900 -0.63951600 0.65018800 -1.40215400 0.00819000 -2.03902300 1.62561200 0.60556500 -2.94790000 1.05445600 -1.66927000 1.38432600 -2.94016000 0.83761400 0.09470200 -3.71050300 -0.32334100 -2.23594100 -4.72702200 0.51488500 -1.93459600 -1.38548000 -2.57623300 -0.61973500 0.33155000 1.45419300 5.10888900 0.95888400 -4.79182000 0.33620700 2.26640700 -1.01921900 4.65575600 1.27989300 1.64466800 0.10235900 0.33711200 0.42672100 5.81383500 -0.37438800 5.59088100 0.31401600 1.51015600 -2.82632600 0.45293700 -3.46423800 -1.78803600 3.25279200 -0.89358200 -1.64216000 6.05922000 -1.69934900 4.69957300 -2.60725700 5.40673100 1.84665800 3.77506100 1.44834800 2.49238500 -0.21783000 -1.02855800 0.67281600 -0.98274800 3.77489200 2.87449300 -2.20435600 3.28739500 -0.66160800 0.75352100 0.30544000 -2.70338700 -2.60764600 -2.15359800 2.92426000 0.00268800 0.65129800 -3.78062500 1.00242300 2.08645600 1.60711200 2.35051200 -0.49969400 6.70228700 0.06352300 -4.42868400 0.25296100 -0.25583500 0.13283200 -2.31098600 -1.61902400 4.34404900 -0.15786600 -2.58343600 0.39065700 -1.23830000 0.01811500 -0.16060400 -2.30657600 -4.76649900 0.68980300 -3.38496400 -0.16018600 -3.69914300 1.23054100 0.10541400 -1.42620400 1.47166200 0.79906300 -5.28944800 0.81431200 2.65822000 1.41123800 -0.24852100 0.87022200 3.83867400 0.27326800 2.45151100 0.67056000 0.50764900 -1.48779000 6.18982700 0.15911200 3.05503200 -0.03684000 0.20866400 -0.34804300 -0.57662200 1.39346700 2.02075100 0.02169400 1.26325900 -2.97388900 0.57399800 1.27288400 1.23299600 0.15199900 -5.15572800 -0.00267900 4.63452600 -0.87210700 -0.01101800 0.11617400 6.35834000 -0.46958100 -2.82347900 0.74554700 -0.63531600 3.07034900 5.24270200 -1.66420500 4.07772500 2.66547900 0.00219700 -0.96621700 -2.28683200 0.25518400 -1.06649300 -1.97997700 -1.85105100 -1.25026100 -2.56773300 -0.53456100 5.13498400 0.94580100 2.14664500 -1.21194900 1.34685700 -0.18856100 -4.45877900 -0.66309500 1.56416700 -2.83501500 0.39369300 0.96753600 4.19091200 0.32932500 2.65105500 -0.94982600 0.73756500 -0.17218100 5.99014100 1.18969000 4.74666700 -0.02232400 -0.06913700 -0.70857100 1.42213100 0.19793000 -0.00520800 1.99834400
	C H H N C H O C H C H H C C H H N C H C H H C H H C H H O C O	6	1.74905600 1.67143400 4.62098100 0.35155600 -2.16109400 -1.41197200 -0.08388800 3.44034700 -2.17492200 -0.60413900 3.38908900 1.20235300 -3.96580400 -1.29280200 -2.82834700 -1.92265500 -0.91289900 -3.85275100 0.11172400 0.89528600 -3.09282600 1.55330400 -3.99756700 -4.85296700 -4.97157600 -3.78263900 2.14357100 -0.98966400 -3.78630100 -0.72955800 0.06554400	3.06994600 0.15430900 -0.82715200 1.40807200 -5.78171300 2.72543700 0.22124900 -4.41014600 -0.21183600 -1.04289800 4.70451200 3.98633000 2.58461100 -3.58363700 -0.21250900 0.15253000 0.36624400 -4.82672600 4.69720600 2.47353000 -5.52899800 -0.15623600 1.75875200 4.00479300 2.19629900 -0.55204700 7.03155000 1.74552700 0.07453300 1.30304300 -1.24834700	-0.04991100 -3.98378700 0.61217700 -0.35352800 -0.97698100 -1.10972200 3.11832600 -1.10414200 -3.44605000 3.00779900 -1.22341600 2.61057400 0.39443300 -0.20174000 -3.20527500 -1.38560800 1.48003000 0.40041400 1.00151700 -0.83615800 0.22237700 -3.23789700 0.58405400 -0.74814300 -0.75961900 0.44790000 -0.22222500 -3.13384000 -1.49705200 -0.51580900 3.03274800
	C H H C H H C H H O H H O C N H C H H C C H C H H C H H O C H C N H C H H O H H C H H S C N H N H H C H H Ir C H C H H C N C N H C H H C H H C C H O N C H C H H C H H C H H C Int3-Neat 5 4 0.00265 0.0027 0.00275 0.0028 0.00285 0.0029 0.00295 3.11666300 2.83849900 0.17782300 2.27061100 0.60487600 -2.38487900 1.99765800 -2.64379000 -2.32696500 0.65711700 2.63362300 -0.84908800 -1.23630300 -6.24615200 -0.62640500 -2.12338200 0.91318300 3.21366800 -1.31082600 0.08681700 3.22672800 4.04480900 -5.31564200 -1.08049700 -2.43913300 1.47788400 -2.97963700 -1.50419200 -1.72180500 3.39640900 2.82691700 6.28285100 -1.81091900 0.36681700 5.38182100 1.92191200 4.00090000 -0.00038400 -0.84923600 -0.06960500 -3.74720500 -0.90195800 -2.15046000 -4.62401400 -0.00757400 -2.36362000 2.23718600 -1.17318300 -0.44572100 1.50366200 0.83155300 -4.69412300 -5.33235000 0.87252800 1.60109000 2.76202500 1.16613300 0.45143900 3.72785500 -0.51270500 -4.48845600 -3.02979200 1.97297300 2.97474400 0.75983300 -3.75529200 -2.80311000 2.38002500 0.17278700 -4.60507600 4.44878800 0.95244800 -3.49172900 -0.59377900 2.80451900 -3.23956900 -1.56000900 -0.42433000 0.51478500 6.49008700 0.17968000 -1.82859800 3.28523800 -2.90858900 -4.49507100 1.43570100 0.44151900 -1.59101300 2.37678100 -0.72070900 0.99458900 -0.47183900 2.30515400 3.49143600 1.50447800 4.02831300 3.84588500 0.12846100 -0.06092300 -1.87500000 -2.43908000 -0.19705100 3.70397700 -0.84099300 -2.97170000 -6.48844700 -0.80434500 -2.14964100 -0.85512900 3.23611300 -2.21199800 -0.01586900 2.32057000 4.07343000 -3.57541500 -0.79031200 -3.79785100 0.48654600 -3.52386200 -2.67771900 -1.12114300 -1.62088100 2.33518400 4.81007800 -2.64731700 -2.47258300 3.67207000 1.49175600 4.88019700 -0.00010700 0.55363900 0.74305100 -2.65903500 -1.08926600 -2.15821200 4.63593100 -0.03423000 0.24798800 4.56830300 1.38809800 0.51153400 1.38513500 -0.11122700 -4.15380300 -4.51442000 -0.60868700 1.85222200 0.74433800 -3.25917600 -0.45634500 3.88396300 0.56907200 -4.89699700 -2.14387600 1.46719900 2.91479800 -3.17862500 -1.26390600 0.00498500 -0.94665400 -0.34833200 -6.37069700 1.78218000 1.12349100 -4.03217200 1.02964300 2.32789600 -2.18828000 -1.58351100 -2.81253900 -2.30170200 1.88408400 -1.95242300 1.46075800 -2.76261800 1.58127300 -1.31483300 3.63095300 -0.15003800 -2.41187200 -4.48000700 -0.64959900 0.48436100 2.52515400 0.53410900 0.53847300 -5.22123500 2.38001600 0.54461500 -2.15086300 -2.51725700 -2.31813300 -1.49380200 3.54545700 -0.28427000 -2.07317600 -5.61149900 -2.05801600 -3.60803500 0.05584700 3.64528700 -3.52851100 -1.24067600 -0.82009300 3.12332000 -4.22905500 -2.13941300 -3.72584700 2.86540200 0.41114000 -2.99457300 0.26675900 -1.53416900 1.10848300 6.32519900 0.05890300 -3.08172800 2.94441200 0.00035700 5.67796400 -1.23870000 0.53172000 -1.03872900 0.01116100 0.51580100 -3.27261600 -4.45672600 0.89961700 1.61507900 2.55062300 1.62854900 0.90038100 2.51519400 -0.74857700 -3.04088000 -5.55133100 0.30975500 1.90800100 -1.02099000 -3.15579400 -0.89074800 2.70638300 1.20447100 -4.09327900 -2.71765700 2.94310400 1.92116600 -2.23378200 -2.38744700 0.63824700 -0.82656200 -2.38629200 -6.61324100 0.88743800 0.53986800 -5.15053600 -0.34039900 2.25592100 -2.68212300 1.57835600 -2.46417900 H -0.15792300 -0.78293200 1.94775800 H -0.06993000 -4.64369400 1.21836000 C -0.14441100 3.72254800 0.64841900 N -2.13239300 4.69690600 -0.34012000 N -0.49347500 2.31421300 -0.24253000 C 5.44629800 3.53889500 0.20041400 H -4.67097700 -0.52059000 0.59472000 C -1.82007700 2.26965600 0.20140100 C -3.77441900 4.27689300 0.07535400 H -3.35891500 -3.27252300 0.44543100 C -2.58715200 -0.73611700 -1.81055300 C 1.89598100 -5.92176200 0.13865300 H -3.00785700 2.84538000 -1.20939000 C -3.62748700 0.51023800 -0.24232800 H 1.49574800 6.16133700 1.07264300 H -2.64343300 4.65350200 0.03191900 O 3.78632500 -0.00010100 1.55210000 C -0.69388400 1.25956000 0.01480300 H -2.95001800 -4.26077300 1.93074200 H 1.67261200 -0.53790400 -3.39410700 C 0.42315200 3.76555300 -0.45478400 C -4.50872500 -3.05943400 2.00530200 H 3.29473000 -0.12850300 -3.78859900 Ir 1.71720500 -0.44073700 -0.36977100 H -5.29872000 -3.73417300 2.15454200 H 3.62684000 -2.52122600 -2.74275200 C -0.78578800 -1.02312900 -2.33116500 H -6.27062900 1.48783700 2.17531100 H -3.08415500 -2.75070800 2.02138900 C -4.09206800 2.04248500 0.33936200 N -1.35033600 -0.01934200 0.12239800 H 0.18404600 1.12781100 1.97715700 H -2.46004400 -1.96127700 -1.21402300 C 0.65705100 2.62027200 0.77984900 C -3.72242800 -4.12726400 -1.16603800 (1/T) C -1.64202300 1.64253600 0.14046400 N -1.57793000 0.32723000 0.43182500 C -2.72773500 -0.28137700 0.80983300 H 5.68292100 2.98982100 1.11565300 H 5.78936800 2.94334800 -0.65510600 H 6.00856000 4.47138700 0.21847400 H -2.68709800 0.75899300 1.26138100 H 1.10099300 1.57688800 -3.19647200 H 2.51715500 1.65658300 -2.13724700 Ir 1.97990000 -0.01210800 -0.15852400 C 3.20619200 -1.13951600 1.20976100 C 2.70342000 0.08037000 1.82165500 H -4.34526300 5.20437400 0.06528200 H -3.86697500 3.83576300 1.07172400 H -4.22186800 3.57991000 -0.64542500 H -2.54712500 -2.70670100 1.91631900 H -4.30774200 -2.78336200 1.85235300 H -4.00562200 -1.17832300 -2.61095600 C -2.65369000 0.70181500 -1.79718600 C -3.63106300 1.10243200 -0.79591500 C -4.17302600 -0.10305500 -0.22090300 H 2.72818500 -6.60155000 -0.03809800 H 1.62474400 -5.99482600 1.19516100 H 1.03999700 -6.25865800 -0.45961300 H -4.74014700 2.58467200 -1.00759800 H -3.53739100 -0.01846600 2.81187200 H -3.88188000 1.61055900 2.19751700 C -3.73998700 -0.75949600 0.43230700 C -3.10868200 -1.76460900 -0.38431200 C -1.99597500 -1.81815500 -2.74144800 H 1.59387300 7.20679100 -0.35740800 H 0.03898100 6.53781100 0.13033100 H -1.06412200 1.76820800 -3.12735300 H -1.97121400 3.26324200 -2.86430400 H -2.37318400 1.82154300 -1.93569200 O 5.67772700 1.23862000 0.53126100 H -1.70365000 -2.77097700 -1.60129100 H -0.18611200 -4.68655700 -1.45136300 N 0.47705700 1.43140300 -0.63562300 C 0.75791600 2.68180200 -1.07602000 C -0.05553200 3.77037200 -0.89284100 H -3.91331700 -3.63062000 0.57983300 H -3.87174600 -5.36626500 0.89168000 C -1.70174600 -5.97826000 -0.28385200 H 1.82854900 -2.07678200 -2.53413500 H 3.11935400 -1.53242900 -3.60236900 H 4.16251000 -2.97130100 0.45552800 C -0.53341100 3.91449300 0.58354000 C -0.97266300 2.73412400 1.20763000 Ir 1.69373500 -0.40210000 -0.32372500 H -4.95806100 -2.21112900 1.47015900 H -4.12515500 -2.69618100 2.96191400 H -5.28822800 -3.79026200 2.21570900 H 3.54429600 -3.22021700 -0.39722600 H 2.55812200 -2.78049000 -1.80422500 H 4.31675200 -2.77126400 -1.92028900 C 3.12900100 -2.00387900 0.16379500 C 2.60453700 -1.37772800 1.36503600 C 2.95722900 0.01583300 1.33812700 C -1.95980700 5.20707800 1.93980200 H -2.15602800 6.25799700 2.14599800 H -1.67308200 4.72674400 2.87977000 H 4.46521200 -1.86157700 1.87912900 H 4.05930300 -3.01319700 0.59742600 H 5.63599500 -2.21469000 0.60678800 C -1.04188900 -2.29332600 -1.66536400 C 0.23611200 -2.87934000 -1.35339800 C 1.27911300 -1.97895500 -1.76850100 H -7.20885100 2.47280500 1.04195200 Int2-Neat H -2.77277900 -3.68504000 0.54893700 H -4.43052900 -3.28799000 1.00956400 H -1.81879000 -2.23633100 -2.81327100 C -4.43498600 -0.79014900 1.76032000 C -3.26967600 -3.02945200 -0.20041900 O 2.28173400 1.02486500 1.70455300 C -1.26463600 -0.88146100 -0.91558500 C -2.36936700 -1.55333200 -1.42442600 C -3.64569000 -1.33440000 -0.87113600 N -4.74953200 -1.94884300 -1.36216400 N 4.42863300 -2.83808800 -1.22074300 C 4.14041200 -3.78134700 -2.28429700 H -1.82138400 0.08149900 -1.35380400 H -2.34475800 2.16408400 -1.16727900 H 0.16460100 4.62183300 1.38437200 N -1.07077900 0.08896400 -1.09456500 C -0.77124400 -1.18869600 -0.64339000 N 0.39784100 -1.44225100 -0.01836000 H -4.24850300 -3.41950000 -0.51054500 H -3.64686200 -3.67704200 -2.16124300 H -4.32562700 -5.03006300 -1.25340200 Chapter 5.	0.003	0.00305
	C C H C C H C O H C Int5 H H C H H C C H C H H C N H S C H H C C		-3.94389700 3.62546600 2.04098200 3.26486400 -2.11047100 -3.93447600 -3.83717300 2.45434600 -5.16126300 -2.71810900 -0.09657900 2.63637700 -1.28829500 -0.86659400 3.14007000 3.12166600 -2.14480100 4.51145400 3.71220600 -2.88917700 4.82472300 1.34900400 0.18048600 -3.40685900 3.64308900 -3.71806100 3.78408500 1.57366700 0.60949400 -2.23965900	0.34532300 5.14612200 3.06949600 1.20135700 5.78999300 -2.60047300 -2.67066200 -0.65765900 0.38749800 1.31679900 -0.83933500 -2.03506300 3.60268900 -6.28307300 -3.21939200 -1.97706500 5.21124400 -0.88602700 0.26994500 4.74166300 0.35089700 0.32777600 -1.28780300 -2.99125300 0.13324400 -0.44936500 -3.26510900 2.64173800 -2.71065900 -5.77377400	0.88283100 -0.37680100 -3.08156800 1.08312300 -0.98486800 -1.55908800 -0.56263900 2.34041300 2.24888000 -2.54801900 1.96502700 0.50088300 -0.21086600 0.35994500 -0.96649900 0.07627800 1.85112400 2.43483000 0.12030800 1.58778100 2.32183400 -2.99197900 -0.46046400 -2.64336800 1.40193400 0.23735200 -3.18135500 1.70855700 0.41153300 -0.01436000
	C H H C H H C H H C N H H C H H C H H C C H C C H O C H H C H		-4.03347600 3.24919900 2.87776500 4.01576800 -2.90265200 -5.42751100 -1.73700100 1.53790600 -3.49841900 -4.21277900 -1.35533700 0.12919800 2.02046600 -1.58141100 -1.38698200 4.86189200 2.68414100 -2.37907200 4.25646100 3.83276800 -0.58693900 4.53367900 -1.82574400 1.14530100 -2.10194500 4.62834600 -2.57208700 5.05413600 1.24724100 -0.27010700 -3.03878500	1.72004100 5.09124800 3.33696100 0.67965900 6.51070800 -1.66266400 -1.57841100 -0.35291100 -2.23461400 1.80133600 -0.08616500 1.09522100 0.00004800 2.30751900 -6.08287000 -2.89397300 -1.39294100 6.25811500 -2.38445500 -0.98438800 6.27606100 1.99877000 -0.10602900 -0.75990300 -3.42931400 0.57671100 0.15359800 -4.31315700 -0.93046400 -3.74535900 -6.43781100	0.53706200 -1.40618600 1.32533600 -0.01688600 -0.78645400 -1.68710800 -2.68949600 2.48107700 2.24785000 0.20587100 0.12480000 1.97148400 0.85190100 0.24617000 -1.32520200 -1.16525900 1.33546100 2.03770600 1.52784800 -0.57580400 0.14913000 1.73430100 -2.86149600 -1.24229800 -1.53372900 2.40708300 0.68419900 -2.54686900 -3.20114200 0.23288100 -0.34249700
	C H H C H H C H H C C N H Ir H H C H H C H H C C H O N H H C H		-2.83177000 4.48421000 3.35899800 3.98274800 -2.06226400 -3.96864000 -1.87488800 2.36011500 -3.04451400 -4.40500100 -1.23928600 -4.67903800 2.63658600 2.10172700 -2.53194500 4.95856200 3.03349600 -1.91159400 5.75514200 3.05617800 -0.97040200 5.98004700 -2.37061200 2.26892300 1.64965000 3.98469300 -0.03143900 3.38273500 1.54023000 -1.49184200 -1.28879400	2.36357800 5.81505400 2.63002900 -0.78013400 5.61653200 1.13932900 1.63000300 -1.49186100 -3.30554000 -0.98701300 -0.95168300 -2.17443200 2.03515600 0.00567600 -6.66369900 0.36472300 -0.00206600 4.74275300 -1.46951700 -3.44937800 7.16264200 1.11651100 -2.92549000 -1.47843800 -0.04020500 0.53004000 -1.07302200 -4.52008100 -2.35398500 -3.49992400 -6.23154400	0.19153500 -0.35958400 -0.22318600 0.06270700 -2.06781400 -2.64934700 -2.65500200 1.86399100 0.91249500 1.74025700 -0.90717900 -1.32688400 0.50058500 -0.40490400 -0.11856300 2.20179000 1.33319700 2.81147900 1.32670400 -0.16584500 0.65163100 1.23092600 -1.46134400 -1.62009500 2.11429500 0.02262300 -1.53184600 -1.99082100 -2.19040900 -0.44676500 -0.30276500
	Ir H H C H H C H C C N H C C H C H H C H H C C H O C C H C H		0.00870200 2.84307600 3.08830300 2.91536000 -1.16655500 -3.84701300 -4.06767500 -4.73157700 -3.04681500 -2.32206900 4.56184800 -0.18611500 2.73200700 -3.31134900 4.89185200 3.69945200 -3.03714500 4.39076200 1.83790600 -1.03774700 2.61416000 0.42723700 2.47854600 -0.73359400 3.21242100 1.21404500 5.63875800 2.67974100 -1.71246100 -2.27270000	-0.94557600 5.58816000 4.36906200 -2.51403200 6.23896600 2.58375400 2.49270000 -2.83506100 -3.22244700 -1.65878800 -2.60365400 4.68680000 -0.70561500 4.44998400 -1.37788800 0.29532200 4.72151800 1.40148100 -2.07569200 6.22023200 3.04774100 -4.18192000 -2.77570000 -0.07796900 -1.27119000 -1.08481500 -3.01597800 -1.93214200 -2.18500100 -5.70946900	-0.34641000 0.24786600 -0.09261200 1.68473100 -0.66665000 -1.63423400 -0.50871700 1.13377900 -0.09820800 -1.41719300 -1.31258300 -1.45113500 1.63629800 0.82861900 1.90086100 0.07257600 1.43988900 2.33199000 2.42545800 -0.84941500 -1.32660800 -0.67030200 -1.12379900 2.33874200 1.56136300 -0.91118500 -0.43860500 -3.46556100 -0.88564800 1.08138800
	C C H C H C Int4 H O C C H C H H C C H C H H C C N H N H H Ir C		0.65002200 -5.24180000 -0.68219700 1.88842000 -5.37082400 -5.19448200 -2.07470700 2.33459900 -3.60332200 4.28415300 -1.70372200 2.73893400 -3.93612700 6.14484300 3.77245800 -0.71344600 4.00213100 2.63630900 0.49274000 4.36083900 2.74311300 1.45990600 3.62315900 -1.33391600 1.43481000 6.31845700 4.23707000 1.99252400 -3.37137800	-0.79522900 3.81832600 3.89667300 0.16751100 1.69425600 -0.15833600 -2.31322700 1.14686300 -1.48941200 -3.60990300 2.77126800 0.70928200 3.62536800 -0.39515100 -0.93317400 6.29486000 2.76733900 1.03244200 6.40038400 3.01097100 -2.21928000 -3.31507100 -3.46345600 2.51567500 -0.23867900 -3.67078700 -2.87098400 -0.02065200 4.53338600	-2.37795800 0.34950100 2.61545000 3.05937400 -1.73434500 0.85222000 -2.62599400 1.71395500 -0.85986300 -2.32181300 -1.60093400 1.63711500 0.47252400 1.13692200 -0.67616600 0.12267500 1.27765500 2.36953000 0.03123600 -1.57157200 -1.69248100 -0.29618800 -1.39185000 1.46320100 0.11810300 -0.98253100 0.57292400 0.20761100 -1.07737700
	C H H C Int3 H O N H S C H H C H H C H H C H O C N H C H H C H		-0.77458800 -6.27561600 1.08920100 3.05498600 -2.44077000 4.13316500 0.06611400 -3.73033400 3.73777300 -3.71013700 3.83306500 -1.05138800 3.63707400 -3.91442100 4.34729700 3.03710500 -1.12961900 5.58051800 4.33914500 3.70852300 -0.09243800 0.36076100 1.43874000 -0.17231900 2.63080100 6.15104600 3.05815200 3.33172900 -3.88112700	-0.99405600 4.15982800 3.82064500 2.63079800 2.72675800 0.90128600 -1.29071100 -2.87886200 0.31163900 -0.58667000 -3.15792600 -1.08667400 1.16484200 5.35676200 2.41258600 -3.41440200 7.18054100 1.98186900 1.56026500 3.19608600 -1.68084300 -2.55245300 5.17725500 4.64625000 -0.33275300 -2.06223000 -3.29286100 1.18841800 5.49411000	-2.33239600 0.34152700 2.58368900 1.41937500 1.84215100 0.96246800 -0.40968800 -2.38683100 1.42878100 0.23096000 -3.20919500 3.03784100 0.57579100 0.81330000 1.39490300 -0.28904700 0.60055400 1.16353900 -0.26102300 0.06011900 1.72762200 -0.00683900 -0.53800800 1.14110800 0.74649700 -0.28026300 -0.67560700 -1.01000900 -1.13658900
	C H H C N H S C H O C H H C H H C H H C Int7' H S N C H C H H C H		-1.03243700 -4.79023300 0.25289200 4.73228400 -0.33556100 -4.19574700 4.86529300 1.06761000 -2.46916700 4.68608800 -2.58610800 5.22100400 -1.44067600 4.22692100 -3.02687100 3.42588000 1.98360100 -1.13806300 2.20725200 4.54505800 -3.50238200 1.14662900 0.99790200 3.95767400 2.20941500 3.63870600 5.43822200 4.74011300 2.96349900 -3.18141400	-2.27725000 4.09031900 5.26011400 1.46168600 1.44202800 2.88134900 0.03248800 -0.90192300 -3.34816200 0.79323000 0.05866500 -4.07527900 -2.43847800 -0.00444700 4.23821800 3.20961000 -2.13337900 6.21237900 2.64257200 -1.19525600 -0.58541700 -1.97073300 0.54360000 -4.61177100 2.66043000 -1.17787000 -3.46555300 -2.99394400 -0.02530200 4.18781900	-1.69224100 -0.60904900 1.99605600 -1.05452500 0.09456300 1.75721200 -0.20243600 -1.22582200 -1.24087900 2.45255700 0.67480600 -2.62482600 1.96260100 -0.02790800 1.86774400 0.11368500 2.41445400 -0.88585200 -2.02404000 -1.85892100 1.27186000 2.64392000 -1.71568100 -0.56434400 -1.89223900 0.36141700 0.54253900 -1.11662700 -1.70905200 -2.09979700
	C H H C C H O C H O N H H C C H C H H O N H O C H H C C H C H		0.24380700 -4.70508700 -2.55756900 4.67660100 0.78851400 -3.21208500 6.14564100 2.09933200 1.67441100 4.09332500 -0.00151900 3.60827800 -2.49534900 3.62591700 -1.71889700 5.11929100 2.78416000 0.36545000 3.95287300 -2.61884000 0.48505700 2.13153500 0.65797000 0.57644600 3.18468000 1.74719000 3.44786700 -4.62734500 5.21376900 3.47768900 -4.04362800	-2.86710000 4.35328700 3.57148300 -1.70525300 1.26943600 3.28343500 0.73500700 -1.75498600 -0.08916300 0.72162000 -1.11244400 -4.39370700 -2.06585900 -1.16848800 5.99443100 2.79039100 0.98711800 6.44267900 2.86979400 1.45008300 1.43388100 -0.02450800 -2.94646900 1.63407100 -5.38138900 0.56561000 -2.01287300 -2.88957300 0.64930100 -1.14350800 3.81318700	-1.38540300 1.14346300 1.41709400 -0.86701100 0.81573200 0.34626500 -0.38472800 -1.59279300 2.10333000 0.05638800 -1.52216100 -1.95541000 3.32258000 0.57452400 -0.30211800 -0.14890400 2.41199200 0.02953800 -2.14676700 -1.55313000 0.31795800 2.53195900 3.65789500 -0.95805700 -0.62570900 -2.29642000 -0.77072700 -2.45890000 1.77853200 -0.93398100 -0.59389900
	C C H O C H O C H O C C H C H H C H S C O O N H H C H H C C		1.28798900 -6.39968600 -3.15069400 -3.97226900 1.68999500 2.73224700 3.98993300 2.16000100 -0.72836000 3.36191200 1.25224700 5.77590800 -4.35094600 1.93059100 -2.55994800 1.68980500 4.30554600 3.11530300 -3.85521100 -0.69081200 -0.64926500 1.57175100 -0.46860200 4.09211100 2.85316000 2.18496700 -5.61971400 5.14473400 4.08737200 -1.87578900	-1.95737100 1.73899400 2.93724900 0.02055800 2.30409800 -0.72649900 0.11898800 -3.06002400 0.10886000 -1.10997000 -1.04699400 -2.74684300 -2.72691400 -1.60731900 6.67107400 1.59001500 1.59970500 3.31528200 0.61915900 1.33521800 -1.44397000 -0.68374200 1.48678300 -4.33293700 -1.30294000 -1.95700100 -3.23290600 -1.11581700 -0.62654100 5.94281700	-1.77759100 1.10274100 -0.12356300 -0.91526000 1.03839300 -1.62032500 -1.40653000 -1.07709200 2.32092300 1.57901100 -0.92380900 -0.52637700 -0.62364800 2.50480300 -0.15673300 -2.96729100 -0.29877200 -0.65701300 -1.21736000 -0.33652600 3.20270300 3.26848900 -0.11474600 0.49019600 -2.21772500 -1.38873500 -2.74760100 1.69145200 0.25015500 0.35755300
	C H H S C H O C N H N H H C H H C TS2' H O C H O C H H Ir H H C H		1.36567800 -6.62062200 -2.71692100 -4.82390000 1.48130400 0.31144300 4.96918400 1.11012300 3.18978100 -1.53883400 1.44841600 6.48567600 -3.11885500 1.94646100 -0.90173800 3.22149200 4.40227100 -3.11388400 -5.03009100 -1.54483800 1.46688400 2.23656000 -0.82283800 4.88649700 1.23618800 0.18602500 -4.16458700 6.26985600 3.99718800 -1.95378500	0.37109300 0.80187100 4.64223200 0.01890300 3.56876200 -0.52746800 -1.34383400 -3.44904400 -3.90049900 2.48066400 -0.18349800 -3.35571100 -3.25884200 1.61750600 6.30930300 2.47344100 -1.09638100 -0.62643700 1.16169100 2.42415300 -0.37306000 -2.54745400 2.56049300 -5.05009800 -4.45725700 1.50627700 -2.42078200 -0.22312500 0.83181400 5.83165200	-2.95427900 0.58467900 0.02089500 0.32544200 0.46390700 -3.63828700 0.32925800 -0.20530000 -1.37904900 1.42613300 0.09556600 -1.08445000 0.52819700 2.50690800 0.35967300 -2.92099100 -2.00989300 1.42867900 -1.98351300 -0.48940700 2.64203600 1.79359100 0.63533400 -0.92841900 0.27818100 0.38062400 -3.33436700 0.66332400 0.20895900 1.44652800
	i) Activation energy C -1.81531100 H -6.28928600 H -1.09073300 O -5.68503500 C 0.33047900 N 2.34841800 H -1.68332900 C 0.11512000 N 1.99153100 H -0.55350200 C 2.66466700 H 6.24243900 H -4.75326800 C 4.02393200 H -1.38147300 H 2.01343400 O -2.36967200 N 0.39377900 H 1.58352900 O -4.11357900 C -1.22476400 N -2.32197800 H -2.60240700 C -0.22372200 C 4.73421600 H -0.53432200 C -0.46514700 H -4.02617600 H 4.46222200 C 3.03507900 H -0.87916600	-0.07091300 1.52226400 1.69580400 1.25136700 3.71201700 4.59776700 2.74794200 -2.55407300 4.97462200 4.69007600 -0.19996700 -1.77553200 -2.90127900 2.57959100 6.10137800 2.74681100 1.20733500 1.46270900 0.09697600 0.71963900 3.66602500 -4.47905700 -1.29451700 3.78735400 -2.74854300 -2.89883800 2.80498700 -3.76562900 2.57639000 2.56408800 6.33226700	-2.85076100 2.17256800 -3.16707700 0.36973400 -0.35220000 0.67432700 1.27241700 0.08187100 -0.67663600 1.04302600 0.69167000 -0.34353600 1.08844700 0.32870800 -1.33629800 -1.66741000 -1.68645300 0.11021400 1.96793800 0.26384500 0.08522100 -0.60007500 1.14538300 0.54726200 -1.99825100 0.90974500 -1.33781800 -2.18405300 0.82577800 -1.48037100 0.12452800
	C H H O C N H N C H C H H C Int6' H S C O O C N H C H H C C H C H		-2.36327800 -7.25436400 -1.91165000 -3.90588300 -0.52016200 2.50287400 -0.24530900 1.05597900 3.40856300 2.01928600 3.71163200 5.59211800 -5.24483500 5.30499700 -3.48715000 -3.73282700 -0.78109500 0.11532300 -3.59397600 0.00009300 -2.05512200 -4.76908400 0.83215900 5.56327200 -1.93764500 0.94414200 -6.03031200 3.33652100 2.30942500 -2.60577000	-2.91088900 2.40097600 3.25214400 0.02385500 2.64594900 -4.48689200 4.72057800 0.38693200 -5.06602400 2.81159400 -0.98527500 -3.22825000 0.88796000 -0.00911300 -0.61788500 0.59332300 1.30508000 -1.29777100 -0.81093100 3.74237200 4.73713700 -0.15274700 3.97640100 -3.44017100 1.25170000 2.68338100 -1.78172900 3.21053900 -0.11101300 6.68519900	-1.50764100 0.97197500 -3.00169500 1.54879000 -0.49392300 0.73078400 1.04134000 -1.75610700 -0.53515200 -1.89840400 0.28481000 0.44251800 -1.60486600 -1.05173300 1.24611600 -1.32732900 -0.53134100 3.02351600 -1.61157000 0.80056900 -0.01409400 1.33307800 -0.38401500 -2.14498800 -3.19466200 -1.38003700 -0.70020400 -0.38046600 -3.03962600 0.03781000
	C H O N C H C H H C C H C N H O C H H C C H C H H C H H C C		0.44229100 -2.45491700 -5.67467100 1.06768700 3.81285400 2.59784400 0.72894700 2.54043800 1.77075900 3.54113300 -4.55543100 -5.24509200 3.99831800 0.46127600 1.88480400 -4.77546700 -1.68158100 0.96443300 1.60218600 0.79235500 -3.67219200 -2.77157000 1.23047600 4.45588800 -2.29698700 1.48238600 -6.34259800 4.99048900 3.38876900 -1.15097300	-4.18421700 1.86819700 -1.22087100 0.03713600 -4.12277600 2.14535700 1.54376400 -5.72811700 0.67751400 -1.84037500 -2.95705800 -0.88214300 -2.58674700 1.35318100 -0.27067100 1.21705400 2.35431300 -0.45271600 2.32297000 2.63017700 -4.12264400 3.43293800 2.84714800 -2.35140800 2.47318400 3.15591300 -0.73171400 2.80669800 -2.56896700 -1.09182500	-0.73391700 -2.05101600 0.37319900 1.40047500 1.24474600 -0.98945700 -1.05322500 -0.54443000 -2.21388100 -0.83515000 -2.54354500 -1.60684900 0.32521600 0.40835900 1.88562500 -2.20902400 -0.69507100 2.30516800 -1.64692700 0.87977800 -1.00498900 -0.08156300 -1.12351200 -2.97800800 -1.96438700 -0.10458200 -0.68999200 -0.84471000 -1.33613300 2.68899900
	In 1889, Svante Arrhenius proposed the Arrhenius equation from his direct observations of the C 2.75129400 -2.20037100 -1.70003000 Int2 H 0.52331400 -0.66726300 2.55179200 H 1.65588600 2.72431100 -1.26811700 C 0.80726000 -1.22518700 0.87551600 H 3.73673500 -3.70610500 2.25293500 H 2.11385200 0.06156200 -1.16919500 N -0.34681800 1.53595100 -0.24029600 H 3.62288600 -4.78642300 0.50498200 H 2.88684700 -1.18058900 -2.22938600 C 2.26040200 -1.86865000 -1.41552700 H -5.50999100 -3.43511700 -2.75712500 H -6.25829400 0.00176400 -0.46166900 O -4.45198900 1.03856500 -0.86753500 C -0.65053900 1.28226000 -0.35080700 O -0.24789600 -1.25033400 3.13998000 O -4.01842500 0.89749400 0.11609700 C -1.41685100 3.61721400 -0.14348200 N -2.31132500 -4.53934600 -0.77569400 H 0.80146500 4.57354200 -1.09003500 N -1.07299200 0.13299500 -0.91168500 H -4.19282600 -3.53358200 -0.23823200 H -0.63408500 3.25175100 -0.58794300 Ir -1.67059200 -0.27196200 -0.03872000 H 5.07865100 -1.91438400 -1.37028800 H -3.58083000 1.87813800 -3.01612800 C 0.37497100 3.63264700 0.68772900 H -6.00517200 -2.14089700 0.33572500 H 1.32290400 1.24810900 -3.08108500 C 4.76280900 -1.41131700 1.31443200 O -1.63464800 -0.14907200 2.02780400
	S C H H C H H C C H C H H O C N H C C H N H H C H H C H O plots of rate constants vs. temperatures: 133 1.16605500 -1.96628100 -1.27680600 -1.00447600 0.50671000 1.37288700 -2.80616800 2.03761200 -0.51771300 -2.69705900 4.43269700 -5.01647800 -0.05128500 -4.64612000 0.13069000 3.81527000 4.36054600 -3.35078400 -0.34450300 -2.87509700 -0.57660300 2.80871300 -3.80283000 -3.74350300 -3.11496000 3.25864200 -6.19490500 0.40328500 -1.20511200 3.60996700 -2.43491100 -4.47017400 1.64147900 2.37187700 0.65252600 2.68273400 -3.64649300 -4.21108100 -1.54616700 0.55152900 0.44219600 -1.40968500 -4.23808800 -5.03509000 4.51578200 1.24930000 -0.38374400 -1.01409000 3.42523900 4.67983300 -3.46770600 2.87380800 -1.43960800 2.40327500 1.74291200 2.54060900 -3.98408100 -0.90939500 O -0.06639400 -1.69460200 N -1.41262700 -0.08588200 O -0.01978500 0.73898600 H 0.13188300 4.64086000 N -0.34625400 -1.46305400 H 4.31863800 -3.38416500 H 2.64170700 -2.02938400 C -0.60514300 2.66562000 H 4.25609700 -5.62738100 H 1.44213000 -4.38600200 Ir 0.12138100 1.49656200 H -4.27592600 -2.33869300 H -4.34804000 2.73008900 S -4.86020900 -0.04877100 C -1.47924500 2.37944600 H 0.33847800 -0.66348600 O -3.66304500 -0.88926300 C -0.18500600 3.76162500 N -2.30940600 4.64118900 H -1.64278900 2.72756600 C -0.74477700 -1.15179600 H -3.66238500 -3.54402900 H 1.38648500 4.04598500 O 0.86757600 -1.19308200 C 2.58148500 5.29845800 H -4.11213600 2.06394600 C -0.84193900 3.35298500 H -6.78585200 -2.35164300 H 2.83457600 2.14521700 C 4.59291100 1.75955700 H -1.83246300 -1.90041200	2.66727600 -1.09910000 2.71721600 0.58603900 -0.30817600 1.29893100 1.13078400 0.36553000 -2.04365400 1.01083000 -1.31216200 -2.43177600 0.53281000 0.70145900 0.05445700 -0.62018700 -1.52925900 0.64283700 -1.24619300 2.15244600 0.08349300 -1.18837900 0.73588900 2.87665100 -1.09202800 -0.00134300 -2.38563300 -1.94590700 1.01476800 1.73864500 -0.12188000 2.21634700 -1.27142000 0.22197800 0.60779300 -1.05077200 0.46501000 -0.92608700 0.30557000 0.38244900 -3.40584600 -0.61957300 0.28071000 -0.56472900 2.60502500 -1.56103800 0.54576300 -0.23863200 1.98439900 -0.50762300 -1.93204100 -0.36568400 2.89874000 -1.42390000 1.43253700 -0.03407400 -1.23915500 -3.27015400 1.20415600 3.03655400
	O C N H C C H C H H C C H O C N H N H H C C H O H H C Int4-Neat H S O C N H C H H C H H C H H O C C H C H H C H H C H H C N H O O C C H C H H Ir H H C H H H N H H N H H C H H C C H C C O O	0.67549900 -2.34114500 -4.69504200 -2.26801000 0.37954100 2.39941000 -1.53442200 1.23267800 5.07319400 -1.94589300 0.83587200 -6.00735600 -4.74972500 -3.83760900 -0.04649300 -2.02803100 0.78411200 -1.12290100 -4.19822300 -2.77207600 0.68725000 -2.15553300 2.77526400 -1.26636400 2.90546900 -5.11301200 1.77639000 -3.59109600 -4.63915000 1.58061200 -3.62216000 4.54537800 -2.84464900 1.57189800 2.50561200 -1.39726500 1.51385400 4.09338200 -2.39309300 1.35903600 -6.30613200 -1.05386800 -4.82270100 0.72282000 -3.75598700 -1.75593300 -0.78169900 -3.60547200 -1.64762800 -0.18095500 -2.93908800 -1.46255800 -2.99761700 2.32188400 -4.12226500 2.92838000 0.47921000 2.14257900 -6.06468100 2.26975700 -3.73603500 -4.49648200 0.10676100 1.75650200 3.18559500 -0.85672500 -1.71513200 4.85259400 -3.62521600 0.23826900 -6.06540100 -2.49582900 1.70591900 -0.98855000 -4.28439700 -1.64255000 0.39989300 -4.20370500 0.22159800 -1.42114300 -1.19435900 -2.72495300 -3.11655900 1.09373100 -4.22151900 0.47260900 -0.61793700 -0.24265100 -3.99325000	-2.93523400 -1.77748900 -2.31510200 0.01181500 -3.72511500 -5.71096200 -2.71190000 3.85686700 -4.15423600 1.00638400 2.73615000 -1.85833900 2.90249900 0.07675800 3.66435000 4.68586500 4.61212600 0.08456900 -3.58549100 -1.25649000 -2.68869300 -5.75002900 -0.48044800 -1.74163400 6.33774900 2.23530100 2.13761200 -0.76479700 0.25918500 𝑘 = 𝐴𝑒 -𝐸 𝑎 -1.55003600 -1.44448400 0.97182300 -0.17773100 -0.04559900 1.38737200 -0.52849100 -2.22446800 -3.25591800 -1.35791600 -0.83117900 1.09288000 1.35593600 0.87077900 -0.09473500 -1.02411900 -1.09784100 -0.53164800 2.09790400 0.46522800 0.08704900 0.84055300 3.37504100 -1.44738100 -0.01321000 -2.48407000 1.21194100 0.08793000 3.68939800 -0.67198200 3.28710500 -1.61255500 -0.99182000 -2.61003000 -1.43388100 -2.01031000 0.55701900 -3.50674400 0.55734700 -5.53508400 -1.12403600 -2.48105400 -2.17271000 2.67455600 -1.23670100 -2.91724200 -3.01030900 2.25003000 -2.07696800 3.20183200 -0.07420700 -0.82952700 -1.06748400 1.08062500 3.04378500 -1.36464100 -0.39333600 2.53826500 1.01057500 -4.07697800 -1.08148900 2.74847000 1.95616100 -1.19132500 -0.67302600 -3.67986600 -2.20111800 -4.32874300 -0.74733600 -3.72873200 0.27236500 -6.43130900 -0.24250200 0.92292200 -2.92849800 -1.51487800 -1.17744900 5.00187300 -2.44570800 -1.73602500 2.20739100 3.30645100 0.20952300 1.39182700 0.48334800 -0.06856700 1.93542900 -0.10846100 0.05959600 𝑅𝑇 -2.54880900 1.83681600 -0.68215500 0.07395800 -3.37514000 -2.41629900 -4.67558100 -1.18948600 -2.21890500 1.08534800 -6.39510300 0.27144700 -1.03590100 -3.04276400 -0.12293500 -0.02502600 -2.57447100 -1.44153800 1.54255900 -3.12012200 3.62711400 0.72711300 -1.99105200 0.25273300 2.06413200 3.32345000 2.78145400 -1.59536800 0.08846500 -0.98060400 -3.45144700 -0.35001300 0.59128500 2.14428000 -1.42481800 -0.06619500 -5.13382200 -1.40146300 -2.88234100 -1.40078200 -3.48150300 -0.37344100 -6.20703200 -0.15876400 -0.11113700 -2.23783600 -0.10674900 -1.54185600 6.28529400 0.33443800 0.01222100 2.47169000 4.32461700 1.99976700 1.27547300 -0.29881900 -0.33011700 3.19872100 0.15289800 -1.24836000
	H C H H Ir H H O C H C H H H C H H C C H C H H C H H C C H O		-2.62928200 -2.62972400 -5.46669100 1.65591700 -1.88644100 1.44033600 -2.30759200 0.76906900 3.24336700 -4.26988900 -0.96958200 -6.72458400 -1.43585600 0.26086600 -0.73580300 -3.69319500 -2.83632000 0.64688900 -2.12188900 1.17768100 -1.67788600 -2.22120200 -2.12396200 -3.61774500 1.33776000 -5.52272900 -2.22039300 -1.46595500 0.21275700 -4.32850500	-1.33449700 0.03232900 -3.77366100 -2.77897500 -0.02787700 -6.20461000 -1.89796500 -1.11532100 4.88252100 1.85600700 3.32105700 -2.53832200 2.43310200 4.73215000 -1.20216700 -3.52195800 -1.22993800 -2.69525700 -5.82271600 -2.84062600 -2.15554900 -5.64556100 -0.41986800 0.61113400 6.07587500 -0.83066200 3.74813200 2.34578400 0.06683800 1.52762500	1.05523100 0.45605900 -2.70930200 -1.17051400 -0.15029800 0.12889800 -3.56860200 2.94739400 -1.40901300 1.29629900 0.00092600 -1.28801600 1.96664900 -1.27558900 -0.52603200 -2.02116700 2.10257900 0.33943700 -0.12034900 2.00662000 -0.75495500 1.17814700 -3.86864200 -0.37766100 1.38323400 1.62707400 0.36134400 -0.56008100 2.42174600 0.78041000
	"Linearized" Arrhenius Equation H -4.81009100 N -0.03655400 H -4.00623300 H 1.23326700 O 1.14943500 C 3.62039400 H -1.61527000 C -0.46012000 H 3.93812800 H -3.62353800 C -1.53945900 Int5' H 4.62183000 H -2.50430300 N 0.42092900 H -4.34749200 H -1.60321700 C -0.20259300 H -2.88329900 H 1.23555900 Ir 2.07947100 C -3.19952700 H -2.37932000 C -3.71326500 H 1.65132000 H -3.20574600 O -0.11435000 C -1.21195700 N -2.26208400 H 1.54709300	-0.22001700 -1.17802200 -2.99266500 -0.70147400 -0.08873900 4.32651000 2.54859900 -0.81731600 4.16749600 2.65408700 2.38887000 0.00086200 2.08359500 -1.48499300 -4.97325300 -4.34177500 -3.75111100 -6.51499200 -1.38089300 -0.03000400 4.67440000 -3.56052600 -0.32495600 7.16757900 -3.27554100 -1.38183600 3.60647500 -4.51689600 -2.86647700	1.20123200 -1.70626100 -3.31593800 3.16346600 -1.84480700 1.32186700 -2.12040200 2.91927100 -0.94863500 -0.14374600 -2.36380800 -1.59455000 0.76640700 0.11059400 -1.26384700 -0.65199400 0.14177300 -0.47755700 3.01451700 0.18315200 -0.90652900 -0.57089700 0.69708500 0.02336000 0.86377700 2.71965400 0.01010100 -0.38470400 0.93707000
	H C H H C H H O H H C N H H C C H C H H C H H C H H S C N H		-2.80165100 1.21392600 -3.88758700 1.26257500 0.15560500 4.18287500 -0.95059600 -1.40046100 3.71566900 -5.22975200 1.68499800 -0.45913100 -2.21238800 -1.97596800 0.60008400 -2.32502200 0.25239500 -1.43140600 -1.14570700 2.53245300 3.57955800 -3.76823300 -3.16151500 -3.34606100 0.02702700 -2.44182500 -0.52536600 -0.08729700 -2.00990900 -0.01836500	3.42324600 -1.08352400 -4.19763100 1.06405200 -0.27786100 5.25551000 1.16984600 -1.41473900 5.86343600 1.92356200 2.23520500 1.42575100 0.00015800 0.01392400 -2.76427700 -5.74500200 -2.87906400 -3.52855400 -6.24807500 -2.57876800 1.21873600 5.59882600 -2.17827100 -1.64975400 6.52237300 -3.53113600 -2.91016700 3.70157800 4.67529000 -4.72102200	-0.03137700 -1.10440300 -2.01904900 3.06078600 -2.56562200 1.40079600 -3.01236500 3.48306300 -1.42906000 -0.18581500 -2.47057000 -0.65437300 -2.00000200 0.92609700 0.52020000 0.06970600 -1.29731200 -0.53174600 -0.36586100 3.10693700 -0.76013900 -0.81805200 -1.34942400 0.20204800 0.27102200 -0.71009600 2.23349200 0.87257500 -0.23660700 0.62866300
	H N C H O H H C H H C C N H C H H C H H C H H C H O C C H H C H H C H H C C H C C N H C H H Ir C H C H H C TS1-Neat H O N H H H C H H C C H C H H C C C H C H H C H H C C H C N H O C H H	-0.65119700 1.40368200 -5.93675800 2.53333900 -1.08351200 4.22421300 -2.46709600 -3.15703500 3.07015900 -4.03359800 2.79988100 0.74745100 2.27622000 -2.50705900 -0.29819100 -3.11681500 1.27835800 -1.69823800 -2.20210600 2.43935500 2.96124300 -2.90086200 -2.63427800 -2.54955000 -4.20073400 -0.25092200 0.70038900 -3.47317700 -2.64316600 1.37480500 2.62185400 -6.33455700 3.23529600 -3.44594800 3.47084500 -4.40284000 -3.13824600 1.82626100 -4.26624500 0.31467600 1.67967800 2.27622300 0.24289100 -1.50812200 -1.36970200 1.43686200 1.98130800 -3.45783200 1.76927300 3.30371300 -3.86008600 1.40850700 -2.89336900 -1.59239200 0.36668900 -0.91195800 -4.12528500 -2.01901800 4.52092300 3.68203000 -5.81450300 2.04240500 -3.14980400 2.23477000 -3.26040500 -3.56188500 2.08143300 -5.48293100 -2.36036400 1.38407300 3.64903900 1.68586600 -1.70463300 -2.41925200 2.71090000 3.39631600 -4.08348400 3.48881400 4.03121000 -1.59881600 -0.33484900 -3.96659000 0.13665300 -2.97273200 -1.95169700 -0.67092400 -3.24054600 -2.50282400	ln 𝑘 = 3.29349200 -0.17853400 -2.29547600 0.20836700 -0.21275400 3.59915200 1.91524400 -1.32716200 4.57156600 -1.88763800 3.39063100 1.24382100 4.58523600 -2.06368100 -3.77867100 -6.40442700 -2.86365100 -2.20887800 -5.75161800 2.01041000 0.27648400 4.54768300 -3.55669800 -2.59850900 -3.46375000 -3.67714700 2.59694400 -4.23736900 -1.89315800 -𝐸 𝑎 4.06152800 -0.14111800 -1.27998100 3.28449700 1.18454300 3.93833700 2.60193500 0.04563500 6.08029600 -0.14058700 4.29482200 2.26985600 -4.58491900 -4.70762400 -3.50003500 -6.22828400 -1.46187700 0.01836100 4.50142300 0.74482500 -1.06878400 3.84566800 -4.25398100 0.47043600 -0.90340700 -3.21358600 0.05255900 -3.52321500 0.12583000 𝑅𝑇 1.23001900 -0.92373700 -2.69686000 2.81568500 0.02229300 5.80421000 3.21012300 0.91231100 5.80081600 -1.11411800 3.66128500 3.56102400 4.26949500 -2.75802000 -2.17027900 -5.64254200 -2.68579500 1.20888500 5.38802200 1.14773800 -0.95955500 6.04261300 -4.34839700 2.05279000 -1.31933900 -2.00682000 -2.84444200 -1.20565900 -3.82649800 2.19771600	-0.43932500 -0.12504700 -0.68990000 3.94456300 -2.24769300 0.76328700 -3.53151300 -1.06398500 -2.44288700 2.23315900 0.24294800 -0.07663000 -0.29087300 0.78095200 0.31224300 -0.28396900 2.00619100 -0.92702000 0.97211100 1.92107700 -1.68703600 -1.95507100 -2.31881600 -2.08491800 -0.58516600 3.45905000 1.06415200 -1.13366400 -1.35594100 + ln 𝐴 -0.27416900 0.46067600 -0.61021100 0.56337400 0.74107200 2.33352300 0.52607800 -1.55432100 0.25308900 2.41784600 2.05313100 0.05044900 -0.29123500 -1.29094200 -0.37347300 -0.14826200 3.08023300 0.19398000 -1.11715700 2.96802100 -1.23937500 -0.63645300 -0.19735200 -2.88798000 -3.42656600 1.09642800 -0.89032200 -0.61339400 -1.46963800 0.67551300 0.08284200 0.32377500 1.78840000 1.55923500 -0.12690200 -0.67988400 -0.46298600 1.28300600 1.58770000 0.40436600 -0.41584200 0.06874300 -1.61812000 -0.77854300 1.15879900 3.01968800 -0.95980200 -1.02385500 3.04772500 -0.01214700 0.43211800 0.09622200 -0.34625100 -0.24414200 -3.45127500 1.85634800 -0.34789100 -2.12198300 -1.27732400
	C H H C H H C H H O C H H Ir C H C H H C H H C C H H N H H		3.51515400 -6.67520100 3.75031600 -3.49075600 2.96227900 -4.90334700 -3.74708200 2.47708500 -2.97599400 -0.01543200 0.11968500 4.22511700 1.11944200 2.05893500 -3.06718400 2.46943200 3.07080300 -3.16734000 4.46851100 4.20076800 -1.32044500 0.34169400 -4.10974100 1.07682600 -1.54348200 2.75573400 0.43078600 -4.02483100 0.13083500	-1.84010800 -2.90136800 2.92205200 -1.15416800 6.53255800 2.77617100 0.09307700 6.89732700 -3.41635600 -1.42439300 3.73612600 5.19295800 1.09587100 -0.08455000 4.64698900 1.95290500 -0.01033400 4.38871700 1.63823900 0.46397700 6.02217000 -4.99590100 -0.03483200 -0.90383600 -2.41235700 0.33081400 -1.41249500 -5.16525200 4.63538600	-0.98795600 -1.21273400 2.21444200 0.77634600 0.22912200 -1.15922600 0.69200800 -0.05432900 0.97601100 2.74457900 -1.03389400 0.10801400 2.99512000 0.25994000 -1.10914400 2.00435400 -1.66807400 -2.16996200 -1.34312900 0.27724200 1.48908900 -1.39983900 2.09460200 -1.11744900 -2.50286000 1.59721500 0.40855000 -1.27834700 1.16110400
	C C H C H H C H H S C H H C H H C H H C H H C C H H C C H		2.23024500 4.27903500 4.70455100 -3.91009800 2.42080400 -5.15435100 -3.51265400 0.79884300 -2.18370300 -0.39191300 -0.73341600 4.12132200 1.52937500 3.08107300 -3.63656100 2.01835500 3.53344200 -4.06143300 3.73981700 3.55621800 -0.73647700 3.00774300 -3.40240300 2.10653700 1.66590200 4.55928400 0.58555300 -2.12939300 1.56386200	-1.91947100 -3.67172300 0.95647200 -0.72444000 5.61986300 0.72526300 -1.30068200 6.45190500 -3.68947000 -2.97372800 2.66569900 3.59187200 2.45386600 0.89818800 5.57464400 0.64371400 -1.12093400 3.63458100 2.41190800 2.69497500 6.40259300 -2.84177500 -2.90680700 -1.72588500 0.46483300 -1.18972500 -2.64534700 -5.79423200 2.66158800	-1.55579500 -2.38774500 -2.02381000 -0.52177600 -1.19283200 1.49350100 0.31981700 0.24190900 -0.58107600 2.29068200 -1.12570200 -0.65550400 1.93550900 -1.48447000 -1.06828500 3.11088300 -0.85449000 -0.83399800 0.07190600 -0.89828700 -0.14302300 -0.83406300 0.98761900 -1.55690900 2.21321100 0.93094000 0.94863500 0.29022400 1.37681000
	Ir H H C H H C H O N H H C H H C C H C H H O C H H C H H		0.05262700 3.81390600 4.30367700 -3.87839900 1.24224900 -5.07598600 -2.83126600 -3.94467800 -0.09491200 1.08486400 3.70082600 2.57799400 3.03468000 -2.65773800 3.70439300 4.07176800 -1.89447000 5.32890200 2.25304100 -2.41213900 3.29993400 2.09251900 2.22750400 -1.22562100 1.92640700 -0.27081900 -2.86549000 1.66118300	1.48128100 -3.27409800 2.45949700 0.73647900 6.25009500 -1.04672900 -2.52950300 -3.73121300 -3.71092400 0.00008000 3.80064000 2.04998100 -0.49567900 4.53458500 1.15867900 -0.59635600 5.98482600 1.65359000 0.62876500 6.75731900 -1.28108600 0.68135800 -3.03564300 -0.15620800 -2.62185200 -3.69509600 -6.48736600 0.75008600	0.21089800 -3.29373800 -1.17502100 -0.54835000 -0.02424800 1.47701300 -1.86732200 -0.46881700 3.52997500 0.44078600 1.05541800 3.29158400 -1.73441800 -2.12166000 2.98140100 0.35972500 0.12758000 0.20032100 -2.94078100 0.31676600 -1.61147800 1.55855100 -1.06500900 1.75352600 -2.20437200 0.73628600 -0.11576600 -3.22406900
	C H H C H C TS1 H O C C H C H H C H H C C H S C N H C H H		-0.63485500 5.22233900 5.78646400 -3.30570600 -6.19479500 -2.86578000 -1.46270900 0.50403000 0.74741900 2.04421900 4.38409900 3.70738000 -3.76089900 4.36194300 3.98522100 -1.55602400 4.55099900 2.91389100 -1.71341600 3.09535100 3.64776300 1.22583400 3.27728700 -0.08534900 -1.39703500 -1.13806500 1.70212100	2.77158900 -4.13508300 1.58245400 2.59272600 -0.19834500 0.47214200 -1.11931800 -3.28176200 -1.24364000 5.81865800 2.72367900 -1.17683500 3.82104400 1.72252500 0.86079300 6.02262800 -0.29205800 -2.31808800 -1.31658600 -2.73090600 0.26528400 -3.46721400 -3.83083700 -1.72061300 -3.50720200 -6.22781400 -1.01605700	-1.36687900 -2.67365600 -0.78010800 1.18710200 0.40689200 -2.94698400 -3.39045200 1.15663800 -0.07668400 -1.02409100 -0.69355000 -0.63074400 -0.92765800 -1.38333900 0.29934800 1.16603000 -2.47252100 -1.93633900 2.56153400 -2.59659900 1.30830300 -0.15930700 -1.41433400 -2.30772800 -0.10770100 0.12594600 -3.13117800
	C H H C Int3' H C N H O N H H C C H C H H C O H O C N H C H H		0.79884500 3.62002000 4.63843600 -2.73329700 -2.96420100 -3.75883000 0.23636400 -2.72605500 -1.82160800 -0.45908200 1.08386800 3.18276500 4.22139500 -1.58774200 3.73373300 3.14517700 -1.08572000 4.10137900 4.56883500 -2.21148800 0.72643500 4.42185700 0.23846000 1.76880600 -2.22015000 -1.58408200 -2.29347700 3.06057000	2.69764800 -4.44768300 -1.34103100 0.03487000 -3.30709100 2.37897900 -1.27948300 -2.35576900 -2.94891300 -1.42547200 6.26166300 3.26112200 -0.16878900 5.98769800 2.43839300 2.58110900 6.36223600 -2.00841400 -2.07087100 -0.23825900 1.22635900 0.90611800 -2.59124000 5.04694400 -2.25086700 -2.21589100 -5.71336300 -0.13665600	-1.39085800 -1.97669200 -1.89713900 2.98491500 -0.73148700 -0.56591100 -0.16781700 -3.35722700 1.91915400 -0.65465000 -0.75015700 0.48782800 0.25869600 0.37669100 0.10818600 -1.46511600 -0.51136700 -2.43726800 0.81100100 2.10714700 -3.00344300 2.39500500 0.21032400 -0.71301500 -2.24029900 -0.62981900 1.37271500 -3.83853900

The plot of ln(TOF) = f(1/T) furnished a curve from which the slope = -𝐸 𝑎 𝑅𝑇 , and the y interrupt 133 S. Arrhenius, Z. physic. Chem., 1889, 4, 226. b) S. R. Logan, Journal of Chemical Education 1982, 59.4, 279.
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iPrOH as hydrogen donor

  a) A. Ouali, J.-P. Majoral, A.-M. Caminade, M. Taillefer, ChemCatChem 2009, 1, 504-509. b) M. D. Le Page, B. R. James, Chem. Commum. 2000, 1647-1678. c) M. C. Carrión, F. A. Jalón, B. R. Manzano, A. M. Rodríguez, F.Sepúlveda, M. Maestro, Eur. J.Inorg. Chem. 2007, 3961-3973. 144 T. Ohkuma, K. Tsutsumi, N. Utsumi, N. Arai, R. Noyori, and K.Murata, Org. Lett., 2007, 9, 255-257 chloro-aromatic ketone proceeded with a catalyst loading of 0.1 mol% and 10 bar H2 at 30 o C.Mechanistic studies showed that molecular hydrogen is activated on the cationic Ru center, producing a catalytic Ru-H species with release of H + . Iron catalyst for reduction of ketones In 2013, Hanson studied various cobalt complexes for hydrogenation of olefins and ketones and the acceptorless dehydrogenation of alcohols. Interestingly, cobalt catalyst with a basic -CH2SiMe3 ligand could effectively hydrogenate ketones to alcohol in 89% yield under mild conditions. It was shown that the hydrogenolysis of the cationic cobalt(II) alkyl complex generates a key intermediate cobalt(II) hydride (Scheme 5-3). Cobalt complexes for hydrogenation of ketones In 2013, Bruneau present the ruthenium complexes for hydrogenation of ketones (Scheme 5-4).146 In some case it can afford almost full conversion and exclusive formation of 1phenylethanol was achieved without the need for any additives under 30 bar H2, 60 o C for 16 h. Due to the different electronic properties of the phosphine and sulfonate moieties, these complexes with bidentate ligands display unusual behaviors. However, more importantly, the sulfonate group can adopt various coordination modes to generate Ru-H depending on interactions with other ligands and Lewis or Brønsted acids. Arene-free ruthenium complexes for hydrogenation of ketones Deng reported a series of N,O-chelate half-sandwich ruthenium complexes for both carbonyl 146 F. Jiang, K. Yuan, M.Achard, C. Bruneau, Chem. Eur. J. 2013, 19, 10343 -10352. and nitro compound hydrogenation (Scheme 5-5).147 All of the complexes shown considerable activity for the catalytic hydrogenation of a variety of ketones and nitroarenes in an aqueous solution using H2 as the hydrogen source. Evidence points to the metal hydride Ru-H formation as the likely turnover controller of the hydrogenation process. Iridium catalyst for hydrogenation of ketones Xing's group has also developed water-soluble iridium complex (Scheme 5-7).149 High yields up to 97% were observed when the conditions were optimal. Overall, this water-soluble iridium complex was effective, active, and environmentally friendly hydrogenation catalyst discovered for ketones and aldehydes. The gram-scale experiment has been successfully carried out, which is significant since it might suggest that this tactic has more applications in the future. As in the previous example, mechanism studies revealed that Ir-H species was obtained with the hydrogen heterolysis and protonation of the ligand.

	Peris reported a NHC iridium catalyst towards transfer hydrogenation from iPrOH under base
	free condition in 2008 (Scheme 5-8). 150 To activate the catalysts, AgOTf (3 equiv.) was added
	to remove the halide ligands and create the triflate species, yield of alcohols up to 90% were
	obtained at room temperature in 15 min. It was proposed that initial oxidative addition of O-H
	bonds to Ir complexes led to an Ir-H species.
	Scheme 5-1 Ruthenium catalyst for reduction of ketones In 2012, Milstein reported an iron-hydrido-carbonyl tetrahydridoborate complex that catalyzed the hydrogenation of ketones under 4 bar of H2 at 40 °C in ethanol and the yield on the test substrate (acetophenone) was 89% (Scheme 5-2). 145 Then, the reaction was tested with several substituted acetophenone derivatives. The reaction was conducted under mild conditions with no added base, with turnover numbers of up to 1980. Different mechanism possibilities were examined, but they all began with the catalyst being activated to form an iron hydride Fe-H complex. Scheme 5-2 Scheme 5-3 Scheme 5-4 Scheme 5-6 Scheme 5-7 Catalytic hydrogenation of ketones with water soluble iridium complexes Scheme 5-8 Transfer hydrogenation form iPrOH

Scheme 5-5 N,O-chelate half-sandwich ruthenium complexes for hydrogenation of ketones

For the hydrogenation of ketones and aldehydes in tert-amylalcohol under 1 atm H2 at 30 ℃, Xing has produced an effective iridium catalyst [Cp*Ir(2,2'-bpyO)(H2O)] containing a functional bipyridonate ligand (Scheme 5-6).

148 

It offers an environmentally friendly and simple to operate process because it does not require a base or high-pressure hydrogen conditions. It is significant that a wide range of functional groups, including cyano, ester, and halide groups as well as electron-rich or electron-deficient groups, are well tolerated. Notably, the discovery reveals fresh promise for metal-ligand bifunctional hydrogenation catalysts.

Mechanistic studies revealed the hydrogen splitting by a metal-ligand cooperation mechanism leading to an iridium-hydride species with concomitant protonation of the oxo-moiety of the ligand.

147 Z.-J. Yao, J.-W. Zhu, N. Lin, X.-C. Qiao, W.

Deng, Dalton Trans. 2019, 48, 7158-7166. 148 

R. Wang, J. Qi, Y. Yue, Z. Lian, H. Xiao, S. Zhuo, L. Xing, Tetrahedron 2019, 75, 130463. 149 R. Wang, Y. Yue, J. Qi, S. Liu, A. Song, S. Zhuo, L.-B. Xing, J. Catal. 2021, 399, 1-7. 5.1.2 Transfer hydrogenation of ketones i)

Table 5 - 1

 51 Hydrogenation of 1-acetonphenone with iridium catalysts a

	Entry	Cat (mol%)	t (h)	H2 pressure	T °(C)	Solvent	Conv (%) b
	1	Ir7 (0.1)	16	10	70	H2O	47
	2	Ir11 (0.1)	16	10	70	H2O	61
	3	Ir12 (0.1)	16	10	70	H2O	64
	4	Ir30 (0.1)	16	10	70	H2O	95
	5	Ir30 (0.1)	16	10	90	H2O	>99
	6	Ir30 (0.1)	16	20	70	H2O	>99
	7	Ir30 (0.1)	16	10	50	H2O	71 (38) c
	8	Ir30 (0.1)	16	10	25	H2O	30 (16) c
	Conditions: a 1-acetonphenone (2 mmol), catalyst (0.1 mol%), H2O (1 mL), with trace amount
	FA (FA: 1 drop, ~ 0.0070 g, 0.152 mmol, 0.076 mol%.).		

b Determined by 1 H NMR. c Without catalytic amount of FA.

Table 5 -2

 5 Transfer hydrogenation with iridium catalysts a

	Entry	Cat (mol%)	t (h)	T °(C)	Conv (%) b
	1	Ir7 (0.1)	16	100	79
	2	Ir11 (0.1)	16	100	59
	3	Ir12 (0.1)	16	100	67
	4	Ir30 (0.1)	16	100	86
	5	Ir30 (0.1)	24	100	93
	6	Ir30 (0.1)	24	90	64
	Conditions: a FA (4 mmol), catalyst (0.1 mol%), H2O (1 mL).		

b 

Determined by 1 H NMR.

Table 5

 5 -3, entry5). Such a high selectivity is in general hard to achieve. Form the recent literature, we could notice Pt nanoparticles on MOF that could achieve a selectivity toward C=O bond reduction of ~ 80 %. 166 Cr(CO)6 transfer hydrogenation of cinnamaldehyde led to hydrocinnamyl alcohol with 94% yield in presence of 5 mol% of (toxic) catalyst at 130 o C.167 

Table 5 -3

 5 Transfer hydrogenation of cinnamaldehyde with Ir12

	Entry	Cat (mol%)	T (℃)	Conv (%) b	Ratio b b25'	b25''
	1	Ir12 (0.1)	100	100	85	15
	2	Ir12 (0.1)	80	100	93	7
	3	Ir12 (0.1)	50	100	96	4
	4	Ir12 (0.1)	30	82	98	2
	5	Ir12 (0.1)	20	44	99	<1
	Conditions: a FA (4 mmol), catalyst (0.1 mol%), 16 h, H2O (1 mL).		

b 

Determined by 1 H NMR.

Table 5 -4

 5 Transfer hydrogenation of levulinic acid. a

	Entry	Cat (mol%)	t (h)	T °(C)	Solvent	Conv (%) b
	1	Ir30 (0.1)	16	90	neat	100
	2	Ir30 (0.1)	16	70	neat	100
	3	Ir30 (0.1)	16	50	neat	100
	4	Ir30 (0.1)	16	40	neat	100
	5	Ir30 (0.1)	16	30	neat	97
	6	Ir30 (0.1)	64	30	neat	100
	a LA (0.232 g, 2 mmol), FA (0.184 g, 4 mmol), b Determined by 1 H NMR	

166 M.

Zahid, A. Ismail, M. Sohail, Y. Zhu, J. Colloid. Interf. Sci., 2022, 628, 141-152. 167 D. Timelthaler, C. Topf, Journal of Catalysis 2022, 413, 478-486. 

,3-dihydro-1H-inden-1-ol Colorless

  

	13 C NMR (101 MHz, CDCl3) δ 70.4, 35.6, 35.6, 25.6, 24.2.
	b12: 2liquid. 1 H NMR (400 MHz, CDCl3) δ 7.41 (dd, J
	= 6.4, 2.1 Hz, 1H), 7.33 -7.21 (m, 3H), 5.20 (q, J = 5.7 Hz, 1H), 3.05
	(ddd, J = 16.1, 8.6, 4.7 Hz, 1H), 2.88 -2.70 (m, 2H), 2.52 -2.39 (m, 1H),
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-(diphenylphosphine) ML: methyl levulinate PTSA (p-TsOH): p-toluenesulfonic acid DTBPE: 1,2-(bis-di-tert-butylphosphino)ethane

Scheme 3-9 Transfer hydrogenation of levulinic acid with NHC type iridium catalysts During the synthesis of 2-iodo-4-dimethylamino-pyridine 2 the, bipyridine compound L13 was obtained as byproduct. The complex Ir30 bearing this ligand was prepared in 91% yield according the route described in Scheme 3-10. Scheme 3-10 Synthesis of the I-DMAP with the bipyridine as coproduct Remarkably, this complex Ir30 displayed a very high catalytic activity in the base-free reduction of neat levulinic acid into GVL. This catalyst allowed for almost quantitative conversion of levulinic acid at a temperature as low as 30 °C (Table 3-9, entry 5).

O'Connor reported Cp*Ir(pyridinesulfonamide)Cl assessed for base-free transfer hydrogenation of ketones (Scheme 5-9). 152 Basic additives and halide abstractors are not necessary for high activity in transfer hydrogenation, and all catalysis studies can be carried out in air without the need for dried and degassed substrates. A homogeneously catalyzed route is supported by control studies and a mercury poisoning experiment. Overall, it has been found that precatalysts with electron-rich ligands and electron-poor substrates furnished the quickest reactions.

Scheme 5-9 Base-free transfer hydrogenation of ketones with iridium catalyst Albrecht tested an iridium catalyst for the transfer hydrogenation of ketones in base-free conditions (Scheme 5-10). 153 Acetophenone was essentially fully converted to the corresponding alcohol in 24 h under reflux condition. Under base-free conditions, iPrOH coordination to the metal center is required to offer possibly ligand-assisted dehydrogenation.

Scheme 5-10 Iridium catalyst for transfer hydrogenation

Waymouth used a molybdenum cyclopentadienone complex for the transfer hydrogenation of aldehydes, ketones and imines (Scheme 5-11). 154 The mechanism is in line with a mechanism suggested for Shvo catalyst 91 in which species b is able to dehydrogenate the hydrogen donor leading to species c in which the -OH group of the hydroxycyclopentadienyl ligand and the Mo-H are essential for mediating the reduction of carbonyl compounds. Working under base-free conditions, it was interesting to evaluate the catalytic procedure with a base-sensitive reagent. For this purpose, we selected reagents incorporating a carboxylic acid.

Such reagents are never used when catalysts requiring a basic co-catalyst are implemented. The We were pleased to determine that the p-CO2H derivative was almost quantitatively converted into the corresponding alcohol b21. The ortho-substituted derivative was also quantitatively reduced but a spontaneous intramolecular cyclisation delivered the lactone b22.

A base sensitive phenolic substrate was also inserted in the scope study. Surprisingly, the alkane derivative 2-ethylphenol b23 was quantitatively obtained. This reaction was reported with a Pd/C (0.9 mol%) catalyzed reduction of carbonyls to hydrocarbons under 1-2 bar of H2 at 100 o C leading to b23 in 99% yield. 162 With Ru-homogeneous catalyst (3 mol %)/4-methoxyphenol (10 mol %) the hydrogenolysis of ketones in 2-propanol occurred at 130 °C in 94% yield. 163 The selective hydrogenation of β-unsaturated aldehydes and ketones to unsaturated alcohols has received interest as a key factor in the synthesis of a variety of fine pharmaceuticals, particularly in the realm of flavors and medicines. The selective reduction of the carbonyl moiety of trans-chalcone and cinnamaldehyde are very challenging transformations. 164 The hydrogenation of trans-chalcone produced the ketone b24 as the unique product with moderate conversion. The formation of saturated alcohol and allylic alcohol was not found. Thus, the reaction is selective for the reduction of the carbon-carbon double bond. The hydrogenation of cinnamaldehyde catalyzed by Ir30 proceeded with high conversion but poor selectivity. Here, the three potential products, hydrocinnamaldehyde (b25), cinnamyl alcohol (b25'), hydrocinnamyl alcohol (b25'') were produced. 

Conclusion

This thesis was focused on the transition metal-catalyzed transformations of biomass-derived compounds and hydrogen storage. About 25 new catalysts have been synthesized and evaluated in catalysis. These catalysts were almost all incorporating dipyridylamine ligands. Ruthenium and iridium catalysts were prepared based on a hypothesized design strategy for the highcatalyst performances. This strategy was based on the synthesis of catalysts bearing strong electron-donating ligands in order to make the metal-hydride species involved in catalysis more hydritic. This strategy has proved successful as a significant increase in catalytic activity was obtained with highly electron donating ligands. With ruthenium, the new family of catalysts bearing both a Cp* and electron-enriched dpa ligand was found superior to previously reported Ru(p-cymene)dpa catalyst.

In the same manner, a new catalyst incorpating an electon-enriched dpa ligand was found superior to the catalyst previously reported.

All the catalytic transformations investigated during this thesis were performed in the absence of base when they usually require basic additives. This is an important contribution to sustainable chemistry as less wastes are generated. Of course, the processes' costs and operation are also lowered. This was made possible using catalysts in which metal-ligand cooperation provided a way for the activation of the reagents in the absence of added base. A mechanism accounting for this metal-ligand cooperation was established in particular by DFT calculations.