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A lot of research is dedicated to the production of fine chemicals from biomass to replace petroleum-based feedstocks. Cellulose as major component of lignocellulosic biomass can be used to produce C6 carbohydrates and their derivatives. Isohexides issued form the dehydration of C6 sugars have attracted much attention for their further transformation into green solvents, surfactants and polymer building blocks.

In this PhD thesis, we studied first the isomerization of isohexides over heterogeneous catalysts. In the presence of a commercial Ru/C catalyst, this reaction is strongly H 2 pressure-dependent due to generation of hydrides on the metal surface. A promotion effect of inert gases was observed on the reaction due to a higher H 2 concentration in the solvent, pointing out a high sensibility of the catalytic mechanism on the presence of hydrides. Moreover, isomerization of isohexides can be performed using isopropanol as H-transfer agent under an inert gas without adding exogenous H 2 .

Next, the direct amination of isohexides with NH 3 was investigated over Ru/C, and it was demonstrated NH 3 : H 2 pressure ratio drastically influences the catalytic performance. The hydrogenolysis and hydrodeoxygenation of isohexide diamines are identified as main side-reactions. In order to increase the catalyst activity and selectivity, bimetallic RuM/C were prepared and a MgO-promoted Ru/TiO 2 catalyst. This last catalyst exhibits a higher turnover number than the commercial Ru/C catalyst.
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RESUME

De nombreuses recherches sont consacrées à la synthèse de produits chimiques pour la chimie fine à partir de la biomasse pour remplacer les matières premières issus du pétrole. La cellulose, composant majoritaire de la biomasse lignocellulosique, peut être utilisée pour produire des sucres en C6 et leurs dérivés. Une attention particulière est portée sur la conversion des isohexides (issus de la déshydratation des sucres en C6) en solvants verts, tensioactifs et blocs de construction polymères. 

GENERAL INTRODUCTION

Polysaccharide cellulose as the most important skeletal component in plants is considered as an almost inexhaustible source of raw material for the increasing demand for environmentally friendly and biocompatible products. Cellulose is a natural carbohydrate polymer generated from repeating β-D-glucopyranose molecules with extensive hydrogen bond networks. Therefore, the sorbitol production through the hydrogenation of D-glucose obtained by the hydrolysis of cellulose becomes a green and sustainable method to replace the chemical production from petrochemical feedstocks. Isosorbide obtained from the dehydration of sorbitol and its two other isomers (isomannide and isoidide) attracted much attention as platform chemicals due to their rigid structure and bifunctionality. Isomerization is widely observed in carbohydrates and their derivatives. There are three isomers in isohexides differing from the configuration of their hydroxyl groups:

isosorbide with one endo-OH group and one exo-OH group, isomannide with two endo-OH groups and isoidide with two exo-OH groups. Concerning the isomerization of isohexides, it is reported that this reaction must be performed under high pressure of H 2 following a borrowing hydrogen mechanism. However, the role of H 2 is today not clearly understood, which constitutes the starting point of this PhD work.

Synthetic polymers are present in almost every aspect of human life and the vast majority of them are derived from fossil-based resources. In particular, polyurethanes are versatile polymers with a large market share and potential. Among the different isohexide derivatives, isohexide diamines have attracted much attention as functional building blocks for the synthesis of polyurethanes, since bio-based isohexide diamines can replace commonly used toxic isocyanates in polyurethane production. Therefore, it is critical to develop highly efficient heterogeneous catalysts for the direct amination of isohexides being suitable for a massive industrial production of isohexide diamines.

The isomerization of isosorbide and its amination with NH 3 were studied in the presence of a commercial Ru/C catalyst. The role of H 2 and NH 3 was highlighted. The manuscript is divided into 4 chapters.

Chapter 1 is dedicated to a literature review that describes the origin, preparation and recent advances of isohexides.

Chapter 2 provides a systematic study of isohexide isomerization with a focus on the effect of the different operation parameters (H 2 pressure, reaction temperature and starting pH) on the reaction and the formation of by-products. A promotion effect of inert gases on the approach to equilibrium is documented for the first time, allowing a drastic reduction of the H 2 pressure for operation. Meanwhile, isopropanol was found to behave as H-transfer agent, so the isomerization reaction can be performed under an inert gas without exogenous H 2 .

In chapter 3, the direct amination of isohexide isomers was investigated over a Ru/C catalyst, and the by-products were identified. Then the relationship between isohexide isomerization and amination was explained by as a function of the H 2 -to-NH 3 ratio in the gas atmosphere. In the end, we developed a series of catalytic formulations based on ruthenium to promote the catalytic activity and isohexide diamine yield.

Chapter 4 describes the experimental details in this thesis.

This PhD manuscript end by a series of conclusions and further perspective based on the results described in chapters 2 and 3.

CHAPTER 1

State of the Art 1.1 Utilization of biomass for platform chemicals production

The current energy that fuels the global economy is mostly derived from fossil sources, including petroleum, coal and natural gas. [1] What comes behind is the ever-aggravating global climate change due to the enormous greenhouse gas emission.

In the meantime, to meet the increasing demands for energy and chemicals based on the larger population on Earth, the world needs a rapid transition from fossil fuels to renewable and sustainable feedstocks.

Nature produces around 170 billion metric tons of biomass per year by photosynthesis, among which 75% can be assigned to carbohydrates. [2] However, only 3-4% of these compounds are used by humans either for food or non-food purposes.

The direct conversion of biomass to derived chemicals or materials provides a promising pathway to replace conventional fossil fuels. During the past 20 years, the catalytic conversion of biomass has been subjected to intensive research and there is a 20%

annual increase in the number of publications on the subject. [3][4][5] The concept of "biorefinery" was first coined by Kamm et al. in 2003. [6] In principle, biomass raw feedstocks are converted into various valuable products so that the reliance of fossil fuels could be greatly reduced. The target in the European Union (EU) is to increase substantially the share of the use of renewable energy to 55-75% in the gross final energy consumption by 2050. [7] United States (US) Department of Agriculture innovation agenda targets biofuel blend rates of 15% by 2030 and 30% by 2050. [8] In 2004, the US Department of Energy published a report on the potential chemicals for further development. [9] These chemicals were referred to as "platform chemicals" that can serve as building blocks for valuable chemicals. Sorbitol is one of the top 12 value added chemicals that can be produced from various renewable biomass resources. The industrial demand for sorbitol is about 2 million tons per year and it is widely applied in chemical production, food, textile, pharmaceutical, heath care and cosmetic industry. [10] 

C6 Sugars

Carbohydrates are one of the three key macronutrients composed of C, H and O atoms participating in human metabolism. They are classified into polysaccharides, oligosaccharides and monosaccharides. Monosaccharides can be trioses, tetroses, pentoses, hexoses etc. depending on the number of carbon atoms in the molecule or aldoses and ketoses depending on their functional groups. Taken the most important D-hexoses as examples, there are 8 different D-aldose and 4 different D-ketose isomers (Scheme 1.1). D-Glucose clearly prevails as the major building block of plant biomass and is the most abundant monosaccharide in nature. [11,12] D-fructose, D-sorbose, D-mannose and D-galactose are also widely distributed in many food elements, e.g., apples, pears, peaches, berries, watermelon, palm seeds, honey and milk, although their quantity is lower than that of D-glucose. The remaining of hexoses are rarely found or present in natural biomass. Nowadays, the sugar industry is well developed and can convert natural carbohydrates into edible sugars for humans and important raw materials for the chemical industry (Figure 1.1). One important method to produce D-glucose and D-fructose is the hydrolysis of sucrose from sugarcane or sugar beet in the presence of enzymes under acidic conditions. Another method relies on the hydrolysis of corn starch to acquire a syrup mixture of D-glucose and D-fructose, followed by the isomerization of D-glucose to D-fructose in the presence of specific enzymes. [13] Most of the natural monosaccharide isomers show D-configuration except L-arabinose. Isomerization is a well-known carbon-efficient reaction to produce rare Dor L-monosaccharides based on the abundant ones. [14,15] For instance, the isomerization of D-glucose can yield D-mannose by an intramolecular C2-C1 hydride shift mechanism over a Sn-beta catalyst, while D-sorbose can be transformed into L-sorbose through C5-C1 hydride shift over a Ti-BEA catalyst. [16][17][18][19] L-sorbose is an important intermediate for the production of L-ascorbic acid (Vitamin C). [20] The formed stable hydrogen-bonded ions due to the structure complexity of different hexoses disturbs the equilibrium state and affects isomerization reactions. [21] In particular, the isomerization of D-sorbose, L-tagatose and D-galactose to D-gulose, L-talose and D-tagatose, respectively, has been studied. [22][23][24] The term epimerization is used in sugar chemistry to refer to the isomerization of a monosaccharide into another one with the same functional groups. 

C6 Sugar alcohols from edible biomass

Sugar alcohols, especially sorbitol and mannitol, have been used over the last 50 years as "sugar-free" ingredients to substitute sugars in food and related personal care products. [25,[START_REF] Decock | Kirk-Othmer Encyclopedia of Chemical Technology[END_REF] Sorbitol has been widely used as additive in a broad range of products including fruit conserves, baked goods, confectionery and oral care products. In particular, sorbitol has been used as food additive for diabetics, since it does not cause a drastic increase in blood glucose on digestion. [START_REF] Gabbay | [END_REF]28] Sorbitol was first discovered and isolated from mountain ash berries by the French chemist Jean-Baptiste Boussingault in 1872. [START_REF] Le | Alternative Sweeteners 3rd[END_REF] It is now known to be naturally present in a wide range of fruits and berries.

Mannitol is also found in extrudates of trees, manna ash, marine algae, seaweed and fresh mushrooms. Although they are widely abundant in the nature, the amount of sorbitol and mannitol in plants is relatively lower compared to sugars. [START_REF] Wrolstad | [END_REF][31][32] Therefore, in line with other sugar alcohols, the commercial production of sorbitol and mannitol is currently built around the catalytic hydrogenation of sugars. Due to the high availability of D-glucose from the sugar industry, sorbitol production by glucose hydrogenation constitutes an overwhelming majority of sugar alcohol production. The hydrogenation of aqueous solutions of D-glucose can be carried out over metal-based reducing catalysts such as Raney Ni and supported Ni, Pt or Ru catalysts. [33][34][35][36] The hydrogenation of aldoses yields only single sugar alcohols, but the hydrogenation of ketoses yields two hexitol isomers (Figure 1.1).

The isomerization of hydrogenated sugar alcohols was first witnessed by Wright and

Hartmann using a Ni-Kieselguhr catalyst in 1960. [37] The isomerization starting from D-sorbitol, D-mannitol, L-iditol or their mixture results in an equilibrium mixture of the three isomers containing approximately 40% sorbitol, 30% mannitol and 30% iditol. The isomerization of D-sorbitol is significantly influenced by the H 2 pressure and the initial pH. High H 2 pressure (45 bar) and alkali pH (pH=9) is required to promote the reaction. 

Sorbitol derived from lignocellulosic biomass

The production of bulk platform chemicals derived from edible biomass (e.g., starch, corn, sugars) competes with the food chain supply to rapidly growing populations.

Lignocellulose, as non-edible biomass, is the most abundant renewable raw material with a worldwide annual production of 10-50 billion tons. However, no more than 5% of the produced lignocellulose is efficiently utilized. [38,39] Lignocellulosic biomass is composed of three polymers:

15-30% lignin, 25-30% hemicellulose and 35-50% cellulose together with small amounts of other components, like acetyl groups, minerals and phenolic substituents (Figure 1.2). [40,41] Depending on the source of lignocellulose, these polymers are organized in complex non-uniform 3D structures to different degrees of polymerization and relative composition. A pre-treatment process using mechanical, chemical or biological methods is essential to increase the accessibility of these 3 components. [42,43] Lignin is an amorphous 3D polymer with substituted phenyl propylene units (p-coumaryl alcohol, conifer alcohol and sinapyl alcohol) as predominant building blocks.

Lignin can be economically and sustainably valorized into several high-value products, such as phenol, propylene, oligomers, pulp and carbon materials. [44,45] Hemicellulose has a heterogeneous structure composed of different C5 and C6 monosaccharide units depending on their origin and treatment method. It represents a family of polysaccharides in the plant cell wall such as xylan, mannan, arabinoxylan, glucomannans and xyloglucan. [46] Xylan, with five carbon atoms, is the major component of plant hemicellulose and can be acetylated. The hydrogenation of xylose over Ni catalysts produces an artificial sweetener xylitol for diabetics. [47] More importantly, the C5 platform chemical furfural can be achieved by dehydration of xylose (Figure 1.3). Furfural has been recognized as a versatile platform molecule generated from renewable biomass and can be transformed to a variety of valuable chemicals through diverse selective catalytic reactions. [48][49][50] Cellulose is the major component of lignocellulosic biomass building plant cell walls, and it is a linear polymer with the disaccharide cellobiose repeating unit with numerous intra-and intermolecular hydrogen bonds. [51] The multiple crystalline fiber structures of cellulose formed by the extensive hydrogen bond networks has been a subject of intensive research over the last decades. [52][53][54] The hydrolysis of cellulose to D-glucose under acid conditions, either directly or through cellobiose, is a key step to obtain oligosaccharides or monosaccharides in large amounts (Figure 1.4). Mineral acids (e.g., acetic acid, sulfuric acid, phosphoric acid, citric acid, maleic acid) are the most commonly used catalysts for the hydrolysis of cellulose. [55] Recently, ionic liquids (ILs)

have attracted much attention due to their powerful dissolving ability, and can be used as solvent for the hydrolysis of cellulose over mineral acid catalysts, Lewis acid catalysts, ILs-based catalysts and heterogeneous catalysts. [56] Among the different types of catalysts for the hydrolysis of cellulose, solid acid catalysts are well adapted for catalyst separation and recyclability. [57][58][59] Pan et al. systematically investigated structure-performance relationship of solid acid catalysts and the reaction mechanisms for the hydrolysis of cellulose. [60] The depolymerization of cellulose to glucose was reported to be promoted by ultrasound irradiation in water at high frequency. [61] Followed by a well-established hydrogenation of D-glucose, D-sorbitol can be produced starting from lignocellulosic biomass instead of edible biomass. Recently, one-step catalytic transformation of cellulose to hexitols has attracted the attention of researchers. One-pot acid-catalyzed hydrolysis combined with in situ hydrogenation shows a synergic effect due to fast removal of unstable intermediates, so that the formation of undesired products can be avoided. [62] Several heterogeneous catalysts have been reported for direct hydrolytic hydrogenation of cellulose or cellobiose to D-sorbitol and the results are summarized in Table 1.1 Several studies clarify the importance of active metal species, metal particle size, catalyst support, pH and pre-treatment method in obtaining high yield of D-sorbitol. Most of subsequent investigations has been conducted over Ru-based catalysts which are more reactive than Pt-based catalysts for hydrolysis and hydrogenation reactions. [5] The hydrolytic hydrogenation of microcrystalline cellulose in hot water over 4 wt.% Ru/C afforded 39% yield of hexitols after 30 min. [63] The impregnation of microcrystalline cellulose with catalytic amounts of H 2 SO 4 can promote the catalytic performance leading to a hexitols yield of 94%. [64] Ball-milled cellulose was also used as substrate since mechanical pretreatment reduces the crystallinity of cellulose and improves the accessibility of substrates to the catalyst surface. [65] Cellobiose, a glucose dimer connected by a glycosidic bond, can be used as the simplest model molecule to be converted into hexitols under milder reaction conditions. [66] 

Sorbitol conversion

D-sorbitol has huge potential for the production of versatile chemicals or bio-fuels from lignocellulosic biomass, since its hydroxyl groups enable further functionalization, reforming and degradation to light alkanes by hydrogenolysis, deoxygenation, dehydration or deoxydehydration (Figure 1.5). Two possible reaction pathways can occur for C-C and C-O bond cleavage from D-sorbitol: dehydrogenation-hydrogenation and dehydration-hydrogenation. [79][80][81][82] In the former pathway, the dehydrogenation of primary or secondary alcohol groups is the initial step in the hydrogenolysis of polyols. The generated 1-carbonyl group after decarbonylation and retro-aldol condensation leads to the formation of xylitol and C2/C4 polyols, respectively. If a secondary hydroxyl group is dehydrogenated, C3-C4 bond cleavage due to retro-aldol condensation yields two glycerol molecules. It has also been reported that the dehydration at C1 or C2 is possible yielding 1-or 2-carbonyl groups. [83,84] Therefore, the C-O cleavage mechanism consists of a first dehydration step instead of dehydrogenation, followed by hydrogenation. In this mechanism, the position of C-O cleavage depends to an important extent on the stability of the carbocation intermediate formed during dehydration. Since secondary carbocations are more stable than primary carbocations, the hydroxyl group at the end of the chain is more difficult to be eliminated than that in the middle of the chain. Based on both mechanisms, C6 polyols can be converted into shorter polyols and other final products.

D-sorbitol can be used not only to produce liquid alkanes, but also to generate H 2 or syngas by gasification. The production of H 2 by low-temperature aqueous reforming of oxygenated hydrocarbons with a C:O molar ratio of 1:1 occurs according to the following stoichiometric equation:

C 6 H 14 O 6 (l) + 6H 2 O(l)  13H 2 (g) + 6CO 2 (g) (1-1)
During this process, two reactions can influence the selectivity of H 2 production. [85] One is the reaction of generated H 2 and CO 2 affording alkanes by methanation or Fischer-Tropsch (F-T) process. The second reaction is the hydrogenolysis of C6 hydrocarbons followed by hydrogenation, yielding short alkanes. Pt/Al 2 O 3 has been reported to achieve 66% H 2 selectivity from D-sorbitol and 96% from ethylene glycol at 225 °C. [85] Sn-promoted Raney-Ni catalyst can achieve 65% H 2 selectivity from D-sorbitol and 95% from ethylene glycol at comparable experimental conditions. [86] Conventional natural gas-based syngas production can be replaced by biomass-derived syngas production at industrial scale. [87] The transformation of D-sorbitol to syngas can also be achieved over titanium oxide nanorods supported Cu catalyst under UV light irradiation at room temperature. [88] In addition to the production of chemicals with shorter chains, D-sorbitol transformation can proceed by dehydration reactions. More than one century ago, the dehydration of mannitol by hydrochloride acid was succeeded by the French chemist

Fauconnier. [89] The product was distilled at 176 °C under vacuum and the molecular formula of the dehydration product was determined to be C 6 H 10 O 4 and named as isomannide. After this discovery, a flood of experimental studies appeared during the 1940s and 1950s due to the prosperity of glycochemistry. Valentin described the formation and structure of 3,6-anhydro mannitol (mannitan) from the dehydration of mannitol. [90] The preparation of 1,4-anhydro sorbitol (sorbitan) and 1,4:3,6-dianhydro sorbitol (isosorbide) using boric acid was reported by Bell et al. [91] Later on, the term 1,4:3,6-dianhydro-D-glucitol was applied to precisely indicate the origin and structure of isosorbide (Scheme 1.4). The preparation of 1,4:3,6-dianhydro L-iditol (isoidide) was simultaneously reported by Fletcher & Goepp [92,93] and Wiggins [94] by dehydration of L-iditol or treatment of dibenzoyl-isosorbide or -isomannide derivatives. The determination of stereo structures and preparation of 1,4:3,6-dianhydro hexitols was systematically described in a series of subsequent studies. [95][96][97][98] Scheme 1.4 Structures of isomannide, isosorbide and isoidide.

Isosorbide is formed by twice intramolecular dehydration between C1-C4 and C3-6

carbons. Dehydration also occurs between C1-C3, C1-C5, C1-C6 and C2-C5, generating by-products in a small amount. A summary of the dehydration of hexitols over various catalysts is listed in Table 1.2 Typically, inorganic acids (e.g., HCl, H 2 SO 4 , H 3 PO 4 ) and inorganic acid modified oxides or zeolites can be applied to dehydrate hexitols. In the case of Brønsted acids, the catalytic performance depends on the nature of acid sites and their strength. [99,100] Brønsted acids with lower pKa values exhibit high catalytic activity towards isosorbide. Moreover, metal cation-exchanged sulfonic resins have been studied as potential heterogeneous catalysts for the dehydration of hexitols. It is worth noting that dehydration of D-galactitol at C1-C4 and C3-C6 position produces a forth isosorbide isomer with the H atom on C3 showing the same endo-configuration with adjacent hydroxyl group. A deoxydehydration reaction was reported to directly convert sorbitol to (E)-hexatriene catalyzed by CH 3 ReO 3 with a yield of 54% (Figure 1.5). [101] 

Isohexides

The properties of isohexides

Isohexides consist of two tetrahydrofuran rings cis-connected resulting in a rigid V-shaped structure (Figure 1.6). We consider here three isomers differing from the configuration of their hydroxy groups: 1,4:3,6-dianhydro-D-mannitol or isomannide (IM), 1,4:3,6-dianhydro-D-sorbitol or isosorbide (IS), and 1,4:3,6-dianhydro-L-iditol or isoidide (II). IS has two hydroxyl groups on the C2 and C5 carbon atoms in endo-exo configuration, while IM and II have hydroxyl groups in endo-endo and exo-exo configurations, respectively. Unlike exo-OH groups, endo-OH groups form intermolecular hydrogen bonds with the oxygen atoms of the opposite furan ring. [120] This different environment of OH groups leads to differences in the physicochemical properties (e.g., acidity, melting point) and reactivity of isohexides. [121] Selective monoor di-functionalized diols can be achieved by tosylation [122] , alkylation [123,124] or acetylation. [125] 

The applications of isohexides and their derivatives.

Isosorbide has been identified as an outstanding building block for the synthesis of commodity chemicals as an alternative to a range of petro-based compounds (Figure 1.7). [126,127] Isosorbide mono-and dinitrates have been used to treat heart failure for several decades. [128] Dimethyl isosorbide (DMI) is a green polar solvent with high boiling point that can substitute currently used toxic solvents such as dimethylformamide (DMF), dimethylacetamide (DMA) and methylpyrrolidone (NMP). [129,130] The synthesis of DMI can be accomplished by methylation of isosorbide with dimethyl carbonate instead of dimethyl sulfate or methyl halides that cause pollution. [131] Isosorbide diesters are excellent plasticizers for poly(vinyl chloride) (PVC). [132] An anionic surfactant, sodium dodecyl isosorbide sulfates, can be produced from isosorbide. [133] Isoidide dinitriles can be accessed from isomannide and isomerized into isosorbide dinitriles and isomannide dinitriles as a versatile family of renewable platform chemicals. [134] Isosorbide and its derivatives have attracted much attention in the field of polymer chemistry due to their rigid structure, bifunctionality and bio-resources. [135] They have enormous potentials for preparing polyesters, polycarbonates, polyamides, polyethers, polyimides, [136] polymethacrylates, [137] polyoxymethylene, [138] and polyurethanes. [139,140] Aliphatic polyesters can be synthesized by polycondensation of isohexides with aliphatic dicarboxylic acid chlorides. The preparation was first described by Braun and Bergmann in a molten state at 80 °C (Scheme 1.5a). [141] These polymers have been used as plasticizers for manufacturing polyvinyl chloride (PVC). Addition of isosorbide to the polymer can lead to significant differences in the glass transition temperature (T g ) compared to neat PVC. Aromatic polyesters containing isohexides have also been reported and patented.

Thiem and Lüders described the synthesis and characterization of polyterephthalates from isosorbide or isomannide as diol monomer (Scheme 1.5b). [142] PIT exhibit enhanced thermal properties than conventional poly(ethylene terephthalates) (PET) prepared from ethylene glycol. A small proportion of isosorbide can be used to modify the properties of polyesters at industrial scale, like PET and poly(butylene terephthalate) (PBT). The glass transition temperature of PET is around 70 °C, which can hardly meet the demands of hot filing and pasteurization for bottles. Therefore, tailored copolymers with variable isosorbide content have been investigated for different applications. For example, the glass transition temperature of copoly(ethylene-co-isosorbide terephthalate) (PEIT) increases linearly with the amount of isosorbide. [143] In particular, the glass transition temperature of copoly(butylene-co-isosorbide terephthalate) (PBIT) containing 20 mol% isosorbide is 22 °C higher than unmodified PBT. [144] Scheme 1.6 Structure of copoly(ethylene-co-isosorbide terephthalate) (left) and copoly(butylene-co-isosorbide terephthalate) (right).

Isosorbide is also an excellent green candidate to replace bisphenol-A monomer for the synthesis of polycarbonates (PC) (Scheme 1.7a), [145] since residual bisphenol-A is reported to migrate in human body and induce chronic intoxication. The polycondensation of isosorbide is usually carried out by phosgene, diphosgene or triphosgene using pyridine as catalyst. In addition, poly(isosorbide carbonate) (PIC) was synthesized in polycondensation of isosorbide with its bischloroformate by Kricheldorf et al. (Scheme 1.7b). [146] Scheme 1.7 (a) General scheme for the synthesis of isohexide-containing polycarbonates. (b) Polycondensation of isosorbide with its bischloroformate.

The preparation of isohexide-containing polyamide (PA) can be achieved both from isohexides or isohexide diamines via microwave-assisted polycondensation or direct polycondensation (Scheme 1.8). For instance, a polyamide was prepared from diamino isoidide and bio-based sebacic acid (n=8) with different feed ratios. [147] Adding diamino isoidide residues allow to adjust the thermal stability, polarity and melting points of polyamides.

Scheme 1.8 General scheme for the synthesis of isohexide-containing polyamides.

Polyurethanes (PU), as a large family of high performance materials for industrial applications, have been extensively studied and patented in the last decades.

Isohexides derived from biomass have been applied as diol monomers to the synthesis of PU with elastomeric behavior and good mechanical properties. [148] Isohexide diamines can also serve as isocyanate monomers to replace commonly used toxic isocyanates (Scheme 1.9). [149,150] Once the availability of isohexide diamines becomes more ready, they could act not only as monomers, but also function as intermediates for further processing. The production of such novel polyurethanes exhibits huge potential for the polymer market at industrial scale. Scheme 1.9 General structure of isosorbide-containing polyurethanes.

Isomerization of isohexides

Isosorbide, which is similar to its precursors D-glucose and D-sorbitol, can undergo direct catalytic isomerization into its isomers (isomannide and isoidide). Early reports from Wright and Brandner pointed out the high activity of Ni-Kieselguhr for isomerization. [151] The isomerization of isosorbide results in a thermodynamic equilibrium distribution between the three isomers at approximately 55% isoidide, 39% isosorbide and 6% isomannide. Several experimental conditions impact the reaction kinetics including the reaction temperature (220-230 °C), Ni-Kieselguhr catalyst amount (1-2%), reaction time (1-2 h), H 2 pressure (>100 bar) and pH of the aqueous slurry (8-11). Among them, the increase of pH from 8 to 11 leads to a linear increase in the isoidide yield, showing a major effect. However, the carbon balance was not reported, most likely due to the limitations of gas-liquid chromatography technology at that time.

In 2013, van Es et al. published a study on the synthesis of isoidide by the epimerzation of isosorbide over Ru/C, leading to the same equilibrium distribution of the isomers. [152] By increasing the initial pH from 7 to 10, a decrease of the mass loss from 25% to 6.4% was observed. Side products such as linear diols or volatile alcohols may result from the acid-catalyzed hydrodeoxygenation (HDO) of the substrates under hydrothermal conditions. Pd/C, Pt/C, Rh/C and Au/C were not active for the reaction, while Ru/Al 2 O 3 and Ni/SiO 2 showed lower reactivity compared to that of Ru/C. Also, a high H 2 pressure (40 bar) and a high reaction temperature (220 °C) were required to reach equilibrium.

The isomerization of isohexides has also been reported using homogeneous catalysts without adding external molecular H 2 . Vogt et al. reported that Ru 3 (CO) 12 /acridine-based diphosphine ligands catalyst can catalyze isomanide isomerization, although equilibrium was not reached after 17 h at 170 °C. [153] More recently, Monflier et al. compared several homogeneous catalysts for isohexide isomerization in t-amyl alcohol. [154] Equilibrium was achieved using HRu(CO)Cl(PPh 3 ) 3 as catalyst and Xantphos as ligand. In the meantime, the catalytic activity of Ru(p-cymene)Cl 2 (PPh 3 ), RuCp*Cl(PPh 3 ) 2 and RuCl 2 (PPh 3 ) 3 in the presence of Xantphos needs to be triggered by potassium t-butylate. In the recyclability of HRu(CO)Cl(PPh 3 ) 3 /Xantphos catalytic system, the highest turnover frequency (TOF) was obtained using the catalyst without ligand. The addition of Xantphos increased the catalyst stability due to the high bond strength of the ligand to the metal.

It is accepted that isohexide isomerization over organometallic catalysts proceeds via a dehydrogenation/rehydrogenation or borrowing hydrogen mechanism (Scheme 1.10). In this mechanism, dehydrogenation catalyzed by the metal is usually regarded as the rate-determining step and ketones are formed as intermediates. [155] The H 2 molecule produced in the dehydrogenation step is temporarily stored by the metal complexes, and then released during the hydrogenation step. An interesting feature of this mechanism is that the rehydrogenation step is thermodynamically favored, thus shifting the global process completely to the products. A direct hydride abstraction mechanism was first proposed by Wright and Brandner in 1964, but was not explained in detail. Recently, Rose et al. studied the mechanism for isosorbide isomerization using H-D exchange experiments. [156] Overall H-D exchange was observed when D 2 O was used as solvent driven by keto-enol tautomerization (Scheme 1.12), pointing out that H 2 -borrowing could be responsible for isomerization. However, tautomerization between D-exchanged C2-C3 keto-enol would yield endo-D on C3. Such compound was absent or identified. Therefore, the keto-enol route does not contribute to isomerization unless the formation of C2-C3 keto-enol is not thermodynamically favored. Besides, overall H-D exchange could be ascribed to C-H activation under similar conditions as reported by Sajiki et al. although such functionalities can hardly be dehydrogenated under such conditions. [158] Scheme 1.12 Feasible route for a complete deuterium exchange through a keto-enol tautomerization after the dehydrogenation step. 

Oxidation of isohexides

Since isohexide ketones (monoketone MK or diketone DK) are regarded as key intermediates for the isomerization of isohexides, oxidation and dehydrogenation can provide valuable information on the isomerization mechanism. The oxidation of isohexides into ketones is known to proceed over heterogeneous catalysts or enzymes.

In 1969, Collins reported the oxidation of isomannide, isosorbide and isoidide over RuO 4 (Scheme 1.14), and the products were isolated as bis(2,4-dinitrophenylhydrazone) with a yield of 53%, 48% and 43%, respectively. [159] Opposing to Pt-catalyzed selective oxidation of endo-OH groups, RuO 4 showed no discrimination between endo-and exo-OH groups. In 1985, Roquette filed a patent covering the preparation of isohexide ketones by anodic electrooxidation. [160] Mono-and diketones could be obtained from endo-OH groups, while exo-OH groups could not be oxidized.

Scheme 1.14 Oxidation of isohexides using RuO 4 .

The enzymatic oxidation of primary and secondary alcohols and diols has also been subjected to intensive investigation. [161,162] Kroutil et al. reported the oxidation of isosorbide and isomannide employing TEMPO/laccase in a buffer system without discrimination between the endo-OH and exo-OH groups at full conversion. [163] Isomannide production from the hydrogenation of isohexide diketone was patented by Rhodia (Solvay). [164] The diketone was prepared by the above enzymatic oxidation and hydrogenation using H 2 or NaBH 4 over various catalysts (Table 1.3). It can be seen from these results that isomannide is preferentially formed as kinetic product at 25 °C or 100 °C at short times. Therefore, the hydrogenation of ketones is an easy step that can occur at mild conditions. It is reasonable to deduce that the relative Gibbs free energies of formation of isomannide are higher than that of isosorbide and isoidide. In this view, further isomerization of isomannide at harsher conditions leads to an equilibrium mixture containing few isomannide and a larger quantity of isoidide. 

Amination of isohexides

Amines are important intermediates in the chemical industry due to their nucleophilic properties which confers them high reactivity. As mentioned above, isohexide diamines are excellent building blocks for functional polyamides and polyurethanes with huge market potential. The worldwide production of polyamides and polyurethanes is around 7 Mt and 21 Mt in 2015, respectively, with an increase by 3-5%/year within 2020. [150,165] The known synthesis routines of isohexide diamines are presented below.

Bio-conversion

Bio-catalytic amination of secondary alcohols using a redox-neutral two-enzyme cascade reaction was reported by Zheng et al. [166] The transformation of alcohol into amines in the presence of nicotinamide adenine dinucleotide (NAD) consists of two tandem steps: alcohol dehydrogenation catalyzed by alcohol dehydrogenase (ADH) to give corresponding ketone and the subsequent reductive amination catalyzed by transaminase (Scheme 1.15). However, the obtained monoamine yield from isohexides is low (7%) [167] and a polymerization reaction occurred using TEMPO/laccase as the biocatalyst in the first step. [168] Scheme 1.15 Synthesis of amines from secondary alcohol in enzymatic conversion. ). [169,170] Further treatment with NH 3 in methanol at 170 °C for 30 h, isomannide diamine and isosorbide diamine were obtained with a yield of 80% and 60%, respectively.

Organic syntheses

Scheme 1.16 Synthesis of isohexide diamine from tosyl protected isohexides with NH 3 .

Cope and Shen developed another route comprising three steps comprising isomannide tosylation, nucleophilic substitution with potassium phthalimide and subsequent deprotection with hydrazine hydrate (Scheme 1.17). [171] However, this route has several drawbacks, such as the low isolated yield of the second (34%) and third step (13%), and the toxic N 2 H 4 . Van Es et al. changed the solvent from DMF to DMSO in the second step to avoid by-product formation due to hydrolysis, and a higher yield was obtained (84%). [172] In the deprotection of phthalimide step, a mixture of HCl/glacial acetic acid was used instead of N 2 H 4 followed by treatment with basic ion exchange resin leading to an overall yield of 66%.

Scheme 1.17 Synthesis of isohexide diamine from phthalimide substituted isomannide.

A similar route was proposed by Kuszmann and Medgyes involving the conversion of isomanide into bismesylates (Ms), followed by nucleophilic substitution with azide (Scheme 1.18). [173] Hydrogenation of isomannide azides yields diamines in 88%. The main limitation of this route is the explosive behavior of azides which prohibits its application for large-scale production. Van Es et al. compared the reactivity of Ms with that of Tos in the protection of OH groups and the results showed that the obtained yield when using Tos (90%) was higher than that achieved using Ms (83%). [172] In the substitution with potassium phthalimide step, the yield starting from Tos-protected isomannide (94%) was also higher than when starting from Ms-protected isomannide (80%).

Scheme 1.18 Synthesis of isohexide diamine from mesylate protected isomannide.

Van Es et al. reported benzylamine as an alternative to tosyl leading to the formation of isohexide diamines and a tricyclic product (Scheme 1.19). [174] Benzylamine attacks the back side of isosorbide bistosylate and isomannide bistosylate resulting in the inversion of C2 and C5 position via a S N 2 mechanism, then endo/exo and exo/exo amine protected isohexides are formed with a yield of 75-90%. Further catalytic hydrogenolysis of the amines in ethanol over Pearlman's catalyst Pd(OH) 2 /C gave access to the corresponding isosorbide diamine and isoidide diamine with 90% yield.

However, this route was ineffective for obtaining isomannide diamine. The isoidide bistosylate reacted with benzyl amine yielding a tricyclic product (85%) owing to the steric effect via an intramolecular S N 2 mechanism.

Scheme 1.19 Synthesis of isohexide diamines from benzyl amine substituted isohexides.

Overall, the synthesis of isohexide diamines can be carried out by organic synthesis with good yield and absolute stereocontrol of isohexide diamines. Nonetheless, organic routes suffer from several significant drawbacks, such as low overall yield of purified diamine and use of toxic and explosive intermediates. Besides, the substitution groups become waste along the process which is incompatible with the Green Chemistry principles, and not suitable for massive industrial production.

Direct catalytic amination over homogeneous catalysts

The synthesis of amines by direct amination of alcohols with NH 3 is more attractive compared with other synthetic methodology, since water is produced as main by-product. [175] In addition, direct amination can be performed in continuous fixed-bed or batch reactors for industrial scale production. The direct amination of isohexides proceeds via a borrowing hydrogen mechanism (Scheme 1.20). The alcohol is activated by oxidation to give a ketone group which undergoes condensation with the amine nucleophile. Subsequent hydrogenation of the imine intermediate with the initially generated H 2 yields amine as product.The direct amination of isosorbide with NH 3 to diamines was first described by Beller et al. [176] by combining a homogeneous catalyst Ru(CO)ClH(PPh 3 ) 3 and the organic phosphine ligand Xantphos (Scheme 1.21A). The catalyst operates at 170 °C without exogenous H 2 starting from isosorbide, giving the diamine products with 96% yield at full conversion. Vogt et al. also reported the direct amination of isomannide to isohexide diamines using Ru 3 (CO) 12 and PNP pincer-type ligands with 96% yield (Scheme 1.21B). [153] BASF filed a patent on the catalytic amination of isohexides in organic solvents using different PNP pincer-type catalysts at 200 °C. [177] More recently, Jacolot et al. described the amination of isosorbide and isomannide with benzylamine in the presence of [Ir] homogeneous catalyst and diphenylphosphate, followed by the subsequent hydrogenation affording the desired isohexide diamines. [178] In this route, only endo-OH groups can be subjected to amination yielding secondary amines. Therefore, IM was used as substrate giving secondary diamines with a yield of 93%, whereas the overall diamine yield reached 59%.

Scheme 1.20. Borrowing hydrogen mechanism for direct amination.

Scheme 1.21 Direct amination of isohexides with NH 3 using homogeneous catalysts.

Direct catalytic amination with NH 3 over heterogeneous catalysts

The direct amination of isohexides over heterogeneous catalysts targeting the synthesis of diamines remains an unsolved challenge. The direct aqueous amination of isohexides with NH 3 over Ru/C was reported by Rose et al. [179,180] The direct conversion of isohexides to their amine derivatives leads to 4 amino alcohols and 3 diamines The amination of isohexides is regarded to follow a borrowing hydrogen mechanism as in the case of isomerization. In this view, the reaction should not require exogenous H 2 . However, no amination products were detected without H 2 (Figure 1.9). Although the freshly synthesized catalyst and substrate were weighted in a glovebox under Ar and an aqueous NH 3 solution was added under Ar flow, only approximately 1% amino alcohols was observed after 24 h reaction. [181] An increase of the H 2 pressure above 10 bar led to a slight decrease of the amine yield, but meantime considerable amount of isomers, mainly isoidide, were obtained due to competing reactions between isomerization and amination. The isohexide conversion exhibited almost no variation for isosorbide, whereas an almost linear increase of the conversion was observed for isomannide in the H 2 pressure range 10-40 bar. 

Isohexide diketone as substrate

In 2010, Evonik filed a patent covering the catalytic synthesis of isohexide diamines starting from the ketone derivatives in a two-step process. [182] The ketone reacts first with NH 3 to the corresponding diimine in batchwise or continuous mode, followed by hydrogenation in a fixed-bed reactor to the diamine. The overall diamine yield reached 96%. To our knowledge, the direct reductive amination of isohexide ketones into amines has not been reported so far.

Objectives of the thesis

Isosorbide derived from lignocellulosic biomass has been focus of much research recently as a platform molecule. Isosorbide can be industrially produced by dehydration of sorbitol. In the presence of an acid catalyst, sorbitol undergoes double intramolecular dehydration resulting in isosorbide as final product. There are two other isomers, isomannide and isoidide, that can be obtained by isomerization of isosorbide.

Isohexides and their derivatives have a wide-range of applications including pharmaceuticals, green solvents, plasticizers, and surfactants. Among them, the most important application of isohexides is to serve as chiral building blocks for polymers.

Specifically, bio-based isohexide diamines can be used as functional monomers for the synthesis of polyurethanes. In the meantime, the production of isohexide diamines for industrial purposes requires an easy-operated, environmentally benign and highly efficient process. Therefore, the direct amination of isohexides with NH 3 into diamines over heterogeneous catalysts attracted our attention.

The results of this PhD thesis are covered by two chapters focusing on the isomerization and amination of isohexides over heterogeneous catalysts. It has been reported that isomerization of isohexides follows a borrowing hydrogen mechanism where hydrogen should not be consumed or generated during the reaction. This behavior is not observed over homogeneous catalysts. However, a high H 2 pressure is required to enable the transformation over heterogeneous catalysts. Therefore, the first aim of this thesis is to elucidate the role of H 2 and the reason why a high H 2 pressure is required. The borrowing hydrogen mechanism is discussed based on the hydrogenation of prepared ketone intermediates. Besides, we have run isomerization of isohexides under lower H 2 pressures or without external gaseous H 2 . Last but not least, the gained insight into isomerization of isohexides is expected to provide guidance on the amination of direct isohexides with NH 3 .

Scheme 1. 23 Possible reaction pathways on metals or organometallic catalysts leading to isohexide diamines.

Next, we aim at unveiling the role of H 2 and NH 3 in the direct amination of isohexides with NH 3 over heterogeneous catalysts, and why endo-OH groups are more reactive than exo-OH groups. The influence of the isomerization reaction on amination has been studied to optimize the reaction pathway towards isohexide diamines. The possible by-products have been identified during amination over Ru/C. In addition, the reductive amination of isohexide ketones was also screened to gain an overall view of the reaction mechanism. The other important aim of this chapter was to develop an efficient catalyst for the direct amination of isohexides with NH 3 .

Introduction

As described in Chapter 1.2.3, isohexides (isomannide, isosorbide and isoidide) derived from biomass have attracted much attention as platform molecules for the synthesis of added value chemicals. Isomerization of isohexides is an important reaction encompassing isohexides, and this transformation was first reported by Wright and Brandner in 1964 using Ni-Kieselguhr catalyst, [1] followed by van Es et al. over Ru/C in 2013. [2] In both cases, a high H 2 pressure (40-100 bar) is required to activate the reaction. However, the role of H 2 in the isomerization of isohexides is today not clearly understood. It is generally accepted that the isomerization of isohexides follows a borrowing hydrogen mechanism (Scheme 2.1), implying that no external hydrogen is required. Here, we intend to rationalize the role of H 2 on the isomerization of isohexides, and attempt to run the reaction at lower H 2 pressure.

Scheme 2.1 Borrowing hydrogen mechanism for the isomerization of isohexides.

Results and discussion

Kinetic profiles of isomerization of isohexides

The kinetic profiles of isomerization of isosorbide over Ru/C in water (starting pH=7) under different experimental conditions are shown in Kinetic studies of isomannide isomerization were also carried out (Figure 2.

2).

Similarly, faster kinetics was observed under higher H 2 pressure and higher temperature.

Besides, the isosorbide yield increases first and then decreased until equilibrium is reached, indicating a first isomerization step of isomannide to isosorbide, and then from isosorbide to isoidide. Isomannide only constitutes 6% in the final isomer mixture at equilibrium, whereas 94% isomannide is converted to isosorbide and isoidide. This observation explains why isomannide takes longer time to reach equilibrium compared to isosorbide isomerization. 

Influence of the reaction temperature

The temperature dependence of IS isomerization under 31 bar H 

Influence of the H 2 pressure

Isomerization was performed at 200 °C to enable a fast evolution to equilibrium under various H 2 pressures (Figure 2 In entries 1 & 2, the maximum pressure should be the same according to the ideal gas law at the same starting H 2 pressure which was observed during the reaction. However, it can be seen from the results that higher liquid volume fractions lead to lower isosorbide conversion (Figure 2.6b). This difference can be explained by a lower H 2 concentration in the solvent in the latter case due to slower kinetics. Besides, in entry 3, encompassing a very low liquid volume fraction, much higher isosorbide conversion is observed, which can be explained by a faster H 2 diffusion from the gas phase to the liquid phase given the very low liquid volume. Overall, these results point out a variable H 2 concentration in the solvent as a function of the volume due to kinetic effects.

Besides, small variation of H 2 in the solvent induces a drastic change in the catalytic activity.

The effect of H 2 on the catalyst surface was also investigated. Since the Ru surface is highly oxophilic, the active Ru metal surface is expected to be mostly covered by an oxide coating once exposed to air, which may deactivate the catalyst. The Ru/C catalysts, reduced by different methods, were tested under N 2 to unravel a possible role of H 2 on cleaning the catalyst surface and activating the metal phase. Ru/C was used as received or reduced in a fixed-bed reactor at 200 °C. Ru/C was also reduced in an autoclave using the same conditions for isomerization, but without isosorbide. Then isosorbide was added into the autoclave after reduction to start the isomerization reaction. Importantly, a strict oxygen-free procedure was used to transfer the reduced Ru/C into the glovebox to assemble the autoclave for isomerization. Isosorbide and t-amyl alcohol as solvent were also purified to remove H 2 O and O 2 using Schlenk Line.

All the reduced Ru/C catalysts exhibit very poor reactivity for isosorbide isomerization under N 2 , even if the reaction was carried out under strict oxygen-free conditions (Figure 2.7). Overall, these results point out that the observed promoting role of H 2 on isosorbide isomerization is not ascribed to the reduction of the Ru phase. Beller's homogeneous catalyst Ru(CO)ClH(PPh 3 ) 3 /Xantphos for amination was also tested for isosorbide isomerization. [3] Equilibrium is quickly reached in t-amyl alcohol without exogenous H 2 revealing a totally different catalytic behavior compared to that over Ru/C.

Isohexide ketone derivatives

Since ketones are possible intermediates in the isomerization reaction, we prepared isohexide ketone derivatives: two monoketones (MK) and isohexide diketone (DK) by down. Further oxidation and degradation may lead to lactic acid, acetic acid, formic acid and humin substances, explaining why the condensed diketone product becomes orange after long-time storage. A mixture of exo-OH monoketone and isosorbide was prepared using the same procedure starting from isosorbide after 48 h. Then, the reaction mixture was washed only once. Exo-OH monoketone and diketone were then used as substrates for hydrogenation. The hydrogenation of exo-OH monoketone preferentially forms isosorbide (41%) as product at 100 °C under 10 bar H 2 for 1 h over Ru/C (Figure 2.11a). In other words, the hydrogenation of the ketone yields mainly endo-OH. In the meantime, partial isomerization was observed under such conditions, so the other two isomers are also formed. Diketone can be quickly converted at room temperature into a small amount of isomannide (11%) and a wide range of unidentified products, indicating its high reactivity. The mass loss mostly results from Ru-catalyzed side-reactions of highly reactive diketone in the presence of the residue impurities from oxidation. Overall, this body of results points out that the rehydrogenation step in isomerization can be achieved at mild temperatures (25-100 °C), but is strongly H 2 pressure-dependent. Meanwhile, the dehydrogenation step needs to be initiated at higher temperature (100-200 °C). Therefore, higher temperature and H 2 pressure guarantee a fast overall kinetics of isomerization.

Influence of the pH on isomerization

It is reported that the starting pH of the aqueous solution can affect the catalytic performance for isosorbide isomerization. [1] Therefore, the effect of pH was investigated A higher starting concentration of isosorbide was also applied to further investigate the pH effect. The ratio between the isomers was calculated by NMR, so the carbon mass balance was not determined. As shown in It has been reported that by-products issued from the isomerization of isosorbide can be generated by hydrodeoxygenation due to dissociation of water molecules under hydrothermal conditions. [2] Based on our results, by-products can be first regarded as light molecules or polymers, since no obvious peaks around isohexides are observed in the GC chromatograms. Several tests were carried out in the absence of Ru/C or H 2 to assess if isosorbide can be converted under hydrothermal conditions (Table 2.

2).

Apparently, isosorbide is highly stable in the presence of Ru/C even under acid conditions. Therefore, side reactions seem to be catalyzed by Ru/C in the presence of H 2 . The hydrogenolysis or reforming of D-sorbitol is a well-known process to produce C1-C3 hydrocarbons, alkanes and syngas, where Ru and Pt are reported to be reactive.

However, the isomerization cannot be catalyzed by Pt/C, Pt-Bi/C or Pd/C and almost no carbon loss is observed in these cases. 3). This observation is not in line with the carbon balance above.

Therefore, we assume the by-products may be water-insoluble volatile compounds (e.g., alkanes) that are released after isomerization. Total organic carbon (TOC) analysis was carried out to measure the organic carbon content in the liquid phase after reaction. As shown in Table 2.3, the total organic carbon declines at longer reaction time and at harsher reaction conditions, which is in line with the carbon balance. In summary, by-products are generated most likely from acid-catalyzed ring-opening and hydrodeoxygenation reactions under H 2 in the presence of Ru/C. 

Inert gas effect

As described above, the H 2 pressure affects the isomerization kinetics. To further ascertain how the H 2 partial pressure influences the reaction, an inert gas (i.e. N 2 , He or Ar) was added to the reactor at different pressures. Surprisingly, a clear promotion effect was observed ( Isomerization under an inert gas was further performed in two other types of reactors (see experimental section for more details) to check if the observed promotion effect is due to an enhanced H 2 mass transfer rate due to insufficient stirring (Table 2.5).

In the tests, the liquid volume fraction, substrate concentration and substrate-to-catalyst ratio were kept unchanged. Type B reactor with higher stirring rate and type C reactor with vigorous mechanical stirring were used and the inert gas promotion effect was observed as well. However, the promotion effect is less pronounced in type C reactor

(Entries 3 & 4).
Isomerization of D-sorbitol was carried out under identical reaction conditions (Table

2.6).

As shown in the results, higher conversion and mannitol yield are observed with additional 30 bar N 2 pressure. The promoting role of N 2 on isosorbide isomerization could be rationalized at first sight by the formation of N 2 H and N 2 H 2 species on metal Ru.

Such a mechanism has been proposed to explain the 4.3-fold increase of activity in the hydrodeoxygenation of p-cresol to toluene over Ru/TiO 2 by introducing 6 bar N 2 in batch conditions at 160 °C and 1 bar H 2 . [6] While this mechanism could occur during isosorbide isomerization in the presence of N 2 , the promoting effect also observed under He, which is an inert gas, discourages this option. It is known that the gas-liquid interfacial tension decreases with the total gas pressure, resulting in larger interfacial areas, and in turn into an enhanced H 2 transfer from the gas to the liquid phase. Also, the presence of a second gas can enhance H 2 solubility as suggested by

Maxwell-Stefan equations (see annex) for multicomponent diffusion. 19, the peaks attributed to H 2 and DMSO shift to higher values with the increase of temperature, which is consistent with the literature. [7] When the temperature increases to 70 and 80 °C, a poor spectra quality is obtained. Overall, to reduce errors, 20 and 50 °C were selected as target temperatures in the following measurements. more advanced in situ NMR study could be applied to monitor the reaction process in the future. [8] 

Solvent effect

Although water is a good solvent for sugar alcohols, the effect of other solvents on the catalytic isomerization of isosorbide over Ru/C was further studied (Figure 2

.24).

First, pure isosorbide was isomerized without solvent with excellent carbon balance. As a rule, isohexides exhibit good thermal stability with normal boiling points higher than 350 °C. Therefore, isohexides can be used as substrates and solvents. To afford a good solubility of isohexides, several solvents with high polarity were tested. Primary alcohols (methanol, ethanol, 1-butanol and 1-pentanol) show complete inhibition of isosorbide isomerization. Using a H 2 O/ethanol, strong inhibition is observed with only 10 vol.% ethanol in the mixture. According to Meemken et al., the adsorption of methanol strongly competes with secondary alcohols on the catalyst surface site, which is responsible for the inhibition of the isomerization reaction. [9] Another possible explanation for the inhibition effect of primary alcohols is a decreased surface tension, leading to a lower H 2 solubility. In contrast, 2-propanol (IPA), 2-butanol and tertiary amyl alcohol promotes isomerization with high carbon balance. Notably, a pressure increase in the autoclave is observed after reaction due to H 2 generation ascribed to IPA decomposition. This observation points out that, despite H 2 generation, it is possible that IPA contributes to isomerization as a hydrogen transfer agent so that no exogenous H 2 is required. Isosorbide isomerization in IPA was performed under different H 2 pressures (Table 2.9). Clearly, an external H 2 pressure still exerts a positive effect on the isosorbide conversion. However, the kinetics of isomerization in IPA is slightly slower than in water, probably due to competitive adsorption between IPA and IS. The pressure increase after reaction becomes lower when higher H 2 pressure is exerted, inhibiting the dehydrogenation of IPA. Hence, the use of IPA/H 2 O mixtures as solvent might be a promising strategy to combine the advantages of IPA as hydrogen source and H 2 O as solvent for isomerization. We conducted isosorbide isomerization in IPA/H 2 O solutions with various volume ratio under 2 bar N 2 without H 2 (Table 2.10). By decreasing the IPA/H 2 O volume ratio to less than 50%, higher conversion was observed, whereas 40IPA/60H 2 O was an optimal mixture for isosorbide isomerization under N 2 (Entry 4). Around 20% volume fraction of IPA in water was required to activate the reaction. Due to the dehydrogenation of IPA, a pressure increase after reaction and carbon balance above 100% is observed. The pressure increase becomes higher with more IPA in the mixture. As discussed above, a second insert gas exerts a promotion effect on isosorbide isomerization, so higher N 2 pressures were applied (Table 2 protons is 39% while that of star-marked protons is 89%. This result can be explained by a catalytic C-H activation over Pt, Pd, Ru and Rh catalyst leading to H/D exchange of alkanes. [10] In particular, Ru was reported to catalyze regioselective deuteration at the -positions of hydroxyl groups at low temperature (20-80 °C). [11] In this view, protons marked with a star are likely attributed to protons at 2, 5-positions, while the remaining are attributed to the protons at 1, 3, 4, and 6-positions. IPA-OD He 80 : 16 : 4 10 28 [a] Reaction conditions: 1 g isosorbide, 15 mL solvent, pH=10, 30 bar, 0.05 g Ru/C, 200 °C, 2 h. [b] Reaction conditions: 0.33 g isosorbide, 5 mL solvent, 1 bar, 0.017 g Ru/C, 120 °C, 18 h. 

Conclusion

Isomerization of isohexides were carried out in H 2 O under H 2 over Ru/C reaching equilibrium containing approximately 59% isoidide, 35% isosorbide and 6% isomannide.

We conclude that isomerization of isohexides follows a partial borrowing hydrogen mechanism where the role of H 2 pressure is to enhance the rehydrogenation step. A H 2 pressure is required to promote the H-coverage on Ru. By adjusting the starting pH to 10, an excellent carbon balance (98%) is achieved so that acid-catalyzed hydrodeoxygenation can be discouraged. In addition, a promotion effect of the inert gas is observed, most likely due to a promoted H 2 concentration in H 2 O as suggested by dedicated 1 H NMR experiments. Isosorbide isomerization can be performed using isopropanol as solvent as H-transfer agent. Finally, a co-solvent with optimized ratio between H 2 O and IPA can be used to run isosorbide isomerization under an inert gas without adding exogenous H 2 .

Introduction

As described in chapters 1.2.2 and 1.2.5, isohexides issued from biomass can be used as starting materials for manufacturing functional polymers including polyesters, polycarbonates, polyamides, polyimides, polyethers and polyurethanes. Among them, isosorbide-based polyurethanes, with huge market potential, have attracted great interest. Typically, polyurethanes are can be prepared by the reaction between polyols as chain extender and isocyanates. Isohexide diamines can replace toxic and hazardous isocyanates so that completely biobased and environmental-benign polyurethanes constituted of isohexides and diamines can be manufactured. Therefore, it is of great importance to develop an efficient reaction pathway to prepare isohexide diamines with high yield.

Direct amination of alcohols with NH 3 over heterogeneous catalysts can access amines with high atom efficiency and suitable for industrial production. [1] Rose et al.

reported the direct aqueous amination of isohexides with NH 3 over Ru/C, but the total yield of diamines is low. [2] Meanwhile, only endo-OH is reactive and can be converted into -NH 2 groups, whereas exo-OH remains unreacted. Moreover, the direct amination reaction over heterogeneous catalysts was also report to require a H 2 pressure opposing to the homogeneous catalysts used by Beller et al. and Vogt et al. [3,4] Here, the reductive amination of isohexide ketones were performed in order to identify the active intermediates and understand the reaction mechanism of direct amination. Side-reactions and by-products were distinguished by MS. Then we optimized the reaction conditions using Ru/C catalyst in order to obtain a high yield of diamines and rationalize the role of H 2 in the amination reaction. Finally, several attempts were made to increase the diamine yield and to maintain the total carbon balance, including the addition of certain ligands, modification of commercial catalyst and the preparation of novel catalysts.

Results and discussion

Influence of the substrate

As reported, the amination products of isohexides can be consist of four amino alcohols and three diamino isohexides with different stereo configurations of functional groups as listed in Scheme 3.1. The amination product distribution can vary depending on the starting isomer used.

The amination of isosorbide only generated two amino isosorbide products with exo-OH (AS1 with endo-NH 2 and AS2 with exo-NH 2 ) and very few isoidide. Extending the reaction time to 120 h leads to full conversion and higher mass loss, but hardly any diamine is produced (0.7%) (Figure 3.1a), indicating low reactivity of exo-OH groups.

Diamino isohexides (DAM, DAS and DAI) can be accessed from isomannide after 12 h (Figure 3.1b), and the total diamine yield can be increased to 30% after 72 h, and to 32% after 168 h confirming the higher reactivity of endo-OH groups. Although a higher mass loss is observed at longer reaction times, the diamines to amino alcohol ratio is promoted. This indicates a slow amination of isomannide to amino alcohols, followed by amination of the former to diamines. The enhanced nucleophilicity of endo-OH groups due to intramolecular H-bonding is expected to decrease the activation barrier for dehydrogenation. Therefore, endo-OH groups are more reactive than exo-OH groups.

Isoidide amination yields very small amount of isosorbide (3%) and amino isosorbide AS1 and AS2 (7%) (Figure 3.1c), pointing out a first isomerization step of isoidide to isosorbide, followed by isosorbide amination. Notably, at least dozens of hours are required to achieve a high amine yield while isomerization equilibrium can be achieved at much shorter times.

It is generally accepted that the amination of isohexides follows a borrowing hydrogen mechanism, generating ketones as intermediates. [1][2][3] The highly reactive ketones react with NH 3 forming secondary imines followed by hydrogenation to produce amines. During the last hydrogenation step, endo-and exo-NH 2 can be generated without any discrimination resulting in the different amine isomers. This behavior is consistent with our experimental results indicating that borrowing hydrogen mechanism is highly likely. Differing from organic synthesis of diamines, the primary amine can only attack the back of the Tos substituted groups via a S N 2 mechanism, leading to single stereo configuration. [5] As pointed out in chapter 2.2.4, isohexide ketones intermediates were prepared by oxidation of isohexides with O 2 over Pt-Bi/C catalyst. Then they were used as substrate in one-step reductive amination to prepare isohexide amines that has not been reported so far. First, reductive amination of a mixture of isomannide, endo-OH monoketone and diketone was carried out over several catalysts at 100 °C (Figure 3.2). Under such conditions, the substrate conversion in direct amination and isomerization was less than 10% after 12 h. Therefore, the increased yield of isomannide results from the hydrogenation of ketones. Ru/C and Ni/Al 2 O 3 catalyze the reductive amination of ketones, yielding two amino isomannide with endo-OH (AM1with endo-NH 2 and AM2 with exo-NH 2 ) and few diamines, while Pt/C and Pt-Bi/C exhibit no activity towards reductive amination. The yield was determined by assuming equal GC response factors for isohexides and ketones due to the lack of ketone standard samples.

Next, the isohexide diketone was used for reductive amination over Ru/C to examine the product distribution. Despite a full conversion of diketones, neither isohexides, monoketones nor amines are observed at 25 °C after 1 h or at 100 °C after 18 h. A dark brown colored solution was obtained by reacting with aqueous NH 3 in the presence of Ru/C. This result might be attributed to fast imination reaction followed by polymerization. We assume that due to the high reactivity of both ketone groups, reductive amination starting from diketone should be handled with excessive care to avoid the unpredictable side-reactions in the presence of Ru/C. In the patent by Evonik, imination and hydrogenation are carried out separately under inert gas protection using Lewatit K2621 acidic resin and Ni-based catalyst, respectively. [6] The advantage of using reductive amination to prepare amines is the milder reaction conditions leading to less by-product formation, keeping high selectivity. From the results above, it seems apparent that dehydrogenation of isohexides is also a key step in the amination reaction. The possible structures of the observed by-products are listed in Table 3.1. It is worth noting that all the compounds have at least one unsaturation degree, which is more likely ascribed to the heterocyclic compound containing O or N rather than the unstable double bond under H 2 . Among the possible C6 structures with a molecular weight 99, 2,5-dimethylpyrrolidine is the most promising product resulting from hydrodeoxygenation of a tricyclic compound (Scheme 3.2).

By-products analysis

This tricyclic compound was first reported by Bashford and Wiggins from the treatment of isoidide bistosylate in methanolic ammonia. [7] Van Es et al. also synthesized this tricyclic compound by reacting isoidide bistosylate with benzyl amine followed by hydrogenolysis. [5] In our case, diamino isomannide is obtained during amination, but the yield is much lower than that of diamino isosorbide and diamino isoidide. These observations point out that endo-NH 2 is more reactive than exo-NH 2 .

Consequently, formation of intramolecular ring due to the condensation of two endo-NH 2 of diamino isomannide or cycloamination with one NH 3 molecule is highly possible. 

Isomerization vs. amination

The experimental conditions for isomerization and amination are overlapped.

Therefore, it is critical to determine the mutual influence of these reactions. First, a mixture containing 14 mL H 2 O and 1 mL aqueous NH 3 (25 wt.%) was used as solvent for isomerization to assess the influence of NH 3 (Figure 3.4). Clearly, isomerization is greatly suppressed probably due to competitive adsorption of NH 3 with isohexides on Ru/C. Therefore, very few isohexide isomers are observed during amination in excess NH 3 . This result also explains why isoidide amination only yields very limited isosorbide and amines. The reaction time for amination is much longer than isomerization which could also be ascribed to the NH 3 fully covered catalyst surface leading to a weak adsorption of the larger isohexide molecules. However, Ru/C pretreated in gaseous NH 3

shows high reactivity for isomerization and the total carbon balance is improved because of a pH rise. Such small amount of NH 3 is not expected to fully block the surface active sites. It was reported by Rose et al. that the generated product may poison the catalyst leading to its deactivation. [4] Therefore, isomerization was conducted in the presence of amino isosorbide AS2 with exo-NH 2 (Figure 3.5). Amino isosorbide AS2 also inhibits isomerization, leading to a lower amount of isohexide isomers. Besides, isomerization of AS2 is observed whereas the exo-OH groups in AS2 are converted into endo-OH groups, leading to the formation of AS1. Around 25% carbon loss is observed most likely because of the acid impurities from partial oxidation of the AS2 sample provided by ChemPartner after long-time storage.

Next, amino isosorbide AS2 was added to the substrate to check any hindrance effect on isomannide amination (Figure 3.6). After removal of AS2 from the final reaction mixture, it can be seen from the results that AS2 keeps unreacted and does exert any influence on the product distribution or isomannide conversion compared to direct amination of pure isomannide. The adsorption of NH 3 is expected to be stronger than that of primary amines on the catalyst surface. Therefore, it is reasonable to conclude no product (amines) inhibition on the catalyst in the presence of excess NH 3 . Surprisingly, a remarkable decrease of the yield of amino alcohols and diamines is observed after isomerization. The decrease of diamine yield is higher than that of amino alcohols, reinforcing the idea that diamines are more vulnerable to H 2 over Ru/C. In the meantime, the ratio of amino isomannide AM2 with endo-NH 2 to AM1 with exo-NH 2 increases, probably due to partial isomerization between AM1 and AM2 or to a higher decomposition rate of AM1 with two functional groups in endo-configuration. Isohexide isomerization is also inhibited in the presence of the amine products, as described above. To deeply analyze the stability of amines, 1-butylamine (BA) and ethylenediamine (EDA) were used as model compounds to test if amines are stable under isomerization conditions (Table 3.2). Both molecules were chosen due to the non-availability of isohexide amines in a large amount. The reaction of 1-butylamine over Ru/C in H 2 O under H 2 or N 2 (Entries 1 and 2) yields a considerable amount of 1-butanol (leading to phase separation), dibutylamine (DBA) and tributylamine (TBA) due to hydration and self-condensation reactions of 1-butylamine. However, in the case of isohexide amines, no increase in the isohexide yield is observed after decomposition, and no di-isohexide amine with high molecular weight is observed in the MS profiles (vide supra). By switching the solvent from H 2 O to t-amyl alcohol (Entries 3, 4 and 5), BA is much more stable under reaction conditions, whereas few DBA and TBA are identified as products. Due to the accessibility of both -NH 2 groups in EDA, a higher conversion is observed both in H 2 O and t-amyl alcohol (Entries 6 and 7). The catalytic amination of ethylene glycol (EG) to EDA as model reaction has been extensively studied, [8,9] and its Direct amination of isohexides with NH 3 follows a hydrogen borrowing mechanism where imine intermediates are hydrogenated to generate a primary amine. Since NH 3 can strongly adsorb on the catalyst surface and suppress the adsorption of isohexides, primary or secondary amines with more electron-donating groups could show weaker adsorption on the metal catalyst. In this view, two primary amines (1-butylamine and benzylamine) and a secondary amine (succinimide) were used as N-source for isohexide amination (Scheme 3.5). The objective is to prepare diamino isohexides in one-pot by a consecutive reaction. If not possible, the substituted isohexide diamines could be used in the further treatment.

Scheme 3.5 Proposed reaction pathways of isohexide amination with primary or secondary amines.

Table 3.3 lists the results obtained. Isomannide amination was first carried out in pure 1-butylamine (BA) as solvent under H 2 (Entry 1). Only few amino isomannides AM1 and AM2 were identified as products at high isomannide conversion. Besides, N,N-dibutylamine (DBA) was generated as main product due to BA condensation. Then amination of isosorbide and isomannide in BA under N 2 (Entries 2 and 3) results in around 50% substrate conversion, but no isohexide amines are observed. A blank test without substrate (Entry 4) shows that condensation of BA over Ru/C is unavoidable, so BA was used as a reactant in other solvents. Isomannide amination with BA in water (Entry 5) leads to phase separation due to the formation of 1-butanol by the hydration of BA. Therefore, t-amyl alcohol was chosen as solvent for amination of isosorbide with BA.

Very low isosorbide conversion and a large quantity of dibutylamine (DBA) and 

Balance between H 2 and NH 3

The effect of H 2 pressure on direct amination of isomannide was investigated (Figure 3.11). The isomannide conversion increases linearly with the H 2 pressure from 1 to 30 bar, but the diamine yield and carbon balance start to decrease when the H 2 pressure exceeds 10 bar. More isosorbide is found due to isomannide isomerization, and subsequent amination of isosorbide produces amino isosorbide amines AS1 and AS2. Direct amination follows a borrowing hydrogen mechanism in which H 2 re-hydrogenates imine intermediates. Therefore, higher H 2 pressure is expected to accelerate the amination kinetics. However, the conclusions above indicate that of H 2 competes with NH 3 to yield by-products via hydrogenolysis or hydrodeoxygenation, leading to the decline in total carbon balance. The dynamic changes in the amination conditions including the amount of H 2 , NH 3 , catalyst and substrate have not been symmetrically illustrated. First, isomannide amination was carried out starting from less substrate (0.5 g) (Figure 3.13). Higher conversion and amine yield are observed under 5 bar H 2 which can be attributed to the higher catalyst-to-substrate ratio. However, higher conversion but lower amine yield are found under 10 bar H 2 because H 2 accelerates the reaction rate of both amination and side-reactions leading to a higher yield of diamines which then subjected to hydrogenolysis or hydrodeoxygenation forming by-products. Variable catalyst-to-substrate ratios (0.2 or 0.4) were applied to elucidate the role of H 2 (Figure 3.14). The increase in the H 2 pressure leads to higher isomannide conversion, which is consistent with the results above. As shown in Figure 3.13, an increase of the H 2 pressure results in a higher carbon loss at higher catalyst-to-substrate ratio (0.4), indicating that side-reactions are catalyzed by Ru/C in the presence of H 2 . Then, the catalyst-to-substrate ratio was adjusted to 0.2 as in 

3.14b).

In this case, the H 2 pressure increase does not cause an obvious carbon loss.

Therefore, abundant NH 3 is required to adsorb on the catalyst surface so that amination reaction plays a dominant role rather than other side-reactions. In conclusion, the H 2 pressure should be adapted according to the amount of NH 3 and catalyst not only to boost amination, but also to avoid possible competitive reactions. With a further increase to 1 g, the diamine yield declines, and a higher carbon loss was observed due to decomposition of amines. Simply using more catalyst should theoretically lead to higher diamine yield, but there are also more side reactions in the presence of H 2 , leading to higher carbon loss. Based on the conclusions above, a triple amount of NH 3 was introduced into the reactor to enable full coverage of the catalyst to suppress the side reaction. As shown in Figure 3.15b, the carbon balance was improved and very few isohexide isomers, amino isosorbide AS1 or AS2 were observed, indicating a cleaner amination reaction. However, due to the decrease in the H 2 -to-NH 3 ratio, a slower kinetics was observed. Therefore, to obtain a high diamine yield with high carbon balance, a balance between rapid amination and subsequent side reactions should be adjusted by modifying the catalyst amount, H 2 pressure and reaction time.

Solvent effect

Isomannide amination with NH 3 was carried out using a commercial aqueous NH 3 solution (25 wt.%). In order to achieve higher NH 3 concentration and use other solvents, gas NH 3 was dissolved in water before the reaction. Note that 15 mL aqueous NH 3 (25 wt.%) (density = 0.90 g/mL) contains 10. Next, direct amination of isomannide with NH 3 was carried out in t-amyl alcohol, isopropanol (IPA) and hexafluoroisopropanol (HFIP). It is worth noting that the liquid volume percentage in the reactor may differ due to the different density and different expansion factors of the solvents after dissolving NH 3 . Besides, the maximum pressure during the reaction may differ due to their different saturation vapor pressure. Under this circumstance, the same starting H 2 pressure may result in significant differences in the yield and carbon balance. The isomannide conversion and amine yields in H 2 O and t-amyl alcohol are similar, while higher isomannide conversion and lower amine yield are observed in isopropanol, since the latter can generate H 2 under reaction conditions.

HFIP exhibits the worst catalytic performance. 

Catalyst screening

In order to promote the reactivity of current catalyst and the selectivity of target diamines during direct amination reaction, several attempts are made including the addition of ligands, modification of Ru/C and the preparation of novel catalysts.

Carbon supported ruthenium catalyst combined with ligands

Beller et al. reported the homogeneously catalyzed amination of isosorbide with NH 3 , reaching a diamine yield of 96%. [3] Amination reaction using Beller's catalyst was repeated but reducing the amount of NH 3 by 50% (Figure 3.18). When the isosorbide-to-NH 3 molar ratio increases, isoidide and amino isosorbide AS1 and AS2 are also generated as products. This observation confirms that endo-OH groups react with NH 3 prior to exo-OH groups even when a homogeneous catalyst is used. However, the catalyst can convert both endo-OH and exo-OH into amines only if there is adequate amount of NH 3 in the reaction system. The reason for the excellent performance of Beller's catalysts is due to coordination of bidentate ligands with homogeneous Ru-based catalyst, generating highly reactive Ru species. [12] Triphenylphosphine-3,3',3''-trisulfonic acid trisodium salt (TPPTS) is a known ligand that can condition the selectivity in hydrogenation reactions over Ru-based catalysts. [13,14] Interestingly, a change in the amine distribution is observed when combining Ru/C with TPPTS, although the conversion and total yield decrease (Figure 3.20). A higher AM1 ratio (amino isomannide with endo-NH 2 and endo-OH) in total amino alcohols and DAM (diamino isomannide) in total diamines is observed after amination. Besides, fewer isosorbide and derived amination products (amino isosorbide AS1 and AS2) are present starting from isomannide. It seems that TPPTS could be a promising additive tuning the selectivity of isohexide amination. Pt and Bi. [15] However, the dehydrogenation ability of Pt-Bi/C is extremely limited under H 2 . Therefore, only few amino alcohols are generated. primary amines or NH 3 starting from a wide range of substrates. [16] The authors also reported the reductive amination of furanic aldehydes over Ni y AlO x catalyst. [17] However, 

Carbon supported noble metal catalysts

Hara's catalyst (titanium dioxide supported ruthenium and magnesium oxide)

The direct amination of alcohols is regarded to follow a borrowing hydrogen mechanism. Although H 2 is not consumed, an additional pressure of H 2 is still required to prevent the H 2 -release from the metal hydride species generated by alcohol dehydrogenation. Ru-MgO/TiO 2 catalyst was reported by Hara et al. for direct amination of alcohols with NH 3 without the introduction of H 2 . However, the prepared Ru-MgO/TiO 2 catalyst must be operated under strict oxygen-free conditions. In this case, the surface Ru hydride species are stabilized by MgO so that no additional H 2 is required for the direct amination reaction.

Ru-MgO/TiO 2 with 5 wt.% Ru and 20 wt.% MgO was prepared following Hara's procedure and used for the amination of benzyl alcohol with NH 3 as shown in the literature with the same high conversion and yield. [18] Then isosorbide was used as substrate, but 27% substrate conversion was obtained with only 14% yield of amino alcohol. This result indicates that the direct amination of isohexides might be more difficult due to the requirement of higher hydride coverage on the Ru surface. Therefore, Ru-MgO/TiO 2 with 5 wt.% Ru and variable MgO loading are tested in direct amination with NH 3 under H 2 . [a] Calculated based on Mg. [b] Calculated based on Ti. [c] Calculated based on Ru, MgO and TiO 2 .

The loading of each element was determined by inductively coupled plasma (ICP) analysis and is shown in nanoparticles and Mg(OH) 2 will be decomposed into MgO at around 350 °C. After deconvolution and band integration, the total hydrogen consumption over Ru-based catalysts is similar and is summarized in Table 3.5. Due to the addition of Mg during catalyst preparation, the Ru speciation becomes more complex and two species with higher reduction temperature are observed. 

Conclusion

In summary, the direct amination of isohexides with NH 3 over Ru/C was performed under H 2 , but only endo-OH groups demonstrated to be reactive. By extending the reaction time, considerable amount of target isohexide diamines can be obtained, but at the expense of a high carbon loss. Major by-products determined by MS are a tricyclic amine and its hydrolysis and hydrodeoxygenation products. NH 3 as a reactant and generated amino alcohols adsorb strongly on the catalyst surface, so that isomerization of isohexides is greatly suppressed. Meanwhile, adequate NH 3 is helpful for maintaining carbon balance by competing with the possible side-reactions under H 2 . However, the rehydrogenation step in direct amination is a key step in which the reaction rate is boosted with higher H 2 pressure. Therefore, it is of great importance to optimize the relative dosage of NH 3 , H 2 , catalyst and substrate. In the end, a series of TiO 2 supported Ru and MgO catalyst were prepared and show a higher turnover number than commercial Ru/C. MgO could act as a promotor for Ru/TiO 2 catalyst in the direct amination of isohexide with NH 3 .

Materials

Reagents and solvents

All the reagents and solvents employed in this work are listed in Table 4.1 and used as received without further purification unless noted otherwise. 

Catalysts

The used commercial catalysts, precursor salts and supports are given in Table 4.2

and used as received without further purification unless noted otherwise. were added into a plastic bottle. The suspension was stirred at room temperature for 1 h and its pH was adjusted to 10.5 by aqueous ammonia (25 wt.%). Additional stirring was conducted for 2 h before the solid was filtered. Finally, the obtained solid was dried at 90 °C overnight and reduced at 400 °C for 2 h in 5 % H 2 /He at a flow rate of 50 mL(STP)/min.

Catalytic apparatus

The high-pressure catalytic reactions were mainly carried out in Parr 5000 Multiple

Reactor System ( The key specifications of each type of reactor were summarized in Table 4.3. 

General procedure of the catalytic reactions

In a typical isomerization reaction, 1 g isomannide, isosorbide or isoidide, 0.05 g Ru/C catalyst (5 wt.%) and 15 mL solvent were added into the reactor. The reactor was then sealed, flushed 3 times with H 2 and sealed under the target H 2 pressure. The reactor was heated to target temperature under constant stirring. After the reaction, the reactor was cooled down to room temperature using an ice-water mixture and the internal pressure was released.

In a typical amination reaction with aqueous ammonia, 1 g isomannide, isosorbide or isoidide, 0.2 g catalyst and 15 mL aqueous NH 3 solution (25 wt.%) were added into the reactor. The reactor was then sealed, flushed 3 times with H 2 and sealed under the target H 2 pressure. The reactor was heated to target temperature under constant stirring.

After the reaction, the reactor was cooled down to room temperature using an ice-water mixture and the internal pressure was released.

In a typical amination reaction with gaseous ammonia, 1 g isomannide, isosorbide

or isoidide, 0.2 g catalyst and 10 mL solvent were added into the reactor. The reactor was then sealed before gaseous NH 3 was condensed into the solvent using an ice bath.

Then the reactor was flushed 3 times with H 2 and sealed under the target H 2 pressure.

The reactor was heated to target temperature under constant stirring. After the reaction, the reactor was cooled down to room temperature using an ice-water mixture and the internal pressure was released.

General procedure of reactions under oxygen-free conditions

Isomannide and isosorbide were distilled using Dean-Stark apparatus in toluene under N 2 to remove the residue H 2 O. The obtained isomannide and isosorbide were kept under vacuum using Schlenk Line before transferred into glovebox.

The used solvents (t-amyl and toluene) were degassed by a standard freeze-pump-thaw process in order to remove the dissolved air. The obtained solvents were kept under vacuum using Schlenk Line before transferred into glovebox.

The reduced catalysts were kept under vacuum using Schlenk Line without exposure to air before transferred into glovebox.

For the reactions under strict oxygen-free conditions, the autoclave was also transferred into the glovebox, assembled and sealed. Then NH 3 or N 2 was charged into the autoclave.

Products identification and quantification

The crude product was filtered (polytetrafluoroethylene, 0.2 μm) to remove the catalyst and then diluted in methanol. The mixture was analyzed by gas chromatography using a Bruker Scion 436 GC equipped with an Agilent HP-5MS column (L = 30 m, Ø = 0.25, e = 0.25 μm), a flame ionization detector (FID) and an auto sampler. The injector temperature and the detector temperature were set to 250 °C. The sample injection volume is 2 μL. H 2 was used as carrier gas at a flow rate of 1 mL(STP) /min. The calibration was performed using n-dodecane as internal standard.

GC method A was used to identify the products in isomerization, oxidation and amination of isohexides and shown in The calibration curves of isohexides on GC using method A was shown in The substrate conversion and product yields were calculated using the following formula:

= 1 - * 100 % (4 -1) = * 100 % (4 -2)
Where n a is the molar amount of reactant after reaction, n 0 is the initial total molar amount of reactant, n p is the molar amount of product after reaction and n t is the theoretical total molar amount of product calculated based on the substrate.

For the reaction using gaseous ammonia, the amount of NH 3 was calculated by the weight of reactor before and after the condensation of NH 3 . Due to the density change after the condensation of NH 3 into water, the substrate conversion was calculated based on its weight percentage. The turnover number (TON) is an important parameter of catalysts that defines the molar number of substrates that one mole of catalyst can convert under defined reaction conditions. TON was calculated based on the yield of target compounds and active Ru sites using the following formula:

= × × × (4 -3)
Where n y is the molar number of generated target products (mol), M Ru is the molar mass of the metal (g/mol), m cat is the weight of catalyst (g), w t is the weight percentage of metal in the catalyst and MD is the metal dispersion.

Thin layer chromatography (TLC) and column chromatography

The separation of IM, IS and II mixtures after isomerization was carried out using TLC with silica gel as stationary phase. A mixture of isopropanol and butyl acetate with volume ratio of 4:6 was used as the mobile phase. Pure isoidide was obtained using column chromatography under the same conditions.

Characterization

Mass spectrometry (MS)

MS is one of the most extensively used analytical techniques for the identification and quantification of reaction products. In this work, MS analysis was used to measure the molecular weight of the possible by-products during isomerization and amination reactions since the product separation of reaction mixture is extremely difficult and most of the standard samples of the products are not commercially available. MS analysis was conducted using a Thermo LC-QExactive mass spectrometry (Source type ESI, scan begin 50 m/z, scan end 1000 m/z and ion polarity positive or negative).

Total organic carbon (TOC) analysis

TOC analysis is used to show the total amount of carbon found in an organic compound and is often used as a non-specific indicator of water quality. In this work, the reaction mixture was characterized by TOC analysis to compare the total carbon balance in water phase, since the characterization of possible non-volatile products in gas phase is not available. The TOC analysis was carried out using a SHIMADZU TOC-L CSH analyzer. The crude samples were diluted by ten thousand times with water before the analysis.

Nuclear magnetic resonance (NMR) spectroscopy

Nuclear magnetic resonance spectroscopy (NMR) is an ideal analytical technique that allows for quantitative analytical investigations into molecular structure, dynamic processes and chemical reactions. Liquid NMR analysis is used to identify the structure of generated products during the reaction. Prior to each analysis, around 15 mg sample was dissolved in 0.8 mL deuterium oxide. The NMR spectra were recorded on a Bruker DP400 spectrometer.

NMR can also be used to measure the H 2 solubility in the solvent. A pressurized NMR tube (524-PV-7, maximum pressure 20 bar) was purchased from Wilmad-Labglass.

The gas pressure was monitored by a digital monometer when charged gas. The topshim of the NMR tube was conducted without rotation before the NMR measurement was recorded on a Bruker DP400 spectrometer (Relaxation time 5 s and scan number 64 in order to keep a good spectrum quality). Dimethyl sulfoxide (DMSO) was used as an internal standard to compare the H 2 concentration during each measurement. The FT-IR spectroscopy is used to detect the functional groups of the sample. The stretching vibration peak of carbonyl groups located around 1700 cm -1 is a characteristic peak in IR with high intensity. Therefore, IR is applied to identify the possible ketone intermediates. In this work, the IR spectroscopy was collected on a Perkin Elmer Spectrum One ATR (attenuated total reflectance) spectrometer at room temperature and atmospheric pressure. Spectra were recorded from 500 to 4,000 cm -1 , and 64 scans were averaged at a resolution of 6 cm -1 .

Thermogravimetric analysis (TGA)

Thermogravimetry is one of the most used thermos-analytical techniques, in which changes in the sample mass under a specified atmosphere is recorded as a function of temperature or time. Change in the weight of sample is a result of thermal stability of a material and quantification of bulk composition. In our experiments, the TGA were performed using a TA SDT Q600 instrument with auto sampler. For each analysis, approximate 15 mg of powdered sample was placed into an aluminum oxide crucible.

The analysis was performed under N 2 at a flow rate of 100 mL(STP)/min with heating from ambient temperature to 800 °C at a ramping rate of 10 °C/min.

Transmission electron microscopy (TEM)

Electron microscopy is a powerful technique to characterize the size, shape, morphology and structure of the materials. The size of the metal nanoparticles were determined using a JEOL 2100 instrument with Filament LaB6 having an acceleration voltage of 200 kV equipped with a Gatan 832 CCD camera. The samples were prepared by dispersing the catalyst powder in ethanol using ultra-sonication. The suspension was dropped onto a carbon film supported by a copper grid followed by the evaporation of the solvent.

Inductively coupled plasma -optical emission spectrometry (ICP-OES)

ICP-OES is a trace-level elemental analysis technique that uses the emission spectra of a sample to identify, and quantify the elements present. The intensity of the emissions from various wavelengths of light is proportional to the concentrations of the elements within the sample. In this work, ICP-OES was used to determine the metal content in the catalysts. The solid samples must be first dissolved into a solution by muti-acid digestion and fusion. An acid mixture of 2 mL HNO 3 (>68%), 5 mL HCl (34-37%), 1 mL HF (47-51%) and 6 mL H 3 BO 3 (40 g/L) was prepared and diluted with ultrapure water to 50 mL. Since HF is required to digest TiO 2 but in the meantime MgF 2 appears as a precipitate, H 3 BO 3 was added to enable the complexation of Mg 2+ . A known amount of catalyst and acid solution were loaded into a sealed Anton-Paar

Multiwave Pro vessel to fully digest the solid samples at 200 °C for 2 h. It was reported that Ru might be a volatile element so that the digestion must be carried out in a sealed vessel in order to avoid any possible evaporation. The analysis was performed using an Agilent ICP-OES 5110 SVDV instrument.

Hydrogen temperature-programmed reduction (H 2 -TPR)

H 2 -TPR is an analytical technique that examines the surface chemistry of materials under varying thermal conditions. It can be used to determine the number of reducible species present on the catalyst surface and reveal the temperature at which the reduction of each species occurs. In this work, H 2 -TPR of each sample was carried out using a Micromeritics AutoChem 2920 instrument equipped with a thermal conductivity detector (TCD) and a cold trap before the detector. Around 120 mg of sample were reduced under a H 2 /Ar (5 vol.%) flow at a flow rate of 50 mL(STP)/min and linear heating from 40 to 900 °C at a ramping rate of 10 °C/min. The H 2 consumption represents the amount of reduced species present in the samples.

Pulse CO chemisorption analysis

The metal dispersion (MD) on the catalyst surface is determined using pulse CO chemisorption. Pulse CO chemisorption was carried out using a Micromeritics AutoChem 2920 instrument using a pure CO flow at a flow rate of 10 mL(STP)/min for 10 times over around 80 mg sample maintained at 50 °C. Prior to chemisorption, the catalyst was reduced under a H 2 /Ar flow (5 vol.%) at a flow rate of 30 mL(STP)/min at 200 °C for 2 h. To calculate metal dispersion, an adsorption stoichiometry of CO/Ru = 1 is assumed. The metal dispersion was calculated using the following equation:

= V × F × × 22414 × 100 % (4 -4)
where MD is the metal dispersion, V g is the volume of chemisorbed gas (mL , STP), F is the CO/Ru stoichiometric factor, M Ru is the molar mass of the metal (g/mol) and m Ru is the weight of metal on the catalyst (g). 

Multicomponent diffusion within a stagnant layer

Diffusion in multicomponent systems of n species may be described by the Maxwell-Stefan (MS) equations [1,2] d i = S

x i J j -x j J i ( )

c t D ij j=1 nå i=1,…n (S1) 
where Đ ij is the Maxwell-Stefan diffusivity between species i and j and has the physical significance of an inverse drag coefficient, c t is the total concentration, and J i and x i refer to the molecular flux and molar fraction of species i, respectively. In eq S1, d i , which can be considered as the driving force, can be expressed as follows

d i º x i RT  T,P  i = x i RT  i (S2)
The subscripts T,P are used to emphasize that the gradient in eq S2,  = ( ¶/ ¶x, ¶/ ¶y, ¶/ ¶z), is to be calculated under constant temperature and pressure conditions.

The driving force, d i , reduces to x i for ideal systems. Also, the sum of the n driving forces vanishes according to the Gibbs-Duhem relationship. The mathematical proofs are provided below where the thermodynamic factors,  ij , are defined by

d i º x i RT  i = x i RT   i,0 + RTln x i ( ) é ë ù û = x i  ln x i ( ) é ë ù û = x i x i x i = x i (S3)
 ij =  ij + x i ¶ln i ¶x i T,P (S6) 
where  i is the activity coefficient of species i in the mixture, and  ij is the delta Dirac function.

Introducing eq S5 into eq S1, the MS equations take the form

S  ij x j j=1 n-1 å = S
x i J j -x j J i ( )

c t D ij j=1 n å i,j=1,…n (S7) 
Assuming that  ii ® 1 and  ij ® 0, eq S7 transforms then into eq S8

x i = S x i J j -x j J i ( ) c t D ij j=1 n å i,j=1,…n (S8) 
From eq S8, the Fick diffusivities can be estimated from the MS diffusivities using the following expression

D ij = D ij  ii » D ij i,j=1,…n (S9) 
Application of Maxwell-Stefan equations to a stagnant layer for a ternary system (H 2 , N 2 , water)

The MS equations can be used to model the gas diffusion of two gases (e.g., H 2 and N 2 ) within a stagnant layer of solvent (e.g., water). The ternary system H 2 (1) -N 2 (2) -water (3) can be modelled as follows: Eqs S10 and S11 transform into the following expressions:

-x 1 = x 2 J 1 -x 1 J 2 ( )

c t D 12 + x 1 J 2 + 1-x 2 ( ) J 1 é ë ù û c t D 13 (S15) -x 2 =
x 1 J 2 -x 2 J 1 ( )

c t D 12 + x 2 J 1 + 1-x 1 ( ) J 2 é ë ù û c t D 23 (S16)
Since we expect to work at much higher concentration of the inert gas, x 2 >> x 1 , we can reasonably assume that x 2 J 1 >> x 1 J 2 . Eqs S15 and S16 can be then simplified as follows: Eq S17 shows that the gradient of H 2 (1) can be expressed as a function of the molar fraction of N 2 (2). If the molar fraction of N 2 increases, then the gradient of H 2 is expected to decrease, meaning that the H 2 concentration approaches that of the bulk solution. Note that, for isosorbide isomerisation, J 1 should not equal the reaction rate, since H 2 is not a reactant.

Besides, the MS diffusivity, Đ 13 , is expected to be a function of the composition of the system. A Vignes-type relation can be proposed for multicomponent systems using MS diffusivities at infinite dilution [4,5] 

Reactor modelling

Using the analysis above, we provide below a modelling of the reactor used in this study (Taiatsu), which was used in the isosorbide isomerisation tests. A scheme of the reactor is provided in Figure S6. The reaction was conducted in water (15 mL) using 1 g of IS, 100 mg of catalyst (5%Ru/C) and 0.1 mol NaOH at 200 °C. The reaction was conducted in the presence of 20 bar H 2 either including N 2 (30 bar) or not. Our purpose is to model the mass transfer of H 2 in the reactor and predict the effect of N 2 on the H 2 concentration. In the analysis below, the reactor has been divided in three zones: (a) G-L contact, (b) bulk reactor, and (c) catalyst surface. We assume that the physical processes in zones (a) and (c) proceed by pure diffusion, whereas the reactor in zone (b) is perfectly stirred (i.e. the concentration is equal in all the points).

Modeling H 2 diffusion within the stagnant layer at the G-L interface [zone (a)]

Mass transfer of H 2 within zone (a) can be described using eq S17 -c t D 13 x 1 (a) = 1-x 2 Assuming that  11 is independent of x 1 (a) and that x 2 (a) (N 2 ) is almost constant and approaching the saturation value (x 2 s ), eq S21 can be integrated as follows (steady-state regime) In eq S24, S BET is the specific surface area of the catalyst (10 m 2 /g) and W is the saturation loading of H 2 (0.5 mmol/g according to the Ru loading on the catalyst and assuming 50% metal dispersion).

By combining eq S23 and eq S24, the following expression can be established Assuming that x 2 (a) (N 2 ) is almost constant and approaching the saturation value (x 2 s ), eq S25 can be integrated as follows 

Time-evolution of the H 2 concentration in the reactor

The H 2 concentration in the reactor can be modeled using a macroscopic mass balance In eq S28, G G-L accounts for the gas-liquid interfacial area and m cat is the amount of catalyst in the reactor. Introducing eq S22 and eq S26 into eq S28, the following expression can be obtained considering that x 1 (a) = x 1 (b) (perfect mixing) where L is the length of the liquid phase in the reactor.

Eq S29 can be simplified as follows Eq S31 was solved numerically using finite differences. Figure S7 plots the time-evolution of the H 2 concentration in the reactor at 20 bar H 2 as a function of the H 2 MS diffusivity estimated using eq S21 both in the absence and presence of 30 bar N 2 , and the value of the specific surface area. The Đ ij , xk®1 diffusivities at infinite dilution were approached to Fick diffusivities and obtained from the literature. [6,7] The calculations are provided below:

Absence of N 2 : The trends plotted in Figure S7 suggest that G-L mass transfer condition the H 2 solubility, especially for bad contactors (i.e. l a > 2.5 mm). The introduction of N 2 is expected to enhance the H 2 solubility by a factor up to 10% by increasing the H 2 diffusivity. If the H 2 adsorption on the catalyst surface is very sensitive to the H 2 concentration, then this change, even if small, could condition the H 2 coverage on Ru. Besides, these calculations point out that, during the reaction time for isosorbide isomerisation (about 1 h), the H 2 concentration in the reactor can be about 10% the saturation value. In a second set of calculations, we considered that, in addition of the H 2 MS diffusivity, the specific surface area can be increased in the presence of N 2 . Indeed, the presence of a second gas at high pressure can decrease the gas-liquid interfacial tension, generating bubbles of smaller size. [8,9] In this view, if we consider that the specific surface area of our reactor increases by a factor of 2, then the H 2 solubility could be remarkably increased as depicted in Figure S8. Accordingly, we can set a hypothesis that the second gas at high pressure can promote the H 2 solubility by increasing the H 2 diffusivity and the G-L surface area. To confirm the hypothesis, it would be interesting to measure the G-L mass transfer coefficient for H 2 and H 2 -N 2 at different pressures.

Figure S8

. Time-evolution of the H 2 concentration in the reactor expressed as ratio between the molar fraction and saturation molar fraction of H 2 , computed both in the absence (blue curve) and presence of N 2 (red curve) by including the effect of N 2 on the H 2 MS diffusivity and on the specific surface area due to the formation of bubbles. Data for calculations: V = 15 mL, L = 3 cm, a G-L = 66 m 2 .m -3 , l a = 100 m, K = 10 -2 m 3 /mol, W = 5x10 -4 mol Ru /g cat , m cat = 100 mg, S BET = 10 m 2 /g, l c = 1 m, x 2 s = 6x10 -3 .

In the present work, the catalytic isomerization, amination, oxidation and reductive amination of isohexide ketones was investigated to understand the pathway of isohexides transformation.

Concerning the isomerization of isohexides, an equilibrium mixture containing approximately 59% isoidide, 35% isosorbide and 6% isomannide was obtained by the isomerization of three different isomers as substrate over carbon supported ruthenium catalyst under H 2 . The total carbon balance was affected by the starting pH, where a weak basic condition (pH=10) is required. The by-products consisted mainly of volatile compounds generated from the acid-catalyzed hydrogenolysis or hydrodeoxygenation of isohexides. Supported by the hydrogenation of as-prepared isohexide ketone intermediates, we found that the dehydrogenation step in isomerization needs to be initiated at high temperatures (100-200 °C). The isomerization rate was highly H 2 pressure-dependent where H 2 is dissolved in the solvent to generate metal hydrides on the catalyst surface. A promotion effect of inert gases (N 2 , He and Ar) on the reaction was observed, which was attributed to a higher H 2 concentration in the solvent as confirmed by 1 H NMR. The addition of inert gas enhanced mass transfer rate of H 2 from the gas to the liquid phase by decreasing the gas-liquid interfacial tension. This observation suggests that changes in the H 2 concentration in the solvent, even if moderate, can induce important changes on the reaction rate for isohexide isomerization. The Isomerization of isohexides was also performed using isopropanol as H-transfer agent. At optimized conditions, water/isopropanol mixtures combined with an inert was afforded high activity in the isomerization of isohexides with excellent carbon balance without adding exogenous H 2 . To further investigate the reaction mechanism, more advanced in situ techniques (e.g., NMR, XPS, DRIFTS) are necessary to monitor the transient reaction and detect possible active species on Ru/C.

In the direct amination of isohexides with NH 3 over Ru-based heterogeneous catalysts, only endo-OH groups were found to be reactive. By extending reaction time of isomannide amination, considerable amount of isohexide diamines could be obtained together with a huge carbon loss. The by-products were the tricyclic amine and its hydrolysis and hydrodeoxygenation products, as determined by MS. In addition, the relationship between isomerization and amination was investigated. NH 3 and the generated amino alcohols show strong competitive adsorption with H 2 on the catalyst surface, resulting in a strong suppression on isohexide isomerization. NH 3 could help maintaining the total carbon balance by competing with side-reactions under H 2 . The H 2 pressure also promoted the reaction rate, since rehydrogenation of imine intermediates
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 1 Figure 1 Transformation of biomass to isosorbide-based chemicals
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 1213 Scheme 1.2 Proposed mechanism for the isomerization of D-sorbitol to D-mannitol.
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 12 Figure 1.2 Structure of lignocellulose. (Figure from reference [41])
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 13 Figure 1.3 C5 platform chemicals derived from hemicellulose.
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 14 Figure 1.4 C6 platform chemical derived from lignocellulosic biomass.
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 15 Figure 1.5 Major reaction pathways and main products of sorbitol transformation.

Figure 1 . 6

 16 Figure 1.6 Stereostructures of isomannide, isosorbide and isoidide.
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 17 Figure 1.7 Examples of isosorbide derivatives.
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 15 Scheme 1.5 (a) Synthesis of aliphatic polyesters from isosorbide with aliphatic dicarboxylic acid chlorides. (b) Synthesis of poly(isosorbide terephthalate) (PIT)
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 110 Scheme 1.10 Borrowing hydrogen mechanism for the isomerization of isohexides.

Scheme 1 . 11

 111 Scheme 1.11 Proposed dehydration/rehydration mechanism for the isomerization of isohexides.

  [157] Rose et al. came up with a new mechanism where a heterolytic cleavage of the α-C-H bond results in the formation of a carbenium ion and a surface hydride (Scheme 1.13). The carbenium ion rotates along the C-OH bond, thus inversing the chiral center, before being hydrogenated back. A similar isomerization pattern was proposed for dimethyl isosorbide (DMI) after cleavage of one ether bond and further isomerization of the residual OH group. Potential isomerization of methyl ether groups was not ruled out,
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 113 Scheme 1.13 Direct hydride abstraction and re-addition mechanism for isomerization proposed by Rose et al. (Scheme from reference [151])

  ditosyl-isomannide by substitution of the H in the hydroxyl group with a good leaving group tosylate (abbreviated as Ts or Tos) (Scheme 1.16

  Scheme 1.22 Possible products from the direct amination of isohexides with NH 3 over Ru/C. (Scheme from reference [174])
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 1819 Figure 1.8 Product distribution in the amination of IM and IS with NH 3 over Ru/C. Reaction conditions: 1 g substrate, 5 g aqueous NH 3 (25 wt.%), 0.277 g Ru/C (5 wt.%), 10 bar H 2 , 170 °C, 24 h. (Figure from reference [174])

Figure 2 . 1 .

 21 Despite the mass loss, a product distribution containing 59% isoidide, 35% isosorbide and 6% isomannide starting from isosorbide at 160 °C under 15 bar H 2 is obtained after 4 h. By increasing the H 2 pressure to 30 bar and the reaction temperature to 200 °C, the same product distribution is achieved after 35 min showing a faster isomerization kinetic. Further extension of the reaction time to 2 h does not alter the product distribution, pointing out a reversible thermodynamic equilibrium. In both cases, the carbon balance (CB) shows a linear decline with the reaction time.

Figure 2 . 1 (

 21 Figure 2.1 (Top) Carbon balance, (middle) yield and (bottom) ratio of isomers upon isomerization of isosorbide. Reaction conditions: 1 g isosorbide, 15 mL H 2 O, 0.05 g Ru/C (5 wt.%), (a) 15 bar H 2 , 160 °C, (b) 30 bar H 2 , 200 °C.

Figure 2 . 2 (

 22 Figure 2.2 (Top) Carbon balance, (middle) yield and (bottom) ratio of isomers upon isomerization of isomannide. Reaction conditions: 1 g isomannide, 15 mL H 2 O, 0.05 g Ru/C (5 wt.%), (a) 15 bar H 2 , 160 °C, (b) 30 bar H 2 , 200 °C.

Figure 2 . 3 (

 23 Figure 2.3 (Top) Carbon balance, (middle) yield and (bottom) ratio of isomers upon isomerization of isoidide. Reaction conditions: 1 g isoidide, 15 mL H 2 O, 0.05 g Ru/C (5 wt.%), 30 bar H 2 , 200 °C.

  2 at temperatures from 120 to 200 °C is shown in Figure 2.4. The isosorbide conversion increases with the temperature from 120 to 180 °C. Equilibrium is reached after 1 h of reaction at 180 and 200 °C. As mentioned above, alcohol dehydrogenation can be regarded as rate-determining step, whereas hydrogenation of isohexide ketones is thermodynamically favored. Therefore, ketone intermediates can be hardly detected as bulk products during the reaction. However, a trace amount of endo-OH monoketone is still detected by GC in the reaction mixture. This observation indicates that a borrowing hydrogen mechanism contributes to the isomerization of isohexides.

Figure 2 . 4

 24 Figure 2.4 Product distribution and mass loss at different temperatures. Reaction conditions: 1 g isosorbide, 15 mL H 2 O, 0.05 g Ru/C (5 wt.%), 31 bar H 2 , 1 h.

Figure 2 . 5

 25 Figure 2.5 Product distribution and mass loss under different H 2 pressures. Reaction conditions: 1 g isosorbide, 15 mL H 2 O, 0.05 g Ru/C (5 wt.%), 200 °C, 1 h.

Figure 2 . 6

 26 Figure 2.6 (a) Schematic description of the used autoclaves with different liquid volume fraction. (b) Product distribution and mass loss obtained from (a). Reaction conditions for Entry 1: 1 g isosorbide, 15 mL H 2 O, pH=10, 0.05 g Ru/C, 6 bar H 2 , 200 °C, 2 h. Entry 2: 4 g isosorbide, 60 mL H 2 O, 0.2 g Ru/C. Other conditions as in entry 1. Entry 3: 0.1 g isosorbide, 1.5 mL H 2 O, 0.005 g Ru/C. Other conditions as in entry 1.

Figure 2 . 7

 27 Figure 2.7 Product distribution and mass loss using Ru/C reduced by different methods. Reaction conditions for Ru/C, freshly red-Ru/C and Ru/C in glovebox: 1 g isosorbide, 15 mL H 2 O, 0.05 g Ru/C (5 wt.%), 1 bar N 2 , 200 °C, 1 h. Isomerization using Ru/C stored in glovebox is carried out in t-amyl alcohol instead of H 2 O.

Figure 2 . 9

 29 Figure 2.9 plots the kinetic profiles for isomannide oxidation. Full isomannide conversion to the diketone is observed after 72 h. The pH of the mixture becomes strongly acidic after the reaction, suggesting the formation of organic acid and possible acid-catalyzed isohexide hydrolysis. As shown in Figure 2.10, several by-products were identified in the reaction mixture after 72 h by MS in negative mode. The peak at m/z=75 can be attributed to propylene glycol, glycolic acid or peracetic acid, whereas the peak at m/z=83 is likely ascribed to 3(2H)-furanone. The peaks at m/z=101, m/z=141, m/z=145 and m/z=163 can be attributed to pentanoic acid and its isomers or tetrahydrofurfuryl alcohol, isohexide diketone, adipic acid, and mannitan, respectively. All the by-products result from C-C and C-O bond cleavage under reaction conditions.
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 28 Figure 2.8 Substrate conversion and product yield during the oxidation of IM over Pt-Bi/C catalyst. Reaction conditions: 1g isomannide, 15mL H 2 O, 0.2g Pt-Bi/C, 80 mL(STP)/min air flow, 18 h.
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 29 Figure 2.9 Kinetic profiles of IM oxidation. Reaction conditions: 1 g IM, 15 mL H 2 O, 0.2 g Pt-Bi/C, 100 mL(STP)/min airflow, 60 °C.
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 210 Figure 2.10 Mass spectra of the reaction mixture obtained from IM oxidation after 72 h. Reaction conditions as in Figure 9.

Figure 2 .

 2 Figure 2.11 (a) Hydrogenation of exo-OH monoketone and isosorbide mixture. Reaction conditions: 1 g mixture, 15 mL H 2 O, 0.05 g Ru/C (5 wt.%), 10 bar H 2 , 100 °C, 1 h. (b) Hydrogenation of isohexide diketone. Reaction conditions: 1 g diketone, 15 mL H 2 O, 0.05 g Ru/C (5 wt.%), 50 mL(STP)/min H 2 flow, 25 °C, 10 min.

  by adding certain amounts of an aqueous NaOH solution (0.5 M) (Figure 2.12). The carbon balance increases by rising pH in the range of 7-10 and keeps almost unchanged at 97% after adding 40 μL of solution (pH 10). Besides, a pH drop of 2-3 is observed after each reaction indicating that acidic intermediates/ by-products are generated during the reaction.
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 212 Figure 2.12 Product distribution and mass loss using different amounts of NaOH solution. Reaction conditions: 1 g isosorbide, 15 mL H 2 O, 0.5 mol/L NaOH, 0.05 g Ru/C (5 wt.%), 30 bar H 2 , 200 °C, 1 h.

Figure 2 . 13

 213 Figure 2.13 Product distribution and mass loss under different H 2 pressures. Reaction conditions: 1 g isosorbide, 15 mL H 2 O, pH=10, 0.05 g Ru/C (5 wt.%), 200 °C, 1 h.
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 214 the starting pH of an aqueous solution containing 5 g isosorbide was around 2. Although diols are weakly acidic due to the hydroxyl groups, such acidity is more likely originated from the acid used in the production of D-sorbitol by dehydration. By adding more than 700 μL of NaOH solution, the isosorbide conversion starts to decrease. We assume that this inhibition effect is due to the excessive Na + ions that poison Ru/C catalyst, which was further confirmed by adding the same moles of NaCl. In conclusion, a high carbon mass balance can be maintained by adjusting the pH of the starting solution to 10. Meanwhile, possible deactivation of Ru/C catalyst caused by a large amount of Na + ions in the mixture should be avoided.

Figure 2 .

 2 Figure 2.14 (a) Product distribution using different amounts of NaOH solution. Reaction conditions: 5 g isosorbide, 15 mL H 2 O, 0.5 mol/L NaOH, 0.1 g Ru/C, 20 bar H 2 , 200 °C, 1 h. (b) Product distribution using 0.5 mol/L NaCl solution instead of NaOH solution. Other conditions as in (a).

2 . 16 .

 216 MS was used to characterize the reaction mixture after isomerization at different conditions (Figure 2.15). The mass loss after isomerization at pH 7 increases with the reaction time and is promoted by the temperature and H 2 pressure. The MS profiles after each reaction are given in Figure Pure isosorbide shows an adduct formation of M+Na peak, whereas the MS profiles after isomerization show three identical small peaks at 141, 155 and 157 m/z that are attributed to the hydrodeoxygenation product of isohexides (Scheme 2.
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 21523 Figure 2.15 Product distribution and mass loss under different conditions after given time. Reaction conditions: 1 g isosorbide, 15 mL H 2 O, 0.05 g Ru/C, (a) pH=7, 15 bar H 2 , 160 °C, (b) pH=7, 30 bar H 2 , 200 °C and (c) pH=10, 30 bar H 2 , 200 °C.

Figure 2 .

 2 Figure 2.16 MS spectra of pure isosorbide and reaction mixtures obtained from Figure 2.15.

Figure 2 .

 2 Figure 2.17 TEM images of fresh Ru/C and spent Ru/C after isomerization under different conditions.
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 218 Figure 2.18 Recycling of Ru/C catalyst in isomerization of IS. Reaction conditions: 1 g IS, 15 mL H 2 O, pH=10, 0.05 g Ru/C, 30 bar H 2 , 200 °C, 1 h.

First, we studied

  the effect of temperature on the H 2 concentration in D 2 O. As shown in Figure 2.

Figure 2 .

 2 Figure 2.19 NMR spectra of dissolved H 2 in D 2 O as a function of temperature using DMSO as internal standard.

Figure 2 .

 2 Figure 2.20 (a) NMR spectra of dissolved H 2 in D 2 O at 20 °C as a function of stirring time. (b) H 2 solubility at 20 °C as a function of stirring time.

Figure 2 .

 2 Figure 2.21 (a) NMR spectra of H 2 solubility in D 2 O at 20 °C under 2.02 bar H 2 in the absence of N 2 after 20 min. (b) NMR spectra of H 2 solubility in D 2 O at 20 °C under 2.18 bar H 2 and 17.11 bar N 2 after 20 min.

Figure 2 .

 2 Figure 2.22 (a) NMR spectra of H 2 solubility in D 2 O at 50 °C under 5.13 bar H 2 in the absence of N 2 recorded as a function of time. (b) NMR spectra of H 2 solubility in D 2 O at 50 °C under 5.13 bar H 2 and 17.11 bar N 2 recorded as a function of time.

Figure 2 . 23

 223 Figure 2.23 Effect of N 2 on the relative H 2 concentration measured by 1 H NMR using DMSO as internal standard.

Figure 2 . 24

 224 Figure 2.24 Product distribution and mass loss in different solvents. Reaction conditions (with solvent): 1 g isosorbide, 15 mL solvent, 0.05 g Ru/C (5 wt.%), 30 bar H 2 , 200 °C, 2 h. Reaction conditions (solvent free): 15 g IS, 0.4 g Ru/C (5 wt.%), 30 bar H 2 , 200 °C, 2 h.

Figure 2 .

 2 Figure 2.27 1 H-NMR spectra of pure isosorbide.

Scheme 3 . 1

 31 Scheme 3.1 Possible products from the direct amination of isohexides with NH 3 .

Figure 3 . 1

 31 Figure 3.1 Kinetic profiles for direct amination of: (a) isosorbide, (b) isomannide and (c) isoidide with NH 3 . Reaction conditions: 1 g substrate, 15 mL NH 3 H 2 O (25 wt.%), 0.2 g Ru/C (5 wt.%), 10 bar H 2 , 180 °C.

Figure 3 . 2

 32 Figure 3.2 Catalyst screening for reductive amination of ketone mixtures. Reaction conditions: 1 g ketone mixture, 15 mL NH 3 H 2 O (25 wt.%), 0.2 g catalyst, 10 bar H 2 , 100 °C, 12 h.

  Since the mass loss in direct amination increases with the reaction time, isomannide amination after 12 h, 72 h and 168 h were selected as examples and the reaction mixtures were analyzed by MS to detect any possible by-product. Pure isomannide shows IM+Na (169 m/z) and 2IM+2Na+2H (340 m/z) peaks (Figure 3.3a). Other peaks (210, 279, 301, 329, 337, 356, 378, 467 and 541 m/z) are attributed to contaminations derived from the MS instrument compared to blank tests. Amino alcohols located at 146 m/z (+H) and unreacted isomannide located at 169 m/z (+Na) are observed in the reaction mixture after 12 h amination (Figure 3.3b). Despite the contamination peaks, no product is detected above 200 m/z, indicating no condensation of any product and a good carbon balance. A higher amino alcohols (146 m/z) to isomannide (169 m/z) ratio is observed in the reaction mixture after 72 h (Figure 3.3c) compared to 12 h, indicating a higher isomannide conversion. The peaks above 200 m/z attributed to contamination appears to be larger due to the smaller intensity scale (10 5 ) used. Two obvious peaks at 100 (+H) and 116 (+H) m/z are observed in the reaction mixture which could be potential by-products corresponding to the worse carbon balance. In isomannide amination after 168 h (Figure 3.3d), isohexide diamines become the main products and are observed at 145 (+H) m/z. More by-products located at 86 (+H), 131 (+H) and 185 (+H) m/z are present as well as peaks at 100 (+H) and 116 (+H) m/z. Standard amino isosorbide AS2 and diamino isosorbide DAS samples were also analyzed by MS showing no fragment peaks.

Figure 3 . 3

 33 Figure 3.3 Mass spectra of (a) pure isomannide and the reaction mixture obtained from isomannide amination after (b) 18 h, (c) 72 h and (d) 168 h. Reaction conditions: 1 g isomannide, 15 mL NH 3 H 2 O (25 wt.%), 0.2 g Ru/C (5 wt.%), 10 bar H 2 , 180 °C.
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 3233 Scheme 3.2 Structure of 2,5-imino-1,4:3,6-dianhydro-2,5-dideoxy-D-mannitol (two H atoms pointing the opposite direction to N on C3 and C4 are omitted for clarity).

Figure 3 . 4

 34 Figure 3.4 Product distribution and mass loss in the absence or presence of NH 3 . Reaction conditions: 1 g isomannide, 15 mL solvent, 0.05 g Ru/C (5 wt.%), 30 bar H 2 , 200 °C, 2 h. *Ru/C pretreated in pure gaseous NH 3 for 10 min as catalyst.

Figure 3 . 5

 35 Figure 3.5 (a) Product distribution and mass loss of isosorbide isomerization (a) in the absence and (b) in the presence of AS2. Reaction conditions: 1 g isosorbide and 0.15 g AS2 if needed, 15 mL H 2 O, 0.05 g Ru/C (5 wt.%), 30 bar H 2 , 200 °C, 18 min.

Figure 3 . 6

 36 Figure 3.6 Product distribution of isomannide amination (a) in the absence and (b) in the presence of AS2. Reaction conditions: 1 g isomannide and 0.15 g AS2 if needed, 15 mL NH 3 H 2 O (25 wt.%), 0.2 g Ru/C (5 wt.%), 10 bar H 2 , 180 °C, 18 h.

Figure 3 . 7

 37 Figure 3.7 TGA and TDA curves of (a) fresh Ru/C, (b) spent Ru/C and (c) isomannide-containing Ru/C.

Figure 3 . 8

 38 Figure 3.8 (a) Product distribution and substrate conversion using different amount of NH 3 . Reaction conditions: 1 g isomannide, 15 mL solvent, 0.2 g Ru/C (5 wt.%), 10 bar H 2 , 180 °C, 18 h. (b) Calculated yield ratio of amino alcohols to diamines based on Figure (a).

Figure 3 . 9

 39 Figure 3.9 Product distribution in consecutive isomerization and amination tests. Step A reaction conditions: 15 mL reaction mixture, 0.05 g Ru/C (5 wt.%), 30 bar H 2 , 200 °C, 2 h. Step B reaction conditions: 15 mL reaction mixture, 9 g NH3, 0.2 g Ru/C (5 wt.%), 10 bar H 2 , 180 °C, 18 h.

by-products are shown in Scheme 3 . 4 .Scheme 3 . 4

 3434 Scheme 3.4 Possible by-products in the amination of ethylene glycol to ethylenediamine.

  tributylamine (TBA) due to condensation of BA is observed under N 2 , indicating a clean blank reaction (Entry 6). When the reaction is performed under 10 bar H 2 (Entry 7), traces of target amines (amino isosorbide AS1 and AS2) are obtained, pointing out that only endo-OH groups are active. Running the reaction at identical conditions, but without Ru/C (Entry 8), condensation of BA occurs, as side-reactions are observed leading to high isosorbide conversion. By increasing the H 2 pressure (Entry 9) or switching to benzylamine (Entry 10) or dibutyl amine (Entry 11) as reactant did not yield isohexide amines, side-reactions playing a dominant role. Phthalimide can act as a Interestingly, isosorbide with endo-OH and exo-OH groups can be converted into tricyclic amine after amination over Ru/C indicating a totally different reaction mechanism compared to S N 2. Overall, isohexide amination with amines over Ru/C leads to uncontrollable side-reactions. Condensation, cycloamination or hydrogenation of isohexide amines over Ru decreases the selectivity towards amination.
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 31036 Figure 3.10 Mass spectra of the reaction mixture obtained from isomannide amination under 31 bar H 2 . Reaction conditions: 1 g isomannide, 15 mL NH 3 H 2 O (25 wt.%), 0.2 g Ru/C (5 wt.%), 31 bar H 2 , 180 °C, 18 h.
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 311 Figure 3.11 Product distribution and substrate conversion under different H 2 pressure. Reaction conditions: 1 g isomannide, 15 mL NH 3 H 2 O (25 wt.%), 0.2 g Ru/C (5 wt.%), 180 °C, 18 h.
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 31237 Figure 3.12 Mass spectra of the reaction mixture obtained from isomannide amination under 31 bar H 2 . Reaction conditions: 1 g isomannide, 15 mL NH 3 H 2 O (25 wt.%), 0.2 g Ru/C (5 wt.%), 31 bar H 2 , 180 °C, 18 h.
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 313 Figure 3.13 Product distribution and substrate conversion under (a) 5 bar and (b) 10 bar H 2 . Reaction conditions: 15 mL NH 3 H 2 O (25 wt.%), 0.2 g Ru/C catalyst, 180 °C, 18 h.

Figure 3 .

 3 Figure 3.11 by reducing concomitantly the substrate and catalyst loading (Figure

Figure 3 . 14

 314 Figure 3.14 Product distribution and substrate conversion using (a) 0.2 g and (b) 0.1 g Ru/C catalyst. Reaction conditions: 0.5 g isomannide, 15 mL NH 3 H 2 O (25 wt.%), 180 °C, 18 h.

  1 g H 2 O and 3.4 g NH 3 . Therefore, in gas NH 3 -charged amination reactions, water was adjusted to 10 mL to keep the same filling rate after NH 3 dissolution. A 25 wt.% aqueous NH 3 solution was prepared using the same protocol to dissolve NH 3 in water. As shown in Figure 3.16, a similar catalytic performance for isomannide amination was observed in commercial and as-prepared aqueous NH 3 solution. However, a mass loss and a decrease in the yield of amines was observed by changing the concentration and volume with different amount of H 2 O and gaseous NH 3 due to competitive reactions.

Figure 3 .

 3 Figure 3.15 (a) Product distribution and substrate conversion using different amount of Ru/C catalyst. Reaction conditions: 1 g isomannide, 15 mL NH 3 H 2 O (25 wt.%), 10 bar H 2 , 180 °C, 18 h. (b) Product distribution and substrate conversion using 0.6 g Ru/C catalyst. Reaction conditions: 1 g isomannide, 10 mL H 2 O, 10.1 g NH 3 , 10 bar H 2 , 180 °C, 18 h.

Figure 3 . 16

 316 Figure 3.16 Product distribution and substrate conversion in commercial and prepared NH 3 H 2 O (25 wt.%). Reaction conditions: 1 g isomannide, 15 mL NH 3 H 2 O (25 wt.%), 0.2 g Ru/C (5 wt.%), 10 bar H 2 , 180 °C, 18 h. Product distribution and substrate conversion in H 2 O followed by dissolution of NH 3 . Reaction conditions: 1 g isomannide, 0.2 g Ru/C (5 wt.%), 10 bar H 2 , 180 °C, 18 h.

Figure 3 . 17

 317 Figure 3.17 Product distribution and substrate conversion in different solvents. Reaction conditions: 1 g isomannide, 15 mL solvent, 0.2 g Ru/C (5 wt.%), 10 bar H 2 , 180 °C, 18 h.
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 318 Figure 3.18 Product distribution and substrate conversion using homogeneous catalyst. Reaction conditions: 1 mmol isosorbide, 2 mL t-amyl alcohol, 0.3 g NH 3 , 0.06 mmol Ru(CO)ClH(PPh 3 ) 3 , 0.06 mmol Xantphos, 170 °C, 20 h.
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 319 Figure 3.19 Product distribution and substrate conversion using (a) Ru/C and (b) RuCl 3 in the presence of Xantphos. Reaction conditions for (a): 1 g isomannide, 15 mL t-amyl, 3.5 g NH 3 , 0.2 g Ru/C (5 wt.%), 10 bar H 2 , 180 °C, 18 h. Reaction conditions for (b): 1 g isomannide, 15 mL mixed solvent (volume ratio 1:1), 20 mg RuCl 3 , 57mg Xantphos (molar ratio 1:1 based on Ru), 5.4 g NH 3 , 10 bar H 2 , 180 °C, 18 h.

  Both homogeneous and heterogeneous Ru-based catalysts can catalyze the amination of isohexides. Besides, other hydrogenation catalysts like Pt/C, Pt-Bi/C and Pd/C were tested for isomannide amination with NH 3 . As shown in Figure 3.21, Pt/C (5 wt.%) and Pd/C (5 wt.%) are totally inactive. Note also that Pt/C and Pd/C also inactive in isohexide isomerization, mostly likely because they cannot catalyze the dehydrogenation. Pt(5 wt.%)-Bi(1.5 wt.%)/C is a well-known oxidation catalyst in the presence of O 2 , where the catalytic cycle is accomplished by oxygen transfer between

Figure 3 . 20

 320 Figure 3.20 Product distribution and substrate conversion in the absence and presence of TPPTS. Reaction conditions: 1 g isomannide, 15 mL NH 3 H 2 O (25 wt.%), 0.2 g Ru/C, 0.1 g TPPTS if needed, 10 bar H 2 , 180 °C, 18 h.

Figure 3 . 21

 321 Figure 3.21 Product distribution and substrate conversion using different catalysts. Reaction conditions: 1 g isomannide, 15 mL NH 3 H 2 O (25 wt.%), 0.2 g catalyst, 10 bar H 2 , 180 °C, 18 h.

Figure 3 . 22

 322 Figure 3.22 Product distribution and substrate conversion using different catalysts. Reaction conditions: 1 g isomannide, 15 mL NH 3 H 2 O (25 wt.%), 0.2 g catalyst, 10 bar H 2 , 180 °C, 18 h.

  poor reactivity in direct amination is observed over Ni 6 AlO x , Ni 3 Co 3 AlO x , and Ni 3 Fe 3 AlO x , and slightly higher amine yields are obtained over Ni 3 Cu 3 AlO x .

Figure 3 . 23

 323 Figure 3.23 Product distribution and substrate conversion using different catalysts. Reaction conditions: 1 g isomannide, 15 mL NH 3 H 2 O (25 wt.%), 0.2 g catalyst, 10 bar H 2 , 180 °C, 18 h.

Figure 3 .

 3 Figure 3.24 H 2 -TPR profiles of (a) TiO 2 , (b) MgO20/TiO 2 , (c) Ru/TiO 2 , (d) Ru-MgO10/TiO 2 , (e) Ru-MgO20/TiO 2 and (f) Ru-MgO30/TiO 2 catalyst precursors before reduction.

Figure 3 . 25

 325 Figure 3.25 Product distribution and substrate conversion using Ru-MgO/TiO 2 catalysts. Reaction conditions: 1 g isomannide, 15 mL NH 3 H 2 O (25 wt.%), 0.2 g catalyst, 5 bar H 2 , 180 °C, 18 h.

Figure 4 .

 4 1a). Parr 4700 reactor (Figure 4.1b) and Parr 5500 reactor (Figure 4.1c) were also applied in certain cases. All reactors were equipped with a temperature-control system.

Figure 4 . 1

 41 Figure 4.1 Images of (a) Parr 5000, (b) Parr 4700 and (c) Parr 5500 reactor. (Figures from www.parrinst.com)

Figure 4 .

 4 2a. The retention time of IM, IS and II are 7.8, 8.6 and 9.5 min, respectively. The retention time of isohexide diketone, endo-OH monoketone and exo-OH monoketone are 7.3, 8.0 and 8.6 min, respectively. The retention time of AM1, AM2, DAM, DAS, DAI, AS1, and AS2 are 8.4, 8.5, 8.7, 8.9, 9.0, 9.1 and 9.2 min, respectively. GC methods B (Figure 4.2b) were used to quantify the ratio of IS and exo-OH monoketone since their retention time using method A are the same. The retention time of IS and exo-OH monoketone are 19.9 and 20.3 min, respectively.

Figure 4 . 2

 42 Figure 4.2 GC methods (a) A and (b) B used for the analysis of product mixtures.

Figure 4 . 3 .

 43 The correction factors of isohexide amines were reported to be identical with isosorbide by our partners in E2P2L (Eco-Efficient Product Process Laboratory, UMI 3464 CNRS-Solvay, Shanghai, China).

Figure 4 . 3

 43 Figure 4.3 Calibration curves of isohexides on GC using method A.

H 2 /

 2 DMSO value was calculated using the division of H 2 (signal/noise) by DMSO (signal/noise).

Figure 4 . 4

 44 Figure 4.4 Image of used pressurized NMR tube. (Figure from www.wilmad-labglass.com)

Figure S3. 1 H

 1 Figure S3. 1 H-NMR of isoidide in D 2 O.

Figure S4. 1 H

 1 Figure S4. 1 H-NMR of isosorbide after isomerization in D 2 O under H 2 .

Figure S5. 1 H

 1 Figure S5. 1 H-NMR of isosorbide after isomerization in IPA-OD under He.

  can be related to the composition of the different species as follows

Figure S6 .

 S6 Figure S6. Left, scheme of the reactor used in this study; right, stagnant layer in the reactor, defining zones (a), (b) and (c).

  at T= 200 °C, p H2 = 20 bar)

  within the stagnant layer on the catalyst surface [zone (c)]Mass transfer of H 2 within zone (c) can also be described using eq S18 (saturation at T= 200 °C, p H2 = 20 bar) A non-steady state mass balance can be established with the catalyst surface accounting for H 2 adsorption (linear regime)

  exp -Ft ( ) S BET m cat = V dx 1 (b) dt (S29)where a G-L is the specific surface area [m 2 .m-3 ]. For the Taiatsu reactor, aG-L can be computed as follows:

2 = 1 .

 21 80x10 -9 m 2 / s

Figure S7 .

 S7 Figure S7. Time-evolution of the H 2 concentration in the reactor expressed as ratio between the molar fraction and saturation molar fraction of H 2 , computed both in the absence (blue curve) and presence of N 2 (red curve) by including the effect of N 2 on the H 2 MS diffusivity. Data for calculations: V = 15 mL, L = 3 cm, a G-L = 33 m 2 .m -3 , l a = 100 m, K = 10 -2 m 3 /mol, W = 5x10 -4 mol Ru /g cat , m cat = 100 mg, S BET = 10 m 2 /g, l c = 1 m, x 2 s = 6x10 -3 .

  

  

  

  

  

  

  

  

  

  

  

  Dans cette thèse, nous avons d'abord étudié l'isomérisation des isohexides en présence de catalyseurs hétérogènes. Un catalyseur Ru/C commercial a été utilisé et la réaction est fortement dépendante de la pression en H 2 en raison de la génération

	considérablement	les	performances	catalytiques.	L'hydrogénolyse	et

d'hydrures à la surface du métal. Un effet promoteur des gaz inertes a été observé sur la réaction en raison d'une concentration plus élevée en H 2 dans le solvant, soulignant une forte sensibilité du mécanisme catalytique à la présence d'hydrures. De plus, l'isomérisation des isohexides peut être réalisée en utilisant de l'isopropanol comme agent de transfert d'hydrogène en présence d'un gaz inerte sans ajout d'H 2 . Ensuite, l'amination directe des isohexides par NH 3 a été étudiée en présence de Ru/C, et il a été démontré que le rapport de pression NH 3 : H 2 influence l'hydrodésoxygénation des isohexides diamines sont identifiées comme les principales réactions secondaires. Afin d'augmenter l'activité et la sélectivité du catalyseur, un catalyseur bimétallique RuM/C et un catalyseur Ru/TiO 2 activé par MgO ont été préparés. Ce dernier catalyseur présente un « turn over number » plus élevé que le catalyseur Ru/C commercial. Keywords: Biomasse, Isohexide, Ruthénium, Isomérisation, Amination directe

Table 1 .

 1 

						Yield (%)	
	Substrate	Catalyst	T (°C)	p(H 2 ) (bar)	t (h)	Sorbitol	Mannitol	Ref
	MCC	2.5 wt.% Pt/Al 2 O 3	190	50	24	26	5	[67]
	MCC	2.5 wt.% Ru/HUSY	190	50	24	25 in total	[67]
	MCC	4 wt.% Ru/C	245	60	0.5	39 in total	[63]
	MCC	17 wt.% Ni-1 wt.% Pt/HZSM-5	240	40	4	77 in total	[68]
	IMCC	5 wt.% Ru/C	150	50	1	94 in total	[64]
	BMC	2 wt.% Pt/carbon black	190	50	24	65 in total	[69]
	BMC	0.4 wt.% Ru/CNT	205	50	5	61	13	[70]
	BMC	5 wt.% Ru/C, PO 4 3-/ZrO 2	190	60	2.5	81 in total	[71]
	BMC	3 wt.% Ru/SiO 2 -SO 3 H	150	40	10	61	6.9	[72]
	BMC	40 wt.% Ni/HZSM-5	240	40	4	58.2 in total	[73]
	BMC	10 wt.% Ni-2.6 wt%P/C	230	50	0.7	62	4.5	[74]
	Cellobiose	0.4 wt.% Ru/CNT	185	50	3	88	4	[75]
	Cellobiose	4 wt.% Ru/Al-MCM-48	180	50	0.1	82	8	[76]
	Cellobiose	1 wt.% Ru/Cs 2 HPW 12 O 40	140	20	6	93	-	[77]
	Cellobiose	Ru nanocluster (2.4 nm)	120	40	12	100	0	[66]
	Cellobiose	5 wt.% Pt/reduced graphene oxide	190	50	3	92	-	[78]

1 Hydrolytic hydrogenation of cellulose or cellobiose to sorbitol Nomenclature: MCC: Microcrystalline cellulose, IMCC: H 2 SO 4 -immpregnated microcrystalline cellulose, BMC: Ball-milled cellulose, CNT: Carbon nanotubes.

Table 1 .2 Dehydration of hexitols

 1 

						Yield (%)		
	Substrate	Acid/Catalyst	T(°C)	t(h)	Conv (%)			Ref
						1,4:3,6-dianhydro	1,4-anhydro	
	L-iditol	H 2 SO 4	145	1.25	-	31	-	[93]
	L-iditol	HCl	180	50	-	57	-	[94]
	D-sorbitol	C 5 H 5 N•HCl	160	20	-	56	19	[102]
	D-sorbitol	AcOH/HF	20	144	-	85	5	[103]
	D-sorbitol	H 2 SO 4	140	10	90	90	0	[104]
	D-sorbitol	CF 3 SO 3 H	160	1	100	63	18	[100]
	D-sorbitol	p-TsOH	160	1	100	66	19	[100]
	D-sorbitol	CH 3 SO 3 H	160	1	100	66	20	[100]
	D-sorbitol	Pr-SO 3 H/SBA-15	150	24	98	74	23	[105]
	D-sorbitol	SO 4 2-/Al-ZrO 2	195	2	100	67	0.2	[106]
	D-sorbitol	Polymer-SO 3 H	150	12	95	86	11	[107]
	D-sorbitol	SnPO x	300	2	72	65	34	[108]
	D-sorbitol	BPO 4	250	8	99	80	1.1	[109]
	D-sorbitol	PO 4 3-/Ta 2 O 5	225	6	98	48	10	[110]
	D-sorbitol	H-Beta	127	2	99	76	4.6	[111]
	D-sorbitol	Molten ZnCl 2 •H 2 O	200	4.5	100	72	16	[112]
	D-sorbitol	Purolite CT269	140	12	99	75	0	[113]
	D-sorbitol	Dowex monosphere	115-145 a	4	100	48	16	[114]
	D-sorbitol	Dowex G26	115-145 a	4	100	51	16	[114]
	D-sorbitol	Aquivion	115-145 a	2	100	62	5	[114]
	D-sorbitol	Nafion NR50	115-145 a	4	100	66	0	[114]
	D-sorbitol	Amberlyst 70	115-145 a	4	100	72	0	[114]
	D-mannitol	H 2 SO 4	105	175	98	35	10	[115]
	D-mannitol	Y 2 TiO x under UV	20	6	97	10	87	[116]
	D-mannitol	H-Beta	140	3	99	63	2.1	[117]
	D-galactitol	3Å	290	4	100	21	12	[118]
	D-galactitol	High-temperature H 2 O	275	12	100	-	68	[119]
	a 115 °C for 1 h, 130 °C for 1 h, and 145 °C for 2 h.						

Table 1 . 3

 13 Representative examples for hydrogenation of isohexide diketone.

	Catalysts	H 2 (bar)	T (°C)	Conv(%)	IM	Yield (%) MK+IS	II
	Raney-2800	10	25	99	42	6.5	0
	Raney-2800	10	100	99	36	25	0
	Ru(5%)/C	10	25	23	5.3	17	0
	Ru(5%)/C	10	100	97	74	18	0
	Pt(5%)-Bi(1%)/C	10	25	80	47	33	0
	Pt(5%)-Bi(1%)/C	10	100	97	60	8.4	0
	NaBH 4	0	25	-	90	-	-
	Reaction conditions: 0.5 g diketone, 0.02 g catalyst, 2 mL ethanol as solvent.		

  exert enough pressure inside the autoclave. The borrowed H 2 from isohexides cannot fully participate back in the rehydrogenation step mostly due to diffusion limitations within the solvent to the gas phase. A certain H 2 pressure is required to accelerate the kinetics, and more specifically, to promote the rehydrogenation step,

	probably also by favoring desorption of isohexides, intermediate monoketones or water
	from the Ru sites. Thus, isohexide isomerization over Ru/C follows an incomplete
	borrowing hydrogen mechanism, where the rehydrogenation step is governed by
	exogenous H

Reaction conditions for Entry 1: 1 g isosorbide, 15 mL H 2 O, pH=10, 0.05 g Ru/C, 6 bar H 2 , 200 °C, 2 h. Entry 2: 4 g isosorbide, 60 mL H 2 O, 0.2 g Ru/C. Other conditions as in entry 1. Entry 3: 0.1 g isosorbide, 1.5 mL H 2 O, 0.005 g Ru/C. Other conditions as in entry 1.

The theoretical amount of H 2 generated assuming dehydrogenation of isosorbide is too small to 2 . DFT calculations carried out by our partner ENS Lyon (PhD of Akif Ramzan) point out that H-coverage on the Ru particles conditions to an important extent lateral interactions between the transition states, the intermediate ketones and the adsorbed H species over metal Ru, especially at full H-coverage.

Table 2 . 2

 22 Blank tests of isosorbide transformation.

	Substrate	pH [a]	Catalyst	Gas	Yield (IS:II:IM)	CB(%)
	Isosorbide	7	-	1 bar N 2	100 : 0 : 0	99
	Isosorbide	7	-	30 bar H 2	100 : 0 : 0	99
	Isosorbide	2	-	30 bar H 2	100 : 0 : 0	100
	Isosorbide	7	Ru/C	1 bar N 2	100 : 0 : 0	100
	Isosorbide	10	Ru/C	1 bar N 2	100 : 0 : 0	99
	Isosorbide	2	Ru/C	1 bar N 2	100 : 0 : 0	100
	Isosorbide	7	Pt/C	30 bar H 2	100 : 0 : 0	98
	Isosorbide	7	Pt-Bi/C	30 bar H 2	100 : 0 : 0	98
	Isosorbide	7	Pd/C	30 bar H 2	100 : 0 : 0	99

Reaction conditions: 1 g isosorbide, 15 mL H 2 O, 0.05 g catalyst, 200 °C, 1 h.

[a] 

pH is adjusted using 0.5 mol/L NaOH or HCl solution.

Table 2 .3 Total

 2 

			pH=7	pH=7	pH=7	pH=7	pH=10
	Entry	IS	15 bar 160 °C	15 bar 160 °C	30 bar 200 °C	30 bar 200 °C	30 bar 200 °C
			2 h	4 h	1 h	2 h	2 h
	Concentration (C -mg/L)	8.16	8.19	8.09	6.79	6.17	8.10

organic carbon content in reaction mixtures obtained from Figure 2.15.

Table 2 .

 2 4). When the starting H 2 pressure is 6 bar, the isosorbide conversion is only 16% after 2 h (Entry 1). However, when additional N 2 or He (30 bar) is charged into the reactor, equilibrium is attained under otherwise identical reaction conditions (Entries 2 & 3). A similar effect was found when a lower H 2 pressure (2 bar) is applied (Entries 4-7). For comparison, control experiments with either pure N 2 or He (about 30 bar) did not show appreciable activity (Entries 8 & 9).

Table 2 . 4

 24 Effect of inert gases on isosorbide isomerization in water.

					Pressure (bar)				
	Entry		start		at target T	after reaction	Ratio IS:II:IM	CB (%)
		H 2	N 2	He	Ar				
	1	6	-	-	-	17	6	84 : 12 : 4	97
	2	6	30	-	-	65	35	37 : 56 : 7	92
	3	6	-	30	-	57	36	36 : 58 : 6	92
	4	2	-	-	-	15	2	98 : 2 : 0	100
	5	2	31	-	-	62	33	50 : 43 : 7	97
	6	2	-	30	-	54	33	48 : 46 : 5	99
	7	2	-	-	30	61	34	49 : 46 : 5	99
	8	-	31	-	-	57	32	100 : 0 : 0	97
	9	-	-	30	-	50	30	100 : 0 : 0	98
	Reaction conditions: 1 g isosorbide, 15 mL H 2 O, pH=10, 0.05 g Ru/C, 200 °C, 2 h.	

Table 2 . 5

 25 Effect of inert gases on isosorbide isomerization in water using Reactor B or C.

					Pressure (bar)			
	Entry	Reactor Type	H 2	start N 2	He	at target T	after reaction	Ratio IS:II:IM	CB (%)
	1	B	3	-	-	19	N.D.	41 : 51 : 8	97
	2	B	3	-	15	44	17	71 : 23 : 6	103
	3	C	6	-	-	16	N.D.	86 : 10 : 3	102
	4	C	6	-	30	65	35	64 : 30 : 6	93
	5	C	3	-	-	14	N.D.	98 : 2 : 0	104
	6	C	3	-	30	60	34	92 : 6 : 2	103
	Reaction conditions in reactor B: 0.1 g isosorbide, 1.5 mL H 2 O, pH=10, 0.005 g Ru/C, 200 °C, 2h.
	Reaction conditions in reactor C: 0.33 g isosorbide, 5 mL H 2 O, pH=10, 0.017 g Ru/C, 200 °C, 2h.

Table 2 . 6

 26 Effect of inert gas on D-sorbitol isomerization in water.

				Pressure (bar)			
	Entry	start		at target T	after reaction	Conv (%)	Mannitol yield (%)
		H 2	N 2				
	1	6	-	16	5	12	97
	2	6	30	63	35	47	103
	Reaction conditions: 1 g D-sorbitol, 15 mL solvent, pH=10, 0.05 g Ru/C, 200 °C, 2 h.	
	Since isomerization was performed in a sealed high-pressure and high-temperature
	autoclave, it is difficult to measure the H 2 solubility during the reaction. NMR is known to
	directly detect and quantify the dissolved H 2 at high pressure. Consequently, the H 2
	concentration in was measured by 1 H NMR in D 2 O with/without N 2 in a pressurized NMR
	tube (maximum working pressure 20 bar). DMSO (100 ppm) was added as internal

standard to quantify the relative H 2 concentration. H 2 /DMSO was calculated using the H 2 -to-DMSO ratio (signal/noise). It is worth noting that the NMR tube with a small cross section area to depth ratio poses barriers to the dissolution of H 2 , so adequate stirring is necessary to increase the H 2 concentration.

Table 2 .

 2 7 H 2 relative concentration at 20 °C under H 2 and H 2 /N 2 mixture obtained by NMR. Although the H 2 solubility enhancement promoted by N 2 is moderate, this higher H 2 solubility is expected to effectively increase the H-coverage on Ru and accelerate the isomerization kinetics. A

			H 2				H 2 /N 2	
		1 st	2 nd	3 rd	1 st	2 nd	3 rd	4 th	5 th
	H 2	207.01 315.71 298.84	509.49	548.80	547.15	528.40	533.42
	DMSO	806.96 835.61 790.41 1127.76	1231.94	1212.56	1184.61	1197.51
	H 2 /DMSO 0.3804 0.3778 0.3781	0.4518	0.4455	0.4512	0.4460	0.4454
	Average		0.3788				0.4480	
	Std.dev.		0.001422				0.003229	
	Std.dev. = Standard deviation.					

The H 2 concentration at 50 °C measured for 7 min under H 2 or H 2 /N 2 are shown in Figure 2.22. After contact with pure H 2 , N 2 was introduced into the tube without removing H 2 , followed by shaking for 20 min. The promoting effect of N 2 pressure on H 2 concentration is about 5.2% (Table 2.8). The effect of the N 2 pressure effect on the H 2 concentration is more clearly illustrated in Figure 2.23.

Table 2 .

 2 

	Time (min)	7	14	21	28	35	Aver.	Rel.ratio Std.dev.
	H 2 /	H 2	0.1631 0.1617 0.1612 0.1598 0.1611 0.1614	100%	0.001190
	DMSO	H 2 +N 2 0.1756 0.1703 0.1664 0.1673 0.1692 0.1698 105.2% 0.003607

8 H 2 relative concentration at 50 °C under H 2 and H 2 /N 2 mixture obtained by NMR.

Table 2 . 9

 29 Isosorbide isomerization in IPA under different H 2 pressure. Reaction conditions: 1 g isosorbide, 15 mL IPA, 0.05 g Ru/C, 200 °C, 2 h.

Table 2 .10 Isosorbide

 2 isomerization in IPA using different IPA/H 2 O mixtures under N 2 .

	Entry	Sub	Solvent (vol.%) IPA H 2 O	Start (N 2 )	Pressure (bar) at target T	After reaction	Ratio IS:II:IM	CB(%)
	1	-	100	-	2	33	14	-	-
	2	IS	100	-	2	33	15	89 : 9 : 2	99
	3	IS	50	50	2	31	12	78 : 17 : 5	105
	4	IS	40	60	2	32	10	73 : 22 : 5	106
	5	IS	30	70	2	29	9	76 : 19 : 5	99
	6	IS	20	80	2	25	7	76 : 19 : 5	102
	7	IS	10	90	2	18	8	99 : 1 : 0	102
	8	IS	-	100	2	8	2	100 : 0 : 0	101

Reaction conditions: 1 g isosorbide, 15 mL solvent, 0.05 g Ru/C, 200 °C, 2 h. It appears in the above results that the role of IPA is to generate H 2 or hydrides over Ru/C that participate to the isomerization reaction. We wonder if IPA can directly the H 2 pressure increase remains similar, which indicates that IPA may also act as direct H-transfer agent for isomerization of isohexide. The rehydrogenation step can be directly completed with the active hydrogen in IPA although H 2 generation is unavoidable. These two pathways cannot be fully distinguished and could be in parallel.

Table 2 .

 2 11 Isosorbide isomerization in IPA/H 2 O under different N 2 pressure.

	Entry	Sub	T (°C)	t (h)	Start (N 2 )	Pressure (bar) at target T reaction After	IPA loss (%)	Ratio IS:II:IM	CB(%)
	1	IS	200	2	2	32	10	13	73 : 22 : 5	106
	2	IS	160	2	2	14	5.3	5	97 : 3 : 0	98
	3	IS	160	12	2	14	4.7	15	83 : 14 : 4	114
	4	IS	120	2	2	6	3.1	1	98 : 2 : 0	104
	5	IS	120	12	2	6	2.9	4	90 : 8 : 2	107
	6	-	120	2	2	6	3.1	5	-	-

Reaction conditions: 1 g isosorbide, 15 mL 40IPA/60H 2 O, 0.05 g Ru/C.

Figure 2.25 IR spectra of reaction mixtures after isosorbide isomerization in H 2 O/IPA. Reaction conditions are in agreement with those in Table 2.11.

  .12). Isosorbide conversion in pure IPA increases with the N 2 pressure in the range from 2 to 51 bar (Entries 1-4).

	In
	addition, higher N 2 pressure suppresses IPA dehydrogenation, resulting in a lower
	pressure increase (H 2 ) after reaction. In this case, isosorbide isomerization is no longer
	dependent on the H 2 pressure, pointing out a direct H-transfer pathway from IPA to
	isosorbide. Similar results are observed in IPA/H 2 O (Entries 5-8), but the promotion
	effect is not significant when the pressure exceeds 30 bar. The maximum pressure
	increase (8 bar) in IPA/H 2 O is observed in Entry 5, which is consistent with the highest
	acetone peak area determined by ATR-IR (Figure 2.25). In the meantime, a lower
	pressure increase is observed with higher isosorbide conversion, which can be ascribed
	to a direct H transfer pathway. Final equilibrium with good carbon balance was obtained
	under 31 bar N 2 after 4h (Entry 9). Therefore, the final isomerization equilibrium can be
	obtained in an IPA/H 2 O mixture without adding exogenous H 2 .

Table 2 .

 2 12 Isosorbide isomerization in IPA/H 2 O under different N 2 pressure.

	Entry	Sub	Solvent (vol.%) IPA H 2 O	Start (N 2 )	Pressure (bar) at target T reaction After	Pressure increase (bar)	Ratio IS:II:IM	CB (%)
	1	IS	100	-	2	30	15	13	89 : 9 : 2	99
	2	IS	100	-	11	38	19	8	75 : 20 : 5 100
	3	IS	100	-	31	64	37	6	66 : 28 : 6	97
	4	IS	100	-	51	92	55	4	55 : 36 : 9	95
	5	IS	40	60	2	32	10	8	73 : 22 : 5 106
	6	IS	40	60	11	39	17	6	57 : 36 : 7	97
	7	IS	40	60	31	72	35	4	49 : 43 : 8	94
	8	IS	40	60	51	103	55	4	47 : 45 : 8	91
	9 [a]	IS	40	60	31	73	35	4	37 : 57 : 6	92
	Reaction conditions: 1 g isosorbide, 15 mL solvent, 0.05 g Ru/C, 200 °C, 2 h.		

[a] 

Reaction time: 4 h. Figure 2.26 IR spectra of reaction mixtures after isosorbide isomerization in H 2 O/IPA. Reaction conditions are in agreement with those in Table 2.12 Entries 5-8. In order to further trace the H 2 transfer pathway, isotope exchange experiments were carried out in D 2 O and isopropanol-OD. DMSO was used as internal standard to quantify the exchange degree. As shown in Table 2.13, isomerization of isohexides in D 2 O under He resulted in no isomerization product and no H/D exchange (Entry 1), indicating both reactions need to be triggered by H 2 . Equilibrium is reached when isosorbide isomerization is performed under H 2 (Entry 2). Besides, a H/D exchange of isosorbide with two different degrees was observed. Since the assignment of each peak in NMR corresponding to the different protons of isosorbide is not clear, they are marked with a circle or a star (Figure 2.27). The H/D exchange degree of the circle-marked

Table 2 .

 2 13 Isotope exchange of isohexides during isomerization.

	Entry	Solvent	Gas	IS:II:IM Ratio	D content in IS (%)
	1 [a]	D 2 O	He	100 : 0 : 0	0	0
	2 [a]	D 2 O	H 2	36 : 58 : 6	39	89
	3 [b]	IPA	He	76 : 20 : 4	0	0
	4 [b]					

Table 3 . 1

 31 Possible structures of C6-C4 by-products observed in MS.

			Structures	
	MW			
		C6	C5	C4
	99	C 6 H 13 N (Ω=1)	C 5 H 9 NO (Ω=2)	C 4 H 5 NO 2 (Ω=3)
	115	C 6 H 13 NO (Ω=1)	C 5 H 9 NO 2 (Ω=2)	
	130	C 6 H 14 N 2 O		
		(Ω=1)		

Table 3 . 2

 32 Reaction of amines using Ru/C under different conditions.

	Entry	Sub	Sol	Gas	T (°C) t (h)	Conv(%)	Product
	1	BA	H 2 O	H 2 30	200	2	> 80	Butanol, DBA and TBA
	2	BA	H 2 O	N 2 1	180	18	> 80	Butanol, DBA and TBA
	3	BA	t-amyl	H 2 30	200	2	7	DBA and TBA
	4	BA	t-amyl	H 2 10	180	18	14	DBA and TBA
	5	BA	t-amyl	N 2 1	180	18	10	DBA and TBA
	6	EDA	H 2 O	H 2 10	180	18	78	N.D.
	7	EDA	t-amyl	H 2 10	180	18	69	N.D.
	Reaction conditions: 1 g substrate, 15 mL solvent, 0.2 g Ru/C.	

BA: 1-Butylamine. EDA: Ethylenediamine. N.D.: Not determined.

Table 3 . 4

 34 Composition of the catalysts measured by ICP

	Catalyst	Ru (wt.%) Mg (wt.%)	MgO [a] (wt.%)	Ti (wt.%)	TiO 2 [b] (wt.%)	Total [c] (wt.%)
	Ru/C	3.8	-	-	-	-	-
	Ru/TiO 2	4.8	-	-	52.4	87.4	92.2
	Ru-MgO10/TiO 2	4.4	4.7	7.8	48.0	80.1	92.3
	Ru-MgO20/TiO 2	4.5	9.6	16.0	42.8	71.4	91.9
	Ru-MgO30/TiO 2	4.4	13.1	21.8	37.8	63.1	89.3
	Mg20/TiO 2	-	10.8	18.0	45.9	76.6	94.6

Table 3 . 4 .

 34 The Ru loading in commercial catalysts is 3.8 wt.% and around 5 wt.% Ru loading is present in the prepared catalysts. H 2 -TPR was used to determine the reducible species on the catalysts. As shown in Figure 3.24, no hydrogen consumption is observed for the bare TiO 2 and MgO/TiO 2 , while four reduction bands are visible on unreduced Ru-MgO/TiO 2 . Since the catalyst precursors are TiO 2 , Ru(OH) x and Mg(OH) 2 , only Ru ions can be reduced by H 2 to Ru 0

Table 3 . 5

 35 Hydrogen consumption during H 2 -TPR.

	Catalyst	MgO20/TiO 2	Ru/TiO 2	Ru-MgO10/TiO 2	Ru-MgO20/TiO 2 Ru-MgO30/TiO 2
	Area	0	74.3	65.4	75.8	70.3
	Norm-Area	0	1	0.88	1.02	0.95
	As shown in				

Figure 3.25, by

  increasing the MgO content from 0 to 20 wt.%, similar isomannide conversions are observed and the total yield of amines increases. Further increase of the MgO loading to 30 wt.% leads to higher conversion, but poor amine yield, indicating a change in the active sites. TiO 2 and MgO/TiO 2 show no reactivity. The Ru dispersion in Ru/C is high, while Ru dispersion on the prepared Ru/TiO 2 and Ru-MgO/TiO 2 is lower. Turnover numbers (TON) of each catalyst calculated based on the total amine yield and surface active sites are listed in Table3.6. The TON of Ru/TiO 2 catalyst is promoted from 38 to 62 by the introduction of MgO in the range from 0 to 20 wt.%, indicating a synergistic effect between Ru and MgO. According to Hara's research, the Ru-H bond is elongated due to the electron donation from MgO, which is expected to facilitate hydrogenation. In the meantime, Ru-MgO20/TiO 2 catalyst with a higher TON compared to commercial Ru/C exhibits a higher efficiency in direct amination of isohexides with NH 3 .

Table 3 . 6

 36 Metal dispersion and turnover number of each catalyst.

	Catalyst	CO chemisorption volume (μL)	Metal dispersion (%)	Amine yield (%)	TON
	Ru/C	662.1	95.6	44.4	42
	Ru/TiO 2	491.6	57.7	30.4	38
	Ru-MgO10/TiO 2	481.8	60.1	39.4	52
	Ru-MgO20/TiO 2	465.7	58.3	47.0	62
	Ru-MgO30/TiO 2	655.0	83.8	17.3	16
	MgO20/TiO 2	0	-	0.2	-

Table 4 . 1

 41 List of used chemicals.

	Name

Table 4 . 2

 42 List of used chemicals. The solid was dried at 90 °C overnight followed by reduction at 400 °C for 4 h in a H 2 /He flow (5 vol.%) at a flow rate of 50 mL(STP)/min. Al 2 O 3 supported Ni catalysts with 10 or 30 weight percent were prepared by a conventional wet impregnation method. Typically, 0.9 g Al 2 O 3 was dispersed into 20 mL deionized water and then certain amount of Ni(CH 3 COO) 2 •4H 2 O was added into the solution. The suspension was stirred at room temperature for 1 h followed by evaporation at 60 °C under reduced pressure using a rotation evaporator. The solid was Typically for the synthesis of Ru-MgO/TiO 2 catalyst with 5 wt.% Ru and 20 wt.% MgO,

	Name

2 /He flow

(5 vol

.%) at a flow rate of 50 mL(STP)/min. Ru-MgO/TiO 2 catalysts were prepared following the method reported by Hara et al.

Table 4 . 3

 43 Specifications of used reactors.

	Type	Volume (mL)	Maximum Pressure (bar)	Stirring	Manometer	Manometer range (bar)
	A	75	200	Magnetic	Digital	-
	B	45	115	Magnetic	Mechanical	55
	C	25	200	Mechanical	Mechanical	200

Conclusions and perspectives
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CHAPTER 2

Isomerization of isohexides the oxidation of isosorbide or isomannide over heterogeneous catalysts (Table 2 Pt-based catalysts are well known to catalyze the oxidation of alcohols. [4,5] Pt/C and Pt-Bi/C catalysts can perform isosorbide and isomannide oxidation, but Ru/C exhibits no reactivity. Besides, a much higher reactivity was observed for endo-OH groups.

Therefore, the exo-OH monoketone can be obtained in the oxidation of isosorbide, whereas the endo-OH monoketone and diketone can be obtained in the oxidation of isomannide. High-pressure tests in an autoclave at 170 °C result in a preferential degradation of substrate. The yield was calculated by assuming equal GC response factors for isohexides and ketones. Pt(5 wt.%)-Bi(1.5 wt.%)/C was used as oxidation catalyst for further studies. 

CHAPTER 3

Synthesis of isohexide amines masked source of NH 3 in Gabriel Synthesis to produce amines via a S N 2 mechanism. [10,11] Succinimide is also a masked source of NH 3 and was used as reactant in the amination of isosorbide (Entry 12). However, no target compound was observed with almost full conversion of succinimide, indicating that hydrogenation or ring-opening of succinimide may take place under experimental conditions (Entry 13). The product obtained in Entry 7 was analyzed by MS (Figure 3.10). The peaks (130 and 186 m/z) attributed to secondary amine compounds (2c and 2b) prevail as major products in the reaction mixture, and are similar to the by-products obtained in the direct amination with NH 3 . Butyl-substituted isohexide amine 1a (202 m/z) is also detected.

The reaction pathway is proposed in Scheme 3.6. The reaction of isosorbide with BA mainly yields the tricyclic compound 2a followed by formation of 2b and 2c by hydrogenolysis. Few 1a is obtained after amination, which giving amino isosorbide AS1 by hydrogenolysis and AS2 by isomerization. We can conclude from the results that the steric effect of isohexides plays a dominant role in the genesis of the different amines. is a key step in the direct amination of isohexides. Therefore, it is of great importance to optimize the relative dosage of NH