C NMR calculations at the DFT level. The reactivity of sugars was then studied at different temperature, pH, metal precursor, and atmosphere (inert and reducing) conditions assisted by in-situ XANES measurements. In parallel, several reaction pathways for the formation of the different products were modeled, for which the activation barriers were compared to each other and to the experimental values. Thanks to this approach, new structures of tungstate and molybdate-sugar complexes were unveiled. The pH-metric study revealed that the behavior of these species comprising mostly dinuclear metallic cores is controlled by the pH independently of metal concentration and precursor type. Tungsten is more selective for the cleavage reaction compared to molybdenum independently of pH, atmosphere, and precursor type. The kinetic measurements revealed that this selectivity is not driven by energetics as much as by entropy and population of active species. W 6+ active sites, possibly involving mononuclear complexes, are found to interact with the β-hydroxyl group of the acyclic sugar to promote the cleavage reaction, whereas epimerization that is selectively catalyzed by molybdenum is found to be promoted by dinuclear type species. The comparison with the modeled reaction pathways echoes some of the experimental findings, namely for epimerization and retro-aldol condensation, whereas no direct conclusion can be drawn regarding the selectivity towards retro-aldol condensation over isomerization.

Résumé

La production d'éthylène glycol (EG) à partir du glucose biosourcé s'est récemment révélée comme un procédé prometteur dans le cadre de la transition énergétique. EG est formé à partir des intermédiaires C2 provenant de la scission du glucose par une réaction de retroaldolisation. Plusieurs transformations secondaires telles que l'isomérisation du glucose en fructose et l'épimérisation du glucose en mannose se manifestent en rendant le processus d'une complexité marquée. Les catalyseurs homogènes à base de tungstène et de molybdène ont montré de bonnes performances en catalysant sélectivement la retroaldolisation du sucre. Malgré les efforts déployés pour synthétiser des catalyseurs sélectifs, une compréhension à l'échelle moléculaire des différents mécanismes réactionnels est encore à dévoiler, ce qui constitue l'objet de cette étude. L'interaction du tungstène et du molybdène avec les sucres impliqués dans le procédé a été étudiée en solution aqueuse en ex-situ par des techniques spectroscopiques (RMN du carbone 13 et XAS) assistées par des calculs théoriques employant la théorie de la fonctionnelle de la densité. Une étude paramétrique (température, pH, nature de précurseur et d'atmosphère (inerte et réductrice)) assistée par des mesures spectroscopiques (in-situ XANES) a été réalisée. Conjointement, les chemins réactionnels des différentes voies de transformations possibles ont été modélisées. De plus, leurs barrières d'activation ont été calculées afin de servir comme critère de comparaison entre les mécanismes proposés et les expériences réalisées. Grâce à cette approche combinée, des nouvelles interactions entre les sucres avec les deux métaux (tungstène et molybdène) ont été dévoilées. L'étude pH-métrique a révélé que le comportement de ces espèces composées majoritairement de noyaux métalliques dinucléaires est contrôlé par le pH indépendamment de la concentration en métal et du type de précurseur. En outre, le tungstène est plus sélectif envers la retroaldolisation que le molybdène indépendamment du pH, de la nature de l'atmosphère et du précurseur. Les paramètres cinétiques indiquent que cette sélectivité n'est pas tant déterminée par l'aspect énergétique que par l'entropie et la population des espèces actives. Les sites actifs W 6+ , impliquant éventuellement des complexes mononucléaires, interagissent avec le groupement β-hydroxyle de la forme acyclique du sucre pour initier la retroaldolisation. Cependant, l'épimérisation sélectivement catalysée par le molybdène est plutôt promue par des espèces de type dinucléaire. Les calculs théoriques des différents chemins réactionnels ont montré une certaine pertinence comparée aux résultats expérimentaux, à savoir pour l'épimérisation et la retroaldolisation, alors qu'aucune explication claire n'a pu être fournie concernant la sélectivité retroaldolisation versus isomérisation.

Introduction

Raw materials from fossil resources have up to now been used in the production of a set of platform molecules employed for the synthesis of specialty chemicals. 1 With the depletion of fossil resources and rising environmental concerns, biomass has captured significant attention as a sustainable feedstock for the production of clean energy and high added-value chemicals. 2,3 Feedstocks derived from lignocellulosic biomass are inexpensive, non-edible abundant resources. They are collected from agricultural residues (leaves, straws, …), forest, industrial, agro-wastes ( wood chips, chemical pulps, …) and forest biomass. 4 Lignocellulosic biomass has a complex structure of different structural polysaccharides, hence to be efficiently processed, it must be pretreated and fractionated into its constituent parts.

Cellulose is the most abundant constituent of lignocellulosic biomass. It is a polysaccharide formed of a linear chain of more than several hundred of many thousands of glucose monomers. The most interesting route for the valorization of cellulose is its direct conversion into useful platform molecules. The large abundance of hydroxyl groups in the structure of cellulose makes it an interesting feedstock for the production of industrially important polyols such as ethylene glycol (EG). The latter is produced conventionally via a typical petroleum-based product, ethylene, and applied in polyester production which is a widely used polymer for the manufacture of different materials such as synthetic textile fibers.

The hydrolysis or the decomposition of cellulose into glucose monomers is complicated in mild conditions due to the inter-and intra-hydrogen molecular bonding network and the instability of these sugar monomers in the reaction medium. Therefore, a one pot process that combines the hydrolysis of cellulose and the conversion of cellulose-derived glucose is an efficient way towards the conversion of cellulose to high-added value chemicals.

In 2008, Zhang and coworkers published a breakthrough work targeting the one pot conversion of cellulose to EG over multifunctional tungsten based catalysts. 5 Many works have been published afterwards, in which different forms of homogenous and heterogeneous tungsten catalysts were employed. Relatively high yields of EG, up to 76%, were achieved. EG is obtained through a cascade reaction involving in a first stage the retro-aldol condensation (C-C bond cleavage) of glucose into C2 intermediates (glycolaldehyde), then a hydrogenation step of the intermediates towards the formation of EG. The process is complex and involves many side reactions. The most inhibiting reaction is glucose isomerization to fructose since by undergoing retro-aldol condensation the latter molecule forms C3 intermediates leading to shift the selectivity towards C3 polyols instead of EG. Epimerization of glucose forms an additional side transformation (conventionally catalyzed by molybdate salts). Thus, the first stage of the reaction is a decisive step of the selectivity.

A detailed literature review was made in the light of this topic showing that a lack of understanding at the molecular scale still exists for the different mechanisms involved in this process. For a more relevant selection of an effective catalyst and operating conditions in view of the development of a scalable process, a deep understanding of the reaction mechanism and the active species involved is essential. To the best of our knowledge, the retro-aldol condensation of glucose (catalyzed mainly by tungsten) and epimerization (catalyzed mainly by molybdenum) have not been studied at a molecular scale. Moreover, no comparison points between the activities of both metals were given. In this PhD work we principally aim at i) unraveling these mechanisms by investigating the potential active intermediates and ii) comparing the activity of tungsten and molybdenum for the different transformations.

To achieve this goal, ex-situ and in-situ spectroscopic studies (nuclear magnetic resonance (NMR) and X-ray absorption spectroscopy (XAS)) and a computational approach at the DFT level are employed.

In this manuscript, we report the recent advances on the production of EG from cellulose. The chemical composition of lignocellulosic biomass and the chemistry of carbohydrates are first introduced for a better follow-up of the rest of this report. Further, a summary of the different catalytic systems employed in such a process is provided with a review on the possible interactions between tungsten or molybdenum catalysts and carbohydrates. The work is divided into three main sections. At the beginning, a detailed study aiming at unravelling tungstate and molybdate-carbohydrate complexes (especially those not reported in the literature) is presented. Thereafter, a kinetic study is performed under various operating conditions (pH, temperature, reaction atmosphere, metal/sugar ratio, …) in order to determine the most relevant parameters affecting the selectivity of the catalysts. Finally, a modelling at the DFT level of the possible reaction pathways for the formation of the different products is developed and displayed in order to elucidate the mechanisms of the reactions in question.

Thanks to this approach, interesting conclusions and comparison points are obtained. In this regard, more detailed information about the chemistry of carbohydrates will be provided in the next section. Owing to inter and intra-molecular hydrogen bounding, an ordered crystalline structure is formed. Hence, cellulose is not soluble in a large range of solvent at room temperature. By a specific biochemical treatment (hydrolysis), cellulose can be depolymerized into smaller glucose monomers that can be converted to useful products. It surrounds the fibers of cellulose and hemicellulose providing compactness and resistance to the plant. While lignin acts as a seal to protect the plant it has to be de-polymerized to allow the access to carbohydrates in the refining processes. 

Chapter I. Literature Study

I.1.2. Lignocellulosic biomass conversion processes

The processes of biomass conversion to energy and chemicals are classified into thermochemical processes, biochemical processes and chemocatalytic processes.

I.1.2.1. LCB to fuel

Thermochemical processes

Gasification

Gasification is the process to convert solid biomass by means of partial oxidation technology at high temperatures ( typical temperature range: 800-1100°C) and under low air pressure to form synthetic gas known by syngas. Syngas is a mixture of mainly CO and H2, together with CO2 and CH4 and other light or heavy hydrocarbons depending on the process temperature. [START_REF] Molino | Biomass Gasification Technology: The State-ofthe-Art Overview[END_REF] Syngas can further serve to generate electricity or for the production of chemical products. However, the most well-known developed process is the Fischer-Tropsh (FT) synthesis, for syngas transformation to hydrocarbons over cobalt based or iron based heterogeneous catalysts. [START_REF] Iglesia | synthesis, and use of cobalt-based Fischer-Tropsch synthesis catalysts[END_REF][START_REF] Bukur | Promoter Effects on Precipitated Iron Catalysts for Fischer-Tropsch Synthesis[END_REF] The product distribution can be selectively tuned depending on the catalyst over a wide range of C1 to C70+ paraffinic hydrocarbons. [START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] Pyrolysis [START_REF] Jahirul | Biofuels Production through Biomass Pyrolysis -A Technological Review[END_REF] In this process, organic compounds of biomass are thermally decomposed in absence of oxygen at high temperatures starting from 277-677°C to 777-1027°C in respectively slow and flash pyrolysis. Recently, catalysts are used in the process to enhance kinetics by cracking higher molecular weight compounds into lighter hydrocarbons. Pyrolysis technology produces bio-crude ranging from gas, liquid-oil to char. The liquid bio-oil is initially formed as vapor that at ambient temperature is condensed to a dark brown viscous liquid. Pyrolysis bio-oil, the complex mixture of oxygenated compounds, have limitations in fuel quality briefly summarized by having a significantly lower heating value and higher density than fossil oil, phase separation, viscosity increase, volatility decrease, high pH value which have a harmful corrosion effect on the equipments. Thus bio-oil would need several upgrading steps before finding an end-use, which is currently still being studied.

Hydrothermal liquefaction

Hydrothermal liquefaction (HTL) is an emerging technology to produce bio-oil from wet feedstock extending from lignocellulosic biomass to algae and organic wastes. [START_REF] Castello | Continuous Hydrothermal Liquefaction of Biomass: A Critical Review[END_REF][START_REF] Chunyan | Hydrothermal Liquefaction (HTL): A Promising Pathway for Biorefinery of Algae[END_REF] It has some advantage over pyrolysis technologies, since it doesn't require an additional drying step and it could achieve high deoxygenation degrees. The higher heating value (HHV) of HTL bio-crude can reach as high as 40.4 MJ/kg which is close to the HHV of fossil fuel. [START_REF] Castello | Continuous Hydrothermal Liquefaction of Biomass: A Critical Review[END_REF] The process occur in a closed oxygen-free reactor, in presence of water in the range of temperatures from 250-380°C under high pressure (50-280 bar). [START_REF] Chunyan | Hydrothermal Liquefaction (HTL): A Promising Pathway for Biorefinery of Algae[END_REF] The catalysts involved in the reaction are either homogenous such as alkali hydroxides, carbonates, bicarbonates (KOH, Na2CO3) or heterogeneous such as carbon or aluminate supported metal (Pd/C, CoMo/𝛾 -Al2O3). [START_REF] Guo | A Review of Bio-Oil Production from Hydrothermal Liquefaction of Algae[END_REF] The bio-crude is viscous and has an important oxygen and nitrogen (for algal biomass) content and requires subsequent upgrading processes. [START_REF] Ramirez | A Review of Hydrothermal Liquefaction Bio-Crude Properties and Prospects for Upgrading to Transportation Fuels[END_REF] 

Biochemical Processes

Hydrolysis

Hydrolysis is the process of cellulose depolymerization into smaller oligosaccharides or glucose monomers. The process commonly occur over acidic or enzymatic substrates. 7,[START_REF] Chen | Lignocellulose Biorefinery Feedstock Engineering[END_REF] Direct hydrolysis of cellulose in raw lignocellulosic feedstock hinders the efficiency of hydrolysis process thus a pretreatment step is required, especially in enzymatic hydrolysis, to allow the hydrolytic enzyme (cellulase) easily access the inner part of the cellulose polymer. 7 The purpose of the pretreatment is mainly to remove lignin and hemicellulose and reduce the crystallinity of cellulose. 8 Acid hydrolysis can occur in both dilute and concentrated media, by applying a homogenous catalyst (HCl, H2SO4 and H3PO4). [START_REF] Chen | Lignocellulose Biorefinery Feedstock Engineering[END_REF] Concentrated acid hydrolysis needs long reaction time and results in harmful corrosion of the equipment in addition to environment pollution due to the difficulties to recycle the acid. As for dilute acid hydrolysis, the catalyst concentration is generally under 10%wt, and it is carried out at high temperatures to achieve high rates of cellulose conversion (100-240°C). Despite its low impact on the environment, dilute acid hydrolysis has many other disadvantages such as high energy consumption, the formation of by-products and catalyst recycling. Solid catalysts [START_REF] Huang | Hydrolysis of Cellulose to Glucose by Solid Acid Catalysts[END_REF] have been used for cellulose hydrolysis as well, offering the ease of product separation with good catalyst recyclability. The catalysts that are applied are metal oxides, sulfonated carbonaceous based acids, heteropolyacids and H-form zeolites. However, the reaction efficiency and selectivity still needs to be tuned to some extent. Enzyme hydrolysis can be performed at ambient temperature which reduces the energy consumption of the process with high selectivity to produce only glucose at higher yields ( > 95%). [START_REF] Chen | Lignocellulose Biorefinery Feedstock Engineering[END_REF] The most productive hydrolytic enzymes have long considered to be the filamentous fungi as major source of cellulase and mutant strains of Trichoderma. 7 Hemicellulose undergoes hydrolysis and afford C5 sugars, mainly xylose. [START_REF] Qiabi | Comparative Studies of Hemicellulose Hydrolysis Processes: Application to Various Lignocellulosic Wastes[END_REF] Isolated lignin from the pretreatment can be used to generate thermal energy in industrial processes. It can also be depolymerized and valorized into valuable chemical products, principally aromatic phenolic compounds. [START_REF] Ma | Advances in Catalytic Conversion of Lignocellulose to Chemicals and Liquid Fuels[END_REF][START_REF] Sagues | Lignin-First Approach to Biorefining: Utilizing Fenton's Reagent and Supercritical Ethanol for the Production of Phenolics and Sugar[END_REF][START_REF] Xiao | Catalytic Hydrogenolysis of Lignins into Phenolic Compounds over Carbon Nanotube Supported Molybdenum Oxide[END_REF] Fermentation to bioethanol 4 Fermentation is a biological processes catalyzed by enzymes secreted by special microorganism to convert glucose to alcohol. Conventionally, to make the sugar molecule readily accessible by the enzymes, pretreatment and hydrolysis steps always precede the fermentation stage. Saccharomyces cerevisiae is the widely used bacteria for the production of bioethanol from hexoses, for instance glucose but not pentoses. The optimum temperature for the processes using this species is 33°C and the optimum pH ranges from 4-4.8.

I.1.2.2. LCB to chemicals (polyol production)

Over the previous decades, the production of fuel from renewable resources has attracted the major focus of the research projects. However, by considering the concept of atom economy, [START_REF] Pfaltzgraff | Green Chemistry, Biorefineries and Second-Generation Strategies for Re-use of Waste: an Overview[END_REF] one among the 12 green chemistry principles, to maximize all materials used in the process into the final product, the production of oxygenated compounds from biomass offers several advantages compared to biofuel production especially from lignocellulosic biomass. [START_REF] Krishna | Oxygenated Commodity Chemicals from Chemo-Catalytic Conversion of Biomass Derived Heterocycles[END_REF] Glucose and xylose have received a significant attention since they can be transformed into many valuable platform molecules. Xylose and glucose are dehydrated to produce respectively the captivating furfural and hydroxymethylfurfural (5-HMF) compounds. [START_REF] Antonetti | New Frontiers in the Catalytic Synthesis of Levulinic Acid: From Sugars to Raw and Waste Biomass as Starting Feedstock[END_REF][START_REF] Esen | The hydrogenation of 5hydroxymethylfurfural (HMF) to 2,5dimethylfuran (DMF) with sol-gel Ru-Co/SiO2 catalyst[END_REF][START_REF] Lam | Carbocatalytic Dehydration of Xylose to Furfural in Water[END_REF][START_REF] Lopes | Enhancing the Conversion of D-Xylose into Furfural at Low Temperatures using Chloride Salts as co-Catalysts: Catalytic Combination of AlCl3 and Formic Acid[END_REF][START_REF] Wang | Efficient Catalytic Conversion of Fructose into Hydroxymethylfurfural by a Novel Carbon-Based Solid Acid[END_REF][START_REF] Wilson | Bio-Based Chemicals from Biorefining: Carbohydrate Conversion and Utilisation[END_REF] Lactic and succinic acids are derived from glucose fermentation. Figure I. 5 shows the potential chemical feedstock derived from lignocellulosic biomass by different chemocatalytic and biochemical processes. [START_REF] Zeikus | Biotechnology of Succinic Acid Production and Markets for Derived Industrial Products[END_REF][START_REF] Komesu | Lactic Acid Production to Purification: A Review[END_REF] Another intriguing group of chemicals is polyol's group. Polyols are widely used in polymer synthesis, food industry and manufacturing of pharmaceuticals. Ethylene glycol is an important material for industrial applications. It is an odorless synthetic liquid substance that adsorbs water and it is used as raw material for the synthesis of polyester fibers, films, resins, to make antifreeze agents and de-icing solutions for vehicles. [START_REF] Pang | Synthesis of Ethylene Glycol and Terephthalic Acid from Biomass for Producing PET[END_REF][START_REF] Yue | Ethylene Glycol: Properties, Synthesis, and Applications[END_REF] At the heart of its policy, IFPEN aims for discovering new catalysts and developing new processes for biomass, in particularly lignocellulosic biomass, transformation to versatile platform molecules. In this context, the purpose is to produce ethylene glycol starting from cellulose-derived glucose monomers. Conventionally, EG was produced through the hydration of ethylene oxide (EO) obtained via petro-ethylene oxidation. [START_REF] Pang | Synthesis of Ethylene Glycol and Terephthalic Acid from Biomass for Producing PET[END_REF][START_REF] Altiokka | Kinetics of the Hydration of Ethylene Oxide in the Presence of Heterogeneous Catalyst[END_REF][START_REF] Van Hal | Investigation of Three Types of Catalysts for the Hydration of Ethylene Oxide (EO) to Monoethylene Glycol (MEG)[END_REF] Due to the increasing demand on ethylene glycol in the market, researches have focused, for a long time now, on ethylene glycol production from biomass. Thus far, EG can be synthetized through different feedstocks. [START_REF] Liu | Recent Advances in the Production of Polyols from Lignocellulosic Biomass and Biomass-Derived Compounds[END_REF] Using the abundant bio-ethanol, the production of green ethylene glycol was achieved at a commercial level. The process involves dehydration of ethanol to ethylene, oxidation of ethylene, to ethylene oxide and finally the hydration of the latter compound to ethylene glycol. Via hydrogenolysis of bio-glycerol as a co-product of biodiesel production, ethylene glycol is produced with methane, methanol, and COx as by-products. Many catalysts have been investigated for this process, RANEY Ni as a catalyst, was the most efficient. However, the insufficient supply of glycol and the difficulty to control the diol selectivity limited the focus on this synthesis route. Sorbitol and xylitol were also reported to produce ethylene glycol via hydrogenolysis pathway as well. All of these compounds are lignocellulosic-derived molecules which requires additional pre-processes to convert raw cellulose or cellulose-derived sugars from hydrolysis. In this respect, it was extremely attractive to conduct direct conversion of cellulosic biomass to ethylene glycol. The breakthrough in the one pot catalytic conversion of cellulose to ethylene glycol (EG), was first reported by Zhang and co-workers in 2008. 5 A detailed review about the catalytic systems used to achieve the reaction is presented in section I.2. 

I.1.3. Chemistry of carbohydrates

The different types of naturally existing carbohydrates (namely monosaccharides), their various structures, configurations, nomenclature and the common techniques used to examine them are figured out in this section.

I.1.3.1. Basic structures of monosaccharides and their nomenclature [START_REF] Cui | Food carbohydrates: Chemistry, physical properties, and applications[END_REF] Monosaccharides are monomeric by definition, consequently they cannot be easily hydrolyzed to simpler units. They belong to the wider family of sugars, a group of soluble carbohydrates involving monosaccharides and disaccharides molecules. Monosaccharides are polyhydroxy aldehydes or polyhydroxy ketones which can be found either in open chain forms or in heterocyclic ring forms (hemiacetal or hemiketal forms). They are divided into two major groups according to whether their acyclic form possess an aldehyde or a ketone group, that are named aldoses and ketoses respectively. Monosaccharides are chiral molecules in which aldoses and ketoses hold respectively n-2 and n-3 chiral centers, where n is the number of carbon atoms in the chain. In each one of these two groups, they are classified in accordance with the number of carbon atoms in their chains, usually from 3 carbon atoms for trioses, 6 for hexoses and finally up to 9 for nonoses. When the prefix aldo-is added, one can narrowly specify a group of aldoses, e.g., aldohexoses. By adding the ending -ulose, a group of Ketoses is then defined, e.g., hexulose. Among the various ways to represent monosaccharides, Fischer projection formula is the commonly used method to describe acyclic linear monosaccharides.

By convention, for aldoses, the carbon atoms are numbered from 1 to x along the backbone starting from the carbon atom of the aldehyde group. As for ketoses, the numbering starts by attributing the number 1 to the end that is closest to the ketone group.

The simplest monosaccharide is the aldotriose glyceraldehyde, which has three carbon By inserting hydroxymethylene (-CH-OH-) groups to D-and L-aldotrioses between the first asymmetric center and the carbonyl group, higher aldoses belonging respectively to the D-and L-series are formed. By convention, the highest numbered chiral carbon atom that holds the -OH group to the right side in Fischer projection belongs to the D-chiral family, while the Lchiral family covers sugars in which the highest numbered chiral carbon atom carries the -OH group to the left. Thus, D and L symbols constitute the first two categories to distinguish between chiral families of sugars. Most of the naturally occurring monosaccharides are members of the D-series, with some notable exceptions involving arabinose, rhamnose. For example, D-glucose, the most abundant monosaccharide, is found as an energy reserve in plants as a result of photosynthesis phenomenon. D-fructose is naturally encountered in fruits and honey and D-ribose is found in human body in the form of ribonucleic acid (RNA). The number of chiral carbon atoms in a chain leads up to count the number of possible isomers. Since each chiral carbon atom has a mirror image, there are 2 n possible stereoisomers for one same structural molecule. For instance, aldohexoses carry 4 chiral centers, thus 2 4 

I.1.3.2. Ring form of monosaccharides and mutarotation reaction

Mutarotation process

When an alcohol is condensed with an aldehyde or a ketone group, respectively, a hemiacetal or a hemiketal group is formed. Since monosaccharides carry in their open chain hydroxyl groups and a carbonyl group, an interesting feature is their capacity to form intramolecular hemiacetal or hemiketal functional groups. This brings about the formation of cyclic isomers that are in equilibrium with the open chain isomer [START_REF] Cui | Food carbohydrates: Chemistry, physical properties, and applications[END_REF] . The equilibrium between the different isomers that exist in the monosaccharides was first observed by Dubrunfaut in 1846 [START_REF] Cui | Food carbohydrates: Chemistry, physical properties, and applications[END_REF] . Dubrunfaut perceived a change in the optical activity of a freshly prepared cold solution of crystalline glucose. The value decreased from 112° to 52°. This change in the optical activity pointed out the formation of new chiral compounds in the aqueous media (and other solvents).

At the heart of this reaction, is the nucleophilic addition of either the fifth or the fourth carbon in the acyclic monosaccharide, mainly hexoses and pentoses, onto the electrophilic carbon atom of the carbonyl group. This leads to the formation of either a six-membered ring, which is related to tetrahydropyran and called pyranose, or to a five-membered ring, which is related to tetrahydrofuran and named furanose. The cyclization process converts an achiral aldehyde carbon atom (C1) into a chiral hemiacetal carbon atom, in other words the addition can occur on the two planar faces of the carbonyl group, which leads to the formation of either α and β furanose or pyranose isomers.

A monosaccharide usually crystallizes under the form of exclusively one of its tautomers. When dissolved in water or another solvent, the sugar molecules may undergo mutarotation, in which a series of reactions involving molecular rearrangement around C1 for aldoses and C2 for ketoses occur. This transformation is always associated with a change in the optical activity of the solution, hence, a mixture involving different types of tautomers is formed. It consists of a ring opening followed by its closure with inversion of the stereogenic center. The mutarotation has a slow rate: it takes several hours to reach equilibrium if conducted in water at room temperature. However, this rate increases by a factor of 1.5 to 3 each time the temperature increases by 10°C [START_REF] Cui | Food carbohydrates: Chemistry, physical properties, and applications[END_REF] . Mutarotation occurs in both acidic and basic media where its rate increases too. The reaction starts with dissolving the sugar in the solvent. It is initiated by a proton transfer from an acidic catalyst to the ring oxygen atom of the sugar, or by the transfer of a proton from the sugar to a basic catalyst. Figure I. 9 shows the mechanism of an acid catalyzed mutarotation reaction of a monosaccharide. As a consequence, a mixture in equilibrium between the different tautomers is finally formed. [START_REF] Isbell | Mutarotation of Sugars in Solution: Part II[END_REF] The relative proportions of tautomers for D-glucose, D-mannose, and D-fructose at room temperature in aqueous solution are reported in Table I. 1. The values were estimated by the mean of [START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C and/or 1 H NMR spectroscopies. Values marked with an asterisk are an estimation of minor tautomers proportions in aqueous solutions using high resolution [START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C and 1 H NMR experiments [START_REF] Zhu | Acyclic Forms of [1-13 C]Aldohexoses in Aqueous Solution: Quantitation by 13 C NMR and Deuterium Isotope Effects on Tautomeric Equilibria[END_REF][START_REF] Wilbur | Detection of the Furanose Anomers of D-Mannose in Aqueous Solution. Application of Carbon-13 Nuclear Magnetic Resonance Spectroscopy at 68 MHz[END_REF] .

Table I.1. Relative Proportions (%) of the Tautomeric Forms of D-Glucose D-Mannose and D-Fructose at equilibrium in D2O.

a For solutions of 20% sugar in D2O, b For a solution of 50 mM of D-mannose in D2O, c 1 H NMR spectroscopy measurements, d 13 C NMR spectroscopy measurements, e 45 , f [START_REF] Mega | The 18 O Isotope Shift in 13 C Nuclear Magnetic Resonance Spectroscopy. 13. Oxygen Exchange at the Anomeric Carbon of D-Glucose, D-Mannose, and D-Fructose[END_REF] and * [START_REF] Zhu | Acyclic Forms of [1-13 C]Aldohexoses in Aqueous Solution: Quantitation by 13 C NMR and Deuterium Isotope Effects on Tautomeric Equilibria[END_REF][START_REF] Barcla | Observation of the Keto Tautomer of D-Fructose in D2O using 1 H NMR Spectroscopy[END_REF] Another acyclic form of monosaccharides has been found out among the other molecules [START_REF] Zhu | Acyclic Forms of [1-13 C]Aldohexoses in Aqueous Solution: Quantitation by 13 C NMR and Deuterium Isotope Effects on Tautomeric Equilibria[END_REF] , which is the hydrate form. Despite that Fischer and Haworth projections for monosaccharides reveal some spatial configuration of the hydroxyl groups, they don't describe the proper shape of these molecules.

By evaluating correct bond lengths and angles of the tetrahedral carbons, it has been shown that pyranose and furanose rings are not flat. The different shapes of these rings, the position of the hydroxyl groups together with the position of the hydrogen atoms lead to the formation of several inter-convertible conformers for one anomer. This is the conformation of furanoses and pyranoses rings.

Conformation of furanose and pyranose rings

Furanose rings can be found in two principal conformers, envelope (E) and twist (T)

.12 which both have ten possible variations. Although, their most stable structures aren't well identified yet. Among many possible conformations, the favored conformer is the one having the minimum free energy. Among the many possible conformations, one conformer is favored, that is the one with the minimum free energy. Conformational free energy is computed based on the attraction and repulsion between atoms in terms of van der Waals forces, polar and hydrophobic interactions, steric interactions, solvation effects and strains associated with the bond lengths and angles [START_REF] Cui | Food carbohydrates: Chemistry, physical properties, and applications[END_REF] .

Since the solvation model has a big influence on the structure of the conformer one can say that the conformation of a sugar molecule in the solid state is not necessarily the same than in a solution.

As a general rule, the most stable conformation of a pyranose ring is the one that has a chair conformation in which the majority of the bulky hydroxyl groups are placed in an equatorial position, so as to put the bulky substituents in a spatial arrangement where they are the farther apart from each other, leading to the lowest energy form with a minimum steric hindrance. Additional more electronic-related effects referred to as "Delta-two effect" and "Hassel-Ottar effect" also induce instability to sugar conformers [START_REF] Cui | Food carbohydrates: Chemistry, physical properties, and applications[END_REF] . Based on these instability factors, the preferred conformation of many aldohexoses was settled by assessing the number of instability factors in each possible conformer. 4 C1 chair conformer was adopted as the most stable conformation for α-and βpyranoid rings for glucose and mannose. β-glucopyranose is the only aldohexoses that doesn't carry any instability factor, which made it the most stable isomer among all other forms of different sugars. Table I.2 summarizes some of these factors for some important aldohexa-and aldopentapyranoses.

Computational DFT studies on monosaccharides appeared in the literature, mainly for D-glucose and D-mannose to examine the conformational 4 C1 and 1 C4 chair and the α-and βanomeric preferences of these sugars. Calculations were conducted at the B3LYP/6-311++G** level of theory. For D-glucose, the favored conformation for both α-and β-pyranose was settled on 4 C1 chair with a relative difference in solvation energy of 1.7 kcal/mol in favor of the βanomer [START_REF] Schnupf | DFTMD Studies of Glucose and Epimers: Anomeric Ratios, Rotamer Populations, and Hydration Energies[END_REF] . Moreover, 4 C1 chair conformations have lower energies for both pyranose anomers of D-mannose, for which α-D-mannopyranose is favored by 0.2 kcal/mol of hydration energy As it is shown in Table I.2, since almost all the 4 C1 conformers have less stability factors, then, they are the more favorable stable conformations [START_REF] Bubb | NMR Spectroscopy in the Study of Carbohydrates: Characterizing the Structural Complexity[END_REF] . Despite the fact that βglucopyranose hasn't any instability factor, it is still not the only abundant conformation among all the possible structures of D-glucopyranose. In an aqueous solution, the β-anomer represents 64% of the total structures and the α-anomer forms 36% of the total existent conformers in the solution. The difference of free energy between the two anomers is only 1.5 kJ.mol -1 41 .This is due to one more instability factor, in favor of the α-form, known as the anomeric effect, where in some cases, the α-D-anomer holding an anomeric -OH group in the axial position is more stable than the β-D-anomer. Accordingly, In this section we presented the basics of carbohydrates chemistry for a better follow up of the experimental section of this work mainly concerning the investigation of metal-sugar complexes. In the following section, the principal conversion processes of cellulose and glucose through different reaction pathways are presented.

I.2. Reactions of carbohydrates

The production of EG from cellulose occurs mainly through three reactions: (1) hydrolysis of cellulose to smaller glucose monomers, (2) retro-aldol condensation (RAC) of glucose to form glycolaldehyde (GA) and erythrose which subsequently undergoes RAC reaction to form two additional GA molecules, and finally (3) the hydrogenation of GA to EG. The key element of a high yield of EG lies on how to selectively break the C-C bond in the C6 sugar to form C2 or C3 intermediates. The isomerization of glucose to fructose leads to the formation of C3 intermediates that are finally hydrogenated to obtain 1,2 propylene glycol. Thus, the selectivity towards the production of EG is much dependent on how these reactions interplay with each other.

Figure I.22 represents the reaction routes possibly involved in cellulose conversion to EG.

Following the major route for EG formation from glucose one can find that while the C6 sugar is degraded to C2-C4 molecules via RAC, another hydrogenation reaction occur to form sugar alcohols (hexitols). These hexitols hinder EG formation since they are inert as they are for retroaldol reaction. A feasible way for hexitols degradation is their dehydrogenation back to glucose or other sugar isomers over metallic catalysts followed by RAC reaction. However, the predominant product in hexitols conversion was found to be 1,2-PG in the most cases, showing that the intermediate from hexitols dehydrogenation is more likely a 2-ketose (fructose). [START_REF] Zheng | Selectivity Control for Cellulose to Diols: Dancing on Eggs[END_REF] This section reviews the hydrogenolysis of cellulose or glucose to polyols. Many catalysts have been investigated mentioning among them Base catalysts [START_REF] Girard | Catalytic Conversion of Cellulose to C2-C3 Glycols by Dual Association of a Homogeneous Metallic Salt and a Perovskite-Supported Platinum Catalyst[END_REF][START_REF] Xiao | Conversion of Highly Concentrated Cellulose to 1,2-Propanediol and Ethylene Glycol over Highly Efficient CuCr Catalysts[END_REF] and transition-metal elements [START_REF] Xi | Production of Ethylene Glycol and its Monoether Derivative from Cellulose[END_REF][START_REF] Deng | Promoting Effect of SnOx on Selective Conversion of Cellulose to Polyols over Bimetallic Pt-SnOx/Al2O3 Catalysts[END_REF][START_REF] Sun | Selectivity-Switchable Conversion of Cellulose to Glycols over Ni-Sn Catalysts[END_REF][START_REF] Sun | Versatile Nickel-Lanthanum(III) Catalyst for Direct Conversion of Cellulose to Glycols[END_REF][START_REF] Zhao | Catalytic Conversion of Cellulose to Ethylene Glycol over Tungsten Phosphide Catalysts[END_REF][START_REF] Zhao | Catalytic Conversion of Concentrated Glucose to Ethylene Glycol with Semicontinuous Reaction System[END_REF][START_REF] Xu | Catalytic Conversion of Cellulose into Polyols using Carbon-Nnotube-Supported Monometallic Pd and Bimetallic Pd-Fe Catalysts[END_REF] that have shown an excellent activity in RAC reaction including tin group based catalysts, lanthanide catalysts and tungsten group based catalysts. 5,[START_REF] Zhao | Catalytic Conversion of Concentrated Glucose to Ethylene Glycol with Semicontinuous Reaction System[END_REF][START_REF] Ji | Nickel-Promoted Tungsten Carbide Catalysts for Cellulose Conversion: Effect of Preparation Methods[END_REF][START_REF] Tai | Catalytic Conversion of Cellulose to Ethylene Glycol over a Low-Cost Binary Catalyst of Raney Ni and Tungstic Acid[END_REF][START_REF] Zheng | Transition Metal-Tungsten Bimetallic Catalysts for the Conversion of Cellulose into Ethylene Glycol[END_REF] Apart from base and transition metal based catalysts, retro-aldol condensation can also occur in supercritical or subcritical water in the absence of a catalyst. [START_REF] Bernard | Rapid and Selective Conversion of Glucose to Erythrose in Supercritical Water[END_REF][START_REF] Kabyemela | Glucose and Fructose Decomposition in Subcritical and Supercritical Water: Detailed Reaction Pathway, Mechanisms, and Kinetics[END_REF][START_REF] Sasaki | Kinetics and Mechanism of Cellobiose Hydrolysis and Retro-Aldol Condensation in Subcritical and Supercritical Water[END_REF][START_REF] Sasaki | Rapid and Selective Retro-aldol Condensation of Glucose to Glycolaldehyde in Supercritical Water[END_REF] The evaluation of the selectivity of the catalyst in direct RAC reaction of glucose is based on EG yield. The formation of 1,2-PG while using cellulose or glucose as a feedstock indicates that the corresponding catalytic system is selective in glucose isomerization to fructose. [START_REF] Sun | Selective Hydrogenolysis of Biomass-Derived Xylitol to Ethylene Glycol and Propylene Glycol on Supported Ru Catalysts[END_REF] Using a perovskite-supported platinum catalyst, alkaline barium zirconate-based platinum catalyst (Pt/BaZrO3) with the association of CeCl3.7H2O homogenous Lewis acid salt at 230°C, under 25 bar of H2 pressure after 12 hours, a significant EG and 1,2-PG yield of about 40% was reached from cellulose. [START_REF] Girard | Catalytic Conversion of Cellulose to C2-C3 Glycols by Dual Association of a Homogeneous Metallic Salt and a Perovskite-Supported Platinum Catalyst[END_REF] Despite the many valuable merits offered by base catalysts for RAC reaction such as low price and little negative environmental impact, they drive the production of 1,2-PG but not EG as the main product since they possess an inherent activity for glucose isomerization to fructose which is a first side reaction that we are supposed to encounter in our study. The base-catalyzed isomerization of glucose to fructose is named after its discoverers, The Lobry de Bruyn-Alberda van Ekenstein transformation. [START_REF] Wang | Chemical Synthesis of Lactic Acid from Cellulose Catalysed by Lead(II) Ions in Water[END_REF] They reported that an outstanding yield of lactic acid up to 68% has been attained after 4 h of reaction at 190°C. Theoretical and experimental studies suggested that the Pb(II) catalytic production of lactic acid from microcrystalline cellulose and lignocellulose occur through cascading steps including isomerization of glucose into fructose, retro-aldol condensation of fructose to trioses and finally the selective conversion of triose into lactic acid.

I.2.1.2. Transition metals-based catalyst

Lanthanide metals-based catalysts

Zhang et al. conducted a series of experiments for cellulose conversion to ethylene glycol and propylene glycol. [START_REF] Sun | Versatile Nickel-Lanthanum(III) Catalyst for Direct Conversion of Cellulose to Glycols[END_REF] Compared with a blank experiment in which they used a 10%Ni/AC catalysts solely, the addition of different Lewis acid metal salts such as Ce(NO3)3, Y(NO3)3 and La(NO3)3 led to significant increase in EG and 1,2-PG yields. With La(III) salts, the highest yield towards the production of C2 and C3 polyols was obtained (32.6% EG and 13.8% 1,2-PG) at 245 K, 50 bar H2 in 120 min reaction time meaning that La(III) ions are selective for retroaldol condensation of glucose to C2 intermediates. Using theoretical calculations, they described the mechanism of glucose degradation to GA. It hs been shown that glucose undergoes epimerization and 2,3-hybride shift steps in the presence of La(III) catalyst. A detailed study of the suggested mechanisms and the theoretical DFT work will be depicted in a dedicated section in this chapter.

Tungsten-based catalysts

Tungsten carbides were the first catalysts used for an effective and selective cellulose conversion to Ethylene glycol. 5 They are multifunctional by nature. Tungsten carbides or phosphides are able to catalyze the hydrolysis of cellulose and the subsequent C-C bond cleavage in the sugar via RAC pathway without promotion of a hydrogenation metal. Owing to their noble metals-like catalytic behavior they provide hydrogenation sites to fulfill the production of EG from GA intermediates. [START_REF] Oyama | Preparation and Catalytic Properties of Transition Metal Carbides and Nitrides[END_REF] Using an activated carbon tungsten carbide supported catalyst (W2C/AC), an EG yield of 27% was reached. The catalytic activity was enhanced by promoting the carbide with a metallic nickel (Ni) hydrogenation catalyst. An EG yield of 61% was then obtained. 5 However, hydrogenation catalysts by themselves are not effective for C-C bond cleavage, they only give a very low yield of EG (<10%) [START_REF] Liu | Tungsten Trioxide Promoted Selective Conversion of Cellulose into Propylene Glycol and Ethylene Glycol on a Ruthenium Catalyst[END_REF] , therefore they solely act as promoters. Their promotional effect is explained by the excellent hydrogenation activity, which can well compensate the insufficient ability of carbides and phosphides. By comparing entries 6 and 7 in Table I.3, one can realize that the effect of the presence of a hydrogenation metal with WCx/MC catalyst is negligible, since EG yield increased only from 73 to 75%. Such observation shows that when the tungsten carbide or phosphide has a high hydrogenation activity, the promotional effect of the additional metal becomes less prominent. [START_REF] Wang | One-Pot Conversion of Cellulose to Ethylene Glycol with Multifunctional Tungsten-Based Catalysts[END_REF] By optimizing the type of the catalyst and its preparation method, an EG yield up to 76% was reached over metal-tungsten bimetallic catalysts supported on mesoporous silica, 5%Ni-(15%W/SBA-15). [START_REF] Zheng | Transition Metal-Tungsten Bimetallic Catalysts for the Conversion of Cellulose into Ethylene Glycol[END_REF] Bimetallic catalysts were extensively studied for ethylene glycol production from cellulose and other renewable feedstock. [START_REF] Ribeiro | Glucose-Based Carbon Materials as Supports for the Efficient Catalytic Transformation of Cellulose Directly to Ethylene Glycol[END_REF][START_REF] Liu | Catalytic Conversion of Glucose into Lower Diols over Highly Dispersed SiO2 Supported Ru-W[END_REF][START_REF] Xiao | Nickel-Tungsten Supported on Thin Carbon Coated SiO2 Nanosphere for Cellulose Conversion to Lower Polyols[END_REF] For instance, L. Rieiro et al. Their advantage over other tungsten species is that they are cheap and available in a large scale, contrary to tungsten carbides that require high temperature-complex, high-cost processes to be prepared. Thereby, the catalytic performance of different homogenous tungstenbased catalysts has been extensively studied and reported in Table I. 3 ( entries 15-29).

Zhao et al. conducted the catalytic conversion of concentrated glucose to EG over a dual AMT-Ru/AC catalyst with semicontinuous reactor equipped with a high pressure pump to inject the feedstock after reaching the desired temperature, at 240°C, under 50 bar H2 pressure after 40 min reaction time. [START_REF] Zhao | Catalytic Conversion of Concentrated Glucose to Ethylene Glycol with Semicontinuous Reaction System[END_REF] The catalytic conversion of cellulose and glucose was also evaluated with a batch reactor under the same conditions (see Table I Supported, bulk and mesoporous tungsten oxide catalysts were also reported to convert cellulose to EG showing that tungsten catalyze selectively direct retro-aldol condensation of glucose [START_REF] Zhang | One-Pot Solvothermal Synthesis of Graphene Nanocomposites for Catalytic Conversion of Cellulose to Ethylene Glycol[END_REF][START_REF] Yang | Effective Conversion of Acid Pretreated Pulp to Ethylene Glycol over Ordered Mesoporous WO3 Catalyst[END_REF][START_REF] Wiesfeld | Cellulose Conversion to Ethylene Glycol by Tungsten Oxide-Based Catalysts[END_REF] (See Table I.3, entries 29-31).

By surveying all the above-mentioned results, we can conclude that tungsten-based catalysts selectively catalyze retro-aldol condensation of glucose since EG is the prevailing product. In other words, tungsten-based catalysts are not selective for glucose isomerization to fructose. However, for every rule there is an exception. Over bifunctional Cu-WOx/Al2O3 catalyst, Liu et al. reported the selective hydrogenolysis of glucose to 1,2-PG. [START_REF] Liu | WOx modified Cu/Al2O3 as a High-Performance Catalyst for the Hydrogenolysis of Glucose to 1,2-Propanediol[END_REF] The catalyst was controlled to have W surface density as low as 0.8 W/nm 2 which resulted in the formation of isolated WO4 species providing more Lewis acid sites to promote glucose isomerization to fructose. Moreover, Pd-WOx/Al2O3 catalyst [START_REF] Liu | Effect of WOx on Bifunctional Pd-WOx/Al2O3 Catalysts for the Selective Hydrogenolysis of Glucose to 1,2-Propanediol[END_REF] showed a high selectivity of 60.8% towards 1,2-PG production at a glucose conversion of 92.2% under 40 bar H2 pressure at 180°C. The high yield of 1,2-PG was also assigned to the presence of Lewis acid sites provided by isolated WO4

and WOx oligomeric species or by tetrahedrally coordinated AlO4. By XPS analysis, [START_REF] Liu | WOx modified Cu/Al2O3 as a High-Performance Catalyst for the Hydrogenolysis of Glucose to 1,2-Propanediol[END_REF] it was proposed that tungsten atoms of +VI oxidation state of the Cu-WOx/Al2O3 catalysts are responsible for the isomerization reaction. No remarkable recent advance to highlight in the literature, all the studies targeted the hydrogenolysis of cellulose or the conversion of glucose over tungsten-based catalysts (mostly heterogenous systems) into smaller chain polyols. [START_REF] Zhao | Efficient One-Pot Tandem Catalysis of Glucose into 1,1,2-Trimethoxyethane over W-Beta catalysts[END_REF][100][101] The conversion of glucose into 1,1,2-trimethyloxy-ethane was carried out over W_beta catalysts via retro-aldol condensation in methanol phase. Yields up to 54.2% at 200°C were achieved. [START_REF] Zhao | Efficient One-Pot Tandem Catalysis of Glucose into 1,1,2-Trimethoxyethane over W-Beta catalysts[END_REF] Cellulose was converted over nicked and tungsten oxides combined with copper supported on magnesium aluminum spinel (NiOx-WOy-Cu/MgAl2O4). A Conversion of 100% was achieved with an EG yield of 53.1%. 101

Molybdenum-based catalysts

Up to the present, no molybdenum catalyst has been reported to be active for a selective cellulose hydrogenolysis to ethylene glycol. For instance, over molybdenum carbide catalyst, EG yield was as low as 11% (see Table I 

I.2.2. Experimental investigation of RAC mechanism

As a result of the extensive work of Zhang and coworkers, one can say that they gained good helpful data to impelenet a process for the production of EG from renweable resources.

However, an in-depth moleclar-level understanding of the mechanism of sugar degadation over tungstenic catalysts has not been well studied to date. Looking deeply into the provided literature data, one can realize that there is no clear vision on how the mechanism of retro-aldol reaction occurs. However, there is still some suggestion of some mechanistic steps for the reaction, mainly reviewed with heterogeneous tungsten species in Ih bulk tungsten oxide (WO3)

was considered as the active species in RAC reaction. 102 They found that after the reaction, the surfaces of these catalysts were predominantly covered with W 6+ which is relevant to the presence of WO3 at their surfaces. [START_REF] Liu | Tungsten Trioxide Promoted Selective Conversion of Cellulose into Propylene Glycol and Ethylene Glycol on a Ruthenium Catalyst[END_REF] It was reported that by using tungstic acid or tungsten oxide as a starting catalyst, a blue color caused by the dissolution of tungsten bronze (HxWO3) in the reaction medium is observed. [START_REF] Wang | One-Pot Conversion of Cellulose to Ethylene Glycol with Multifunctional Tungsten-Based Catalysts[END_REF] Liu et al. [START_REF] Liu | Tungsten Trioxide Promoted Selective Conversion of Cellulose into Propylene Glycol and Ethylene Glycol on a Ruthenium Catalyst[END_REF] tried to probe the mechanism of the C-C bond cleavage. By converting 2-deoxy glucose (a glucose derivative in which the second carbon atom is deoxygenated) the production of EG was blocked. Thus, they proposed that the C-C bond cleavage in the cellulose conversion may occur through the complexation of sugar intermediates with WO3. They supposed that this process may be related to sugar epimerization mechanism in which the complexation of the sugar with tungsten precursor involves the carbonyl oxygen with three vicinal hydroxylic oxygen atoms of the sugar following particularly Bilik's mechanism with C1 and C2 positions switched. However, this is yet to be verified by experiments and theoretical calculations. In fact, Bilik's reaction for rare sugars production is catalyzed by molybdenum but not tungsten species, involving Mo 6+ oxidation state but the chemical similarity between tungsten and molybdenum intrigues questions on the possibility for the existence of similar sugar complexes of Mo and W.

Xiao et al. investigated the active sites of a bimetallic catalyst (Ni-W/SiO2) by means of XPS and XRD spectroscopies. After catalyst characterization, it has been suggested that Ni-W alloys promotes the catalytic efficiency by catalyzing the unsaturated intermediates and could contribute to C-C bond cleavage, along with W 5+ and W 6+ active sites for the RAC reaction, that are respectively attributed to the presence of reduced WO3-x and WO3 species. [START_REF] Xiao | Heterobimetallic Catalysis for Lignocellulose to Ethylene Glycol on Nickel Tungsten Catalysts: Influenced by Hydroxy Groups[END_REF] By a XRD characterization of the fresh and the used catalyst, [START_REF] Li | Insight into the Efficient Catalytic Conversion of Biomass to EG and 1,2-PG over W-Ni Bimetallic Catalyst[END_REF] it was shown that the crystal phase of W-Ni/MSM was turned into NiWO4. XPS spectroscopy showed that nickel and tungsten were respectively of Ni 0 and W 0 chemical state at the surface of the mesoporous silica before the reaction while after the reaction, they were assigned to respectively Ni 2+ and W 6+ that would belong to the NiWO4 species. Accordingly, since HxWO3 can convert into insoluble tungstic acid with decreasing temperature and further become NiWO4 by contact with air, they proposed the soluble HxWO3 as a possible active species for RAC reaction, which was reported by Zhang and coworkers as well. [START_REF] Wang | One-Pot Conversion of Cellulose to Ethylene Glycol with Multifunctional Tungsten-Based Catalysts[END_REF] Indeed, Zhang et al. observed leaching of tungsten carbide that was considered as negligible by means of inductively coupled plasma (ICP) analysis. 5 Although, it was shown that with small amount of homogenous catalyst, RAC reaction could be achieved, [START_REF] Tai | Temperature-Controlled Phase-Transfer Catalysis for Ethylene Glycol Production from Cellulose[END_REF]104 They detected the presence of W 6+ and W 5+ and a higher ratio of W 5+ to W 6+ with increasing Ru load. They postulated that W 5+ active sites to promote the glucose retro-aldol condensation reaction. W 5+ cations that take place most likely between Ru species and WO3 support, interact 

I.2.3. Kinetics of RAC over tungsten-based catalysts

Zhang and coworkers were the first to investigate the kinetics for retro aldol condensation of glucose over ammonium metatungstate (AMT) catalyst. 104 It was shown that retro-aldol condensation of glucose follows a first-order kinetics with a high apparent activation energy of 141.3 kJ/mol suggesting that the reaction is favored at high temperatures and higher temperature favors C-C bond cleavage of glucose. GA is considered as an unstable chemical compound that readily transforms at high temperatures into degradation products (humins). They report that the reaction of GA transformation to side products follows a 2.5 th -order reaction model indicating that the undesired reaction of GA involves two or more molecules, which is more probably a condensation type reaction according to Zhang et al. The apparent activation energy was estimated to be 52.7 kJ/mol meaning that GA easily undergoes undesirable transformations at low temperature. Among the possible solutions to resolve this problem is to conduct the reaction in a semicontinuous reactor to evacuate the product or to use a hydrogenation catalyst so glycolaldehyde could be transformed to the less reactive ethylene glycol product. In the presence of hydrogenation catalyst, glucose undergoes a hydrogenation reaction that competes with the C-C bond cleavage. However, Zhang investigated the effect of different tungstenic compounds (H2WO4, HPW, WO3, AMT) on the hydrogenation of glucose over a Ru/C catalyst.

It was found that these precursors imposed a suppressing effect by inhibiting the hydrogenation of glucose over the Ru/C catalyst. 107 Zhang and coworkers investigated by means of a combined experimental and modeling methodology the kinetics of glucose conversion to ethylene glycol.

A reaction model was implemented in the presence of ammonium paratungstate and Ru/AC catalyst and by applying a mathematical kinetic model on the basis of a continuous stirred-tank model. 108 They excluded from their study glucose isomerization to fructose and RAC reaction of the latter product to C3 products since C3 polyols yield obtained in the reaction was below 7%. 108 EG can also form degradation products (CH4 and CO2) [START_REF] Wang | One-Pot Conversion of Cellulose to Ethylene Glycol with Multifunctional Tungsten-Based Catalysts[END_REF][START_REF] Tai | Temperature-Controlled Phase-Transfer Catalysis for Ethylene Glycol Production from Cellulose[END_REF] , however, the reaction was too low to determine whether it is of zero or first order but they assumed that EG gasification is a pseudo first order reaction.

I.2.4. Side reactions I.2.4.1. Isomerization

The isomerization of an aldose leads to the formation of mainly, 2-ketose, in particular fructose is the product of glucose isomerization. Alkaline catalysts were the first used to catalyze the isomerization of carbohydrates. 109 The reaction is known by the Lobry de Bruyn-Alberda van Ekenstein transformation. 110 Base catalysts include soluble alkalis and organic bases such as Amines. 110 Good yields (60-70%) of fructose have been reported by glucose isomerization over aluminate resins. 111,112 The reason for the high yield in the presence of aluminate is related to in situ complexation of fructose with aluminate anions which decreases fructose concentration in the solution and results in glucose to fructose equilibrium shift. The same observation was made by adding complexing agents to the solution, for instance by adding borate to the alkali solution of sugars a great conversion of aldose to ketose isomerization has been achieved. 113 Solid bases were also reported as efficient catalysts for ketoses production from aldoses, including zeolites in alkaline-exchange form immobilized amines and zirconium carbonates. Lewis acid homogenous metal salts and solid catalysts such as zeolites were reported to efficiently catalyze glucose isomerization to fructose. [118][119][120][121] As for example, AlCl3 were very selective for fructose isomerization (82.7%) at 393 K after 180 min reaction time. 120 

I.2.4.2. Epimerization

Epimerization is the reaction of inverting the configuration around a chiral center of the monosaccharide. Usually it occurs at C2 position, for instance the product of glucose epimerization reaction is mannose. Among the various molybdate catalyzed reactions of carbohydrates, the epimerization of saccharides discovered by Bilik and co-workers is the only well-characterized reaction so far. This slow reaction has been extensively studied in the 90's. [122][123][124][125][126] It occurs in the presence of molybdic acid, disodium molybdate or paramolybdate at temperatures between 70-90°C and achieves equilibrium in about 2-6 h 127 . Bilik et al.

showed that the optimum pH of the epimerization is between 2.5-3.5. 124 The kinetics of the glucose to mannose interconversion was studied 128 .

By the mean of 2 H enriched experiments using D-[1-2 H] glucose, Bilik showed that the reaction occurs by hydrogen exchange between C1 and C2 of the cyclic sugar in which the molybdate complex involves the pyranoid structure with inversion of configuration at both carbons. Indeed, the reaction gave D-[2-2 H] mannose as a major product. 123,125 However, L. This result prompted another study where [START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C and 2 H enriched carbohydrates were used to examine the mechanism of the reaction. 129 Thus, the production of D-[2-13 C, 2 [START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C atom (red) 2 H atom (blue).

Bilik reported that alditols do not isomerize under the conditions of epimerization reaction of aldoses with molybdate ions which implies that the presence of a carbonyl group is 

. Retro-aldol condensation

As far as we know, the mechanism of RAC reaction of glucose over tungstenic catalysts was scarcely experimentally investigated, with no data recorded for density functional theory calculation. However, Zhang et al. [START_REF] Sun | Versatile Nickel-Lanthanum(III) Catalyst for Direct Conversion of Cellulose to Glycols[END_REF] Via hydrogen transfer reaction, GA is formed in the third stage. Finally in the fourth stage, erythrose is directly transformed into two GA molecules via a hydrogen transfer process in a stable complex through the torsion of C-C bond. The energy barrier for glucose transformation to GA and erythrose was higher than that of erythrose transformation to GA indicating that the fourth stage proceeds more readily than that of the second stage. 

I.2.5.2. Isomerization

Metal oxides were reported to catalyze glucose isomerization to fructose since they contain Lewis acid and basic sites on the surfaces. 134 The authors proposed uncoordinated W 6+ as active species. The adsorbed glucose undergoes a 1,2 carbon-shift reaction in which the C2-C3 bond is broken with a simultaneous bond formation between C1 and C3. Concurrently, an alkoxy group is formed in place of the C1 aldehyde group and the C2 alkoxy group transforms into an aldehyde group. Finally, the formed mannose is desorbed from the catalyst. the epimerization occur through an active species in which carbohydrate-molybdate complex is formed. Moreover, molybdenum was reported to be effective in the fragmentation of glucose in oxidative atmosphere. Thus, the effect of oxidation states (+V or +VI) on the activity of tungsten and molybdenum is questioned for both metals. Few theoretical studies were found about the reactivity of glucose in the different transformation (RAC, isomerization, and epimerization). None of these were reported with tungsten (except for glucose isomerization).

In the light of this literature review we are interested to investigate more in this topic, thus by trying to clarify the nature of the active species controlling the selectivity of direct glucose fragmentation in addition to isomerization and epimerization. The choice of homogenous tungsten and molybdenum-based catalysts was made by the base that they only catalyze C-C cleavage, epimerization, and isomerization reactions without the hydrogenation of the intermediates. Tungstate and molybdate salts tend to form complexes with glucose (and other sugars). Thus, in the next section we report tungstate and molybdate carbohydrate interactions previously discussed in the literature.

I.3. Tungstate and molybdate complexes of carbohydrates

Many carbohydrates form Mo 6+ and W 6+ complexes in aqueous solutions, a characteristic which was applied to the separation of mixtures of sugars by paper electrophoresis. [138][139][140] Many studies have been devoted to the characterization of relevant molybdate or tungstate carbohydrate complexes. For the few complexes tending to crystallize, X-ray crystallography provides information on their molecular structures. [141][142][143] Circular dichroism (CD) spectroscopy that is based on the difference in absorption between left-and right-circularly polarized light displays spectra involving information on the interactions between neighboring groups in these complexes. 144 The thermodynamic stability constants were determined by potentiometry. 145 NMR spectroscopy 146,147 of the 1 H, [START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C, [START_REF] Yang | Effective Conversion of Acid Pretreated Pulp to Ethylene Glycol over Ordered Mesoporous WO3 Catalyst[END_REF] Mo and 183 W nuclei have been extensively used to investigate the structures of these complexes. Using two-dimensional NMR experiments, all the protons and carbon atoms of the organic ligand can be assigned. The complexes are believed to form dinuclear metallic cores.

Sugars are generally found in pyranose form in aqueous solution, furanose and acyclic forms are not commonly observed in free state of carbohydrates. [START_REF] Wilbur | Detection of the Furanose Anomers of D-Mannose in Aqueous Solution. Application of Carbon-13 Nuclear Magnetic Resonance Spectroscopy at 68 MHz[END_REF][START_REF] Hyvonen | Tautomeric Equilibria of D-Glucose and D-Fructose: NMR Spectrometric Measurements[END_REF] The existence of Mo 6+ and W 6+ complexes involving acyclic or furanose forms shows that the complexation may stabilize sugars existing in minor proportions at equilibrium. 130,148,149 As a matter of fact, the prevalence of complexes of either cyclic or acyclic tautomers really depends on the geometry of the conformer. Here we distinguish, two main systems of sugar's configurations according to their historical distinction and nomenclature as found in the literature. The first one is erythro glucose and threose). In this chapter, tungstate and molybdate complexes of sugars of interest are reviewed. Their assignment by [START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C NMR is presented in this section as it will constitute an element of comparison with our study. We will restrict ourselves to the main sugars of interest (glucose, mannose, erythrose and threose) that are sufficient to expose the main principles of the chemistry, excluding other more exotic sugars. Table I. 5 gives the [START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C NMR chemical shifts of tungstate and molybdate-sugar complexes. d). 130 The structural arrangement of the sugar in the A type complex depends on whether it is from erythro or threo-system. Mannose and erythrose, were proposed to occur in a "sickle" arrangement in which the O1,3 site constitute the bridging oxygen atoms. While glucose and threose are arranged in a "zigzag" structure in which the O2,3 sites constitute the bridging oxygen atoms. Using potentiometric techniques, the charges of these complexes are shown to be 
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(M = Mo or W, R =CH2OH), b) molybdate A type complex formed with hydrated acyclic erythrose and mannose (R = CHOH-CH2OH for mannose and R = H for erythrose), c) tungstate M type complex formed with αmannofuranose and d) molybdate A type complex formed with acyclic hydrated glucose and threose (R = CHOH-CH2OH for glucose and R = H for threose)

. Adapted from 130,148,[150][151][152] 

I.4. Conclusion and strategy of work

Lignocellulose is a suitable feedstock for the production of new energies such as biofuel and high value-added chemicals, especially oxygenated compounds. Polyols constitute an attractive class of chemicals. Namely, ethylene glycol is a high-value molecule that is widely used in the chemical industry. The production of ethylene glycol from lignocellulosic biomass occurs through several steps. Cellulose is first hydrolyzed to smaller glucose monomers then subsequently undergoes C-C bond cleavage to produce C2 intermediates. The reaction is called retro-aldol condensation. The process is complex with many side reactions interfering in the medium. Glucose can be isomerized to fructose which afterwards undergoes retro-aldol fragmentation to generate C3 compounds. The conversion of carbohydrates (cellulose and glucose) to produce ethylene glycol was extensively investigated. Among the various catalytic systems, tungsten-based catalysts were the most selective to produce EG. Although it is a key step directing the selectivity towards C2 species, none of the works done before drew attention to the direct retro-aldol fragmentation of glucose independently of the consecutive hydrogenation step. Molecular tungsten oxides (WO3, H2WO4, paratungstate ions and heteropolyacids, etc.) are uniquely efficient in C-C bond cleavage, hence they might be employed for a study focusing on retro-aldol condensation.

In a reducing environment tungsten-based catalysts were found to be more efficient than molybdate-based catalyst to promote C-C bond cleavage of cellulose-derived glucose.

However, in an oxidative medium phosphomolybdic acid was more efficient than its tungsten homologue to promote retro-aldol condensation of glucose. This actually raised many question about whether molybdenum could also selectively catalyze the cleavage of glucose to C2 pool compounds in specific conditions. Moreover, Liu et al. claimed that the mechanism of glucose fragmentation to shorter C2 molecules owns common step with the epimerization of glucose. [START_REF] Liu | Tungsten Trioxide Promoted Selective Conversion of Cellulose into Propylene Glycol and Ethylene Glycol on a Ruthenium Catalyst[END_REF] The latter reaction that is mainly catalyzed by molybdate salts and generally known as Bilik's mechanism.

Despite the significant research efforts directed towards the production of short-chain valuable chemicals from cellulose and cellulose-based feedstocks over tungstate and molybdate catalysts at an industrial scale, this research topic still lacks fundamental understanding of the reaction mechanism at a molecular scale. Several observations are made in the light of this literature review. In fact, the role of the two metals (molybdenum and tungsten) is not well understood, the genuinely catalytically active species are still to be discovered, no clear mechanisms have been published for the main and the side reactions and far greater detailed kinetic data for the conversion of glucose to smaller fragments are still to be investigated.

Therefore, the purpose of the present PhD work is to solve the previously mentioned problematics using a combined experimental and computational approach, focusing on homogeneous Mo and W inorganic species.

The first step to disclose the mechanism of a catalytic transformation consists in exploring the potential active species. In this view, a first ex-situ screening of the possible metal-carbohydrate interactions is proposed. Spectroscopic techniques including nuclear magnetic resonance and X-Ray Absorption spectroscopies will be employed to probe metalscarbohydrates complexes formed in aqueous solutions of various tungstate and molybdate precursors mixed with the sugars of interest that are involved in the process (glucose, mannose and erythrose). Simultaneously, several forms of complexes will be modeled and optimized at the density functional theory level. The relevant complexes will be then chosen by comparing experimental and theoretical spectroscopic data ( 13 C NMR).

Furthermore, the catalytic behavior of these complexes that might be probed in tungstate and molybdate mixtures with sugars will be investigated by conducting kinetic analysis with various homogenous W-and Mo-based species. The effect of changing the initial form of the metal precursor in addition to various operating conditions (pH, temperature, reaction atmosphere, metal/sugar ratio, …) will be tested in order to determine the most relevant parameters affecting the selectivity. An in-situ follow up of the reaction is carried out by means of X-ray absorption near edge spectroscopy (XANES) aiming at probing essentially the oxidation state of the metal during the reaction since this parameter is considered crucial for the activity of metals.

In parallel, based on the different experimental insights, tungstate and molybdate-sugar complexes are modeled and used as starting points for the calculation of the different reaction pathways at the DFT level, in particular retro-aldol condensation, epimerization and isomerization of the different aldoses. Theoretical activation barriers will be computed and thus compared to each other and to the experimental activation energies to allow better understanding of the experimental observations.

Chapter II. Multi-technique Method for the Elucidation of Metal-Sugar Complexes: When Tungstate Combines with D-Mannose

II.1. Introduction

As it has been discussed in the literature review in Chapter I, metal ions are known to take part in many chemical reactions undergone by sugars. [START_REF] Wang | Chemical Synthesis of Lactic Acid from Cellulose Catalysed by Lead(II) Ions in Water[END_REF][START_REF] Wang | One-Pot Conversion of Cellulose to Ethylene Glycol with Multifunctional Tungsten-Based Catalysts[END_REF]130,154 More particularly, tungstate salts were found to be efficient catalysts for the cleavage of the carbon chain producing the proper chemical intermediates that are precursors for the synthesis of short chain polyols such as ethylene glycol, propylene glycol or glycerol. [START_REF] Zheng | Selectivity Control for Cellulose to Diols: Dancing on Eggs[END_REF][START_REF] Wang | Chemical Synthesis of Lactic Acid from Cellulose Catalysed by Lead(II) Ions in Water[END_REF]104 Metal-sugar interactions are expected to occur in order to achieve these reactivities. 148,152 However, the coordination complexes of metal centers with sugars are not unambiguously identified to date.

In the present work, we aim at unraveling the structure of carbohydrate-metal complexes in the prototypical case of tungstate-mannose interaction in aqueous solution, as it is the required step for the understanding of the reactivity of those complexes. Mannose can be efficiently converted into platform molecules either in aqueous or organic medium. 155,156 For instance, by reacting with tungsten oxides, mannose is able to achieve high yields of ethylene glycol. [START_REF] Liu | Tungsten Trioxide Promoted Selective Conversion of Cellulose into Propylene Glycol and Ethylene Glycol on a Ruthenium Catalyst[END_REF] This carbohydrate belongs to the polyhydroxy aldehydes family and can exist in aqueous solution in five-membered or six-membered rings named respectively furanose and pyranose, or under its linear form, hydrated or not (Figure I.16). This complexity makes the structural identification of metal-sugar complexes a hard task, which is the goal of the present work.

Aqueous tungstate oxyanions speciation depends on the pH and the total tungsten concentration. 157 Monooxyanions and polyoxyanions forms are encountered. Monomeric species, that are known to occur in tetrahedral geometry prevail at high pH and lower tungsten concentration, while with the decreasing pH, polymeric species of commonly local octahedral symmetry predominate. Previous studies were devoted to the characterization of tungstate carbohydrate complexes. 152,158,159 Complexes involving W 6+ ditungstate cores were evidenced according to multinuclear 183 W and [START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C nuclear magnetic resonance (NMR) spectroscopies.

Complexes referenced as L and M were reported with D-mannose and depicted in However, some strong missing points remain important for the structural clarification of these species. All of these complexes were identified in a limited pH range without reporting the effect of varying the metal concentration and the pH on the nature of theses organometallic species. Moreover, all the synthesis of these complexes were established in a 2:1 metal/sugar stoichiometry. Although density functional theory (DFT) computational methods have proven as powerful tools for the investigation of molecules structures and the quality of the theoretically computed [START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C NMR chemical shift is considered trustworthy, 160,161 to the best of our knowledge, no computational study was reported for the structural clarification of these carbohydrate complexes.

Therefore, in the present work we are showing a full methodology for the characterization of tungstate-mannose aqueous mixtures using a combined spectroscopic and theoretical procedure at the DFT level. We combine [START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C NMR and X-ray absorption (XAS) spectroscopies to probe the state of the carbohydrate ligand and the metal, respectively, and screen various conditions for the formation of the complexes (pH, metal concentration and metal/mannose ratio). The calculation of [START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C NMR chemical shifts for a series of tungstate-mannose complexes using DFT is key to choose between several possible candidates based on experimental observations. Thanks to this approach, we reach an unequaled level of knowledge on the structure of these complexes as a function of operating conditions. On top of the two previously proposed species (Figure I.45, a, c) which existence is confirmed, we reveal two new dimeric and monomeric species with respect to previous proposals, that are likely to play a key role in the further transformation of sugars.

II.2. Experimental section II.2.1. Preparation tungstate-mannose complexes

The complexes were prepared and analyzed in aqueous solutions at room temperature, by mixing mannose with various precursors of the metal, namely sodium tungstate dihydrate (Na2WO4•2H2O) and ammonium metatungstate [(NH4)6H2W12O40] (AMT). All the chemicals were commercial products of purest analytical grade (Sigma-Aldrich) and used as received. In a typical experiment, 1 mmol of the sugar and 2 mmol of the metallic precursor were dissolved at room temperature in 1 mL of D2O (metal/sugar stoichiometry of 2:1, concentration of 1 and 2 mol.L -1 respectively). The effect of the pH, metal/sugar ratio and initial chemical structure of the metallic salt on the relative nature and the proportions of the generated complexes at equilibrium were explored. The pH of the solutions was measured using a conventional glass electrode apparatus, and the pH was adjusted to the desired value by addition of a few drops of either HCl or NaOH solutions (concentrations of 10 and 3 mol.L -1 respectively).

II.2.2. Nuclear Magnetic Resonance (NMR) spectroscopy

All NMR spectra were recorded on a Bruker Avance III spectrometer (300 MHz) equipped with a Broadband probe (BBFO) at 300 K.

1D-NMR Spectra: The applied frequencies were respectively 300.13 and 75.47 MHz for 1 H and [START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C nuclei. 1 H NMR chemical shifts were referenced using residual solvent peak for proton resonance of deuterium oxide (4.79 ppm). Proton spectra were obtained with an acquisition time of 3.4 s, a pulse duration of 14 µs with 6.7 W power pulse force and a sweeping range of 4807.7Hz. The relaxation delay was of 2 s. 1D proton decoupled [START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C spectra were recorded with the following parameters: acquisition time of 1.66 s, pulse duration of 9 µs with 38.8 W power pulse force, relaxation delay of 2 s and a sweeping range of 19736.8 Hz. In both experiments, the number of scans was adjusted according to the sample. 

II.2.3. X-ray absorption spectroscopy (XAS)

XAS spectra at the W L3-edge (10207 eV) were acquired at the European Synchrotron Radiation Facility (Grenoble, France) at the CRG-FAME BM30 beamline (French Absorption spectroscopy beamline in Material and Environmental science). Storage ring was operated at 150 mA with refill every hour. Spectra were recorded at the W L3-edge both in transmission mode using Si diodes collecting photons scattered by a kapton foil and fluorescence mode using a 13-element Canberra Ge solid state detector. Energy of the monochromatic beam was tuned using a Si(220) liquid-nitrogen cooled double-crystal monochromator surrounded by two Rhcovered mirrors for harmonics rejection. 162 Second crystal of the monochromator was dynamically bent in order to focus the beam on the horizontal direction. First mirror curvature was adjusted in order to collimate the beam on the vertical direction, and so to optimize the energy resolution and the photons flux on the sample, while second mirror was bent in order to focus the beam on the vertical direction. Thanks to these elements, the beam spot on the sample was 200 × 100 µm² (HxV, full width half maximum values). Energy calibration was ensured for each scan by measuring the XAS signal of a W metallic foil in double transmission, simultaneously to the studied solutions. Energies was then set to 10207 eV at the maximum of the W foil spectrum first derivative. Measurements were performed at 10 K using a liquid helium cryostat to preserve solutions from any radiation damages. All processing of the spectra was carried out using the Demeter software suite. 163 The EXAFS spectra were taken from the signal recorded in the fluorescent mode and manually corrected with respect to the spectra acquired in the transmission mode using the auto-absorption facility implemented in Athena.

The fit was performed on the Fourier transform of the k 3 -weighted χ(k) EXAFS functions in the k-range situated between 2.5 Å -1 and 14 Å -1 using Kaiser-Bessel window. The R-range was chosen between 1 Å and 4 Å.

II.2.4. Computational method

DFT calculations were performed by employing the B3LYP hybrid exchangecorrelation functional with the Gaussian 09 software suite. 164,165 Geometry optimizations were done using the def2-tzvp basis set for W atoms and tzvp basis sets for C, H and O atoms. [166][167][168] All the calculations were carried out using an implicit solvent (water) in the frame of the SMD solvation model. 169 The requested convergence criteria applied for geometry optimization for the force on all atoms in all directions is < 3 10 -4 Ha Bohr -1 and of < 10 -6 Ha for finding energy minima. To compare with experimental NMR measurements, the chemical shielding of the optimized structures has been calculated at the same level of theory using the Gauge-Independent Atomic Orbital (GIAO) method, 170,171 and referenced to calculated chemical shielding of DMSO for carbon and hydrogen atoms in order to determine 1 H and 13 C chemical shifts. DFT results were then compared to the NMR measurements of our own experiments to find out the models that fit the best with the experimental data. In order to benchmark the accuracy of the calculation method, [START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C chemical shifts of a series of three well-known sugars (glucose, mannose, and fructose) in their different tautomeric forms were calculated. The 

II.3. Results and discussion

II.3.1. NMR spectroscopy

The formation of tungstate-mannose complexes at neutral pH (7.5) was experimentally detected by the apparition of several new sets, each of six peaks, in the carbon NMR spectrum compared to that of free mannose. Besides, adjusting the pH of AMT-mannose aqueous solutions to around 7 and 11 has led to the formation of the same complex. Its existence is thus essentially related to the speciation of the metal (that depends on the pH) in the aqueous solution rather than to the nature of the metallic precursor. 148,152 Table II. 1 illustrates the chemical shifts recorded in the carbon spectra of the different species. The carbon chemical shifts displayed for Complexes A and C in our study are in line with that of complexes L and M of previous studies, respectively (Table II.1). However, no chemical structures were proposed for complexes B and D.

Possible ligands for each complex were deduced from the deshielding of the carbon atoms of all the possible oxygen donor adducts by a Coordination Induced Shift (CIS) value, which displays a characteristic pattern for each type of complex. The CIS value is calculated as the difference between the chemical shift of the same carbon atom in the complexed and the free form of the sugar according to equation (II.1). The literature did not set a threshold for the downfield shift exhibited by the coordinated carbon atoms. However, a minimum deshielding of 5 ppm was perceived while discussing tungsten and molybdenum complexes of carbohydrates. 148,152 CIS = ẟ (complexed sugar) -ẟ (free sugar) (II.1)

Since naturally, sugars occur in six different forms including five tautomers (four cyclic and one acyclic) and an acyclic hydrate species, the CIS value pattern was calculated with reference to all experimental chemical shift values of the six free forms of D-mannose in order to determine the possible ligand. Herein, the acyclic aldehyde was discarded since no signal was acquired at around 200 ppm which is a fingerprint of the existence of a carbonyl group.

The CIS values are respectively shown in Tables A1, A2, A3 and A4 in the Appendix.

For the assignment of complex A (Table A1, 

As for complex B (Table A2, Appendix), three high induced chemical shifts are obtained at the O2,3,4 site by proposing α-and β-mannopyranose as ligands. However, the hydroxyl group of the fourth carbon atom is trans-oriented to the O2,3 site discarding their possibilities as proper adducts for complex B. α-and β-furanose constitute proper candidates by displaying two high coordination induced shifts at their second and third carbon atoms raising the possibility of the presence of a bidentate complex. By considering the hydrated mannose as a ligand, three downfield shifts higher than 5 ppm were detected at O2,3,4 possible coordination site. However, according to the DFT data that will be further discussed in section II.3.4., hydrated mannose probably chelates the metal ion through four deprotonated oxygen atoms (O1,2,3,4 site) displaying only a little shift at the first carbon atom.

Regarding complex C, by considering pyranose forms, it appears that all the carbon atoms are deshielded, which eliminates their possibility to be ligands since their corresponding hydroxyl groups are trans oriented. Under the hypothesis of an α-furanose form, four high induced chemicals shifts are obtained at C2,3,5,6 positions indicating the possibility of the presence of a tetradentate chelation mode (Table A3 

II.3.2. pH and metal concentration effect

The metal concentration and the pH were changed systematically. The percentage of each complex was estimated from the relative areas of the carbon signals considering for each the signal of the anomeric carbon. The evolution of the proportion of tungstate complexes as function of pH in a series of Dmannose and sodium tungstate aqueous solutions was also investigated and is illustrated in of a pH-dependent speciation of the complexes is of a high importance for the involvement of the complexes in catalysis.

II.3.3. XAS

Tungstate-sugar mixtures have been analyzed by X-ray Absorption Spectroscopy at the W L3-edge, a technique widely used for investigation of metals environment for such kind of compounds. 172,173 First, we recorded the spectra of tungstate aqueous solutions of both precursors used in this study, sodium tungstate and ammonium metatungstate (AMT), in order to reference the edge energy of W 6+ since they are fully oxidized metallic salts and to distinguish the spectroscopic features of tetrahedral and octahedral species, respectively. The tetrahedral environment of aqueous WO4 2-ions was verified using the fit of the Fourier transform by obtaining reasonable amplitude value of 0.818 by setting the number of oxygen atoms in the first coordination sphere to 4. The distance at which the oxygen atoms where present is obtained of 1.78 Å (fitting of Na2WO4), which is typical for W-oxo bonds. 157 No W-W path can be observed on this spectrum, which confirms the mononuclear nature of the W species. The spectrum of dissolved AMT shows 6 oxygen (Table II.2, AMT) atoms in the first coordination sphere: 2.2 with W-O distances below 1.9 Å, typical of W-oxo bonds, and 3.8 with longer distances (1.9 Å). A W-W path for 4 neighbors at around 3.69 Å is detected, in line with the oligomeric nature of the species expected for this precursor. 157,174 The fitting result of the alkaline mannose-tungstate aqueous solution (pH 11) reveals the presence of around 3.3 oxygen atoms around the tungsten center. Together with the result of the XANES analysis, this points to the existence of a tetrahedral complex of tungsten with mannose at this pH range. Besides, no W-W path could be fitted in this spectrum, which points to the existence of only mononuclear species of W. Thus, according to this data, along with the XANES analysis, complex D existing at this pH should be a mononuclear complex of W in tetrahedral geometry. As the pH decreases, the number of oxygen atoms in the first coordination sphere increases, indicating the transition to octahedral species and the formation of polymeric entities. This is also attested by the observation of a W-W path for pH 7 and 4. Although the XANES spectra of both samples were roughly of the same shape, their corresponding EXAFS Fourier transforms do not show exactly the same path contributions. The83iting of these signals shows 2.0 tungsten atoms in the second coordination sphere at pH 7 while at pH 4, 3.5 tungsten centers are coordinated. The number of W second neighbors in the tungsten-mannose solutions at pH 4 and 7 was found to be lower than that of AMT precursor. This data points to the fact that the complexes present in this pH range (complexes A, B and C) likely contain oligomeric species of lower nuclearity. According to potentiometric data, 153 mannose-tungstate complexes were found to have 2:1 metal/sugar stoichiometry, thus a dinuclear tungsten core was proposed to bound to the ligand in these species. Considering the fact that dimeric species and metatungstate ions involve respectively one and four tungsten centers neighboring the absorber atom, the percentage of tungsten atoms chelated to the sugar is estimated to be around 67% for the solution at pH 7 (totally owing 2 tungsten atoms in the second coordination sphere), which is coherent with the results presented in section II.

(calculations are provided in Table A.8).

Our results are in line with this hypothesis, with a number of W neighbors close to 1 (for tungstate-mannose complexes) at pH 7 with the highest proportion of complexes formed.

Consequently, mannose generates complexes when it is mixed with tungstate precursors in aqueous solution. These complexes comprise W 6+ centers as verified with reference to the edge energy of the fully oxidized tungstate salts (Na2WO4 and AMT). Among all of the formed species, one complex, denoted D, corresponds to a mononuclear tetrahedral metallic center.

The three other species revealed by NMR at lower pH (A, B, C) contain an oligomeric tungsten core in octahedral geometry. The attribution to the coordination sites is possible by analyzing the increase of the NMR chemical shift of the carbon atom, however several possible structures remain feasible after analyzing the NMR data along with the conformation considerations.

Hence, in order to clarify the molecular structures of the complexes, we performed a computational analysis at the DFT level.

II.3.4. Computational study

In this section we are providing a screening of potential interactions between tungstate oxyanions and D-mannose in aqueous solution at the density functional theory level. In line with the experimental findings reported in section II.3.3. all the models feature W 6+ species only, as no evidence for reduction could be provided by XAS. We then examine various models featuring mannose in interaction with mono-and binuclear metallic cores, as well as with a model of the AMT anion.

Considering the tetrahedral geometry of monotungstate oxyanions (WO4 II.3). A good correlation is observed between the performed calculation of [START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] Both, tungsten WO6 octahedra share a face. This species was already discussed in the literature for which the carbon chemical shifts agree with the so-called complex L (Table II As for complex C, the comparison is more ambiguous since all the calculated chemical shifts of the proposed models differ more strongly than for the other complexes from the experimental values. However, the chemical shifts detected for complex C match with the species denoted M in the literature (Table II.1). This complex forms a ditungstate center chelated to α-mannofuranose in which four donor non vicinal hydroxyl groups (ring O2,3 and side chain O5,6) constitute the site of chelation. Among all the proposed models complex 7
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shows the best correlation with species C. This complex involves a chelation site identically to M type complex from previous work, consisting of four oxygen atoms complexing the metallic core (O2,3,5,6) in which O3,5 are the bridging atoms (complex 7, Figure A.7, Appendix).

The [START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C NMR chemical shifts displayed for complex 10 match the most with the experimental chemical shifts reported for complex D. This complex includes a monomeric tungstate ion chelated to α-mannofuranose through a monodentate site by deprotonation of second hydroxyl group (complex 10, Figure A.8, Appendix).

Focusing on the models built on the basis of an AMT structure, complex 13 involving β-mannofuranose as a ligand approximately correlates with the experimental chemical shifts displayed by complex A and the values calculated for the dimeric model (complex 1).

Complexes 14 and 15, proposed respectively as models for complexes B and C, showed a large deviation from the experiments, thus, they were not retained as proper candidates. However, according to the EXAFS data presented above, the number of tungsten neighbors increases from 2.0 to 3.5 as the pH decreases from 7 to 4 while a higher amount of complex was obtained at pH 7 (60-70% of the metal complexed) than at pH 4 (20-30% of the metal complexed), revealing that tungstate-sugar complexes involve less tungsten nuclei compared to AMT.

Hence, ammonium metatungstate ion (W12O40 8-) might not be suited for the formation of complexes. However, this does not fully exclude the presence of species of nuclearity higher than two.

Therefore, the final structures of the four species are illustrated in Figure II.5, obtained from the multi-technique method combining [START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C, [START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C-1 H, 1 H-1 H NMR, XAS and DFT. Out of these species, two correspond to previous proposals (Figure I. 45,a,c), but the two other ones have never been observed for tungsten-mannose complexation system. 
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II.4. Conclusion

In the present work, we examined the complexation of mannose with tungstate oxyanions potentially involved in important sugar conversion reactions, such as epimerization and retroaldolization. We used a combination of spectroscopic ( 13 C, [START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C-1 H, 1 H-1 H NMR and XAS spectroscopy) and computational methodologies (DFT calculations) to propose molecular models of these complexes. We find a series of 4 distinct complexes, all of which were found of W 6+ oxidation state (XAS). We showed that the existence of species involving the aldehyde form of mannose are very unlikely to exist. The complexes are characterized by different chemical structures of both the sugar and the metal core. In particular, we could distinguish two species dominant at neutral pH featuring a dinuclear tungsten core (even if our results do not fully exclude higher nuclearity) with mannose in either a furanose form (major species) or linear hydrate form (minor species). As the pH increases, two additional complexes are observed as the two other ones vanish: a species essentially observed at pH 8-9, still involving a polynuclear metallic core, and finally at pH higher than 10, corresponding to a mononuclear complex featuring a tungstate core in a tetrahedral environment and mannose in its α-furanose form.

Thus, our results shed new light on the speciation of complexes between sugars and tungsten and will be helpful to decipher the relationships between reaction conditions and catalytic activity in future works.

Chapter III. Multi-technique Method for the Elucidation of Metal-Sugar Complexes

III.1. Introduction

In the previous chapter we proposed a full methodology for a structural elucidation of metalcarbohydrates complexes, in the prototypical case of tungstate-mannose, the former being considered as an efficient catalyst for many key-transformations of sugars, mainly cleavage reactions for the production of short-chain chemicals (ethylene glycol and propylene glycol). [START_REF] Zheng | Selectivity Control for Cellulose to Diols: Dancing on Eggs[END_REF][START_REF] Zhao | Catalytic Conversion of Concentrated Glucose to Ethylene Glycol with Semicontinuous Reaction System[END_REF][START_REF] Tai | Catalytic Conversion of Cellulose to Ethylene Glycol over a Low-Cost Binary Catalyst of Raney Ni and Tungstic Acid[END_REF][START_REF] Liu | Tungsten Trioxide Promoted Selective Conversion of Cellulose into Propylene Glycol and Ethylene Glycol on a Ruthenium Catalyst[END_REF] Moreover, molybdate salts were shown to be active for the production of rare sugars through epimerization as well as cleavage reactions. [START_REF] Zheng | Selectivity Control for Cellulose to Diols: Dancing on Eggs[END_REF]129,130,154 As previously mentioned, in order to achieve these chemical transformations, metal-sugar interactions are expected to occur and need to be unequivocally identified to understand the mechanisms of both transformations.

In the present section, we aim at unveiling the structure of tungstate-and molybdate- Thus, as a matter of fact, the prevalence of complexes including either cyclic or acyclic tautomers strictly depends on the geometry of the conformer. Moreover, aqueous tungstate and molybdate speciation depends on the pH and on the total metal concentration. Monooxyanions and polyoxyanions forms are encountered. 157,175 Monomeric species, that are known to exist in tetrahedral geometry prevail at high pH and lower concentration of metals, while with decreasing pH, polymeric species of commonly local octahedral symmetry predominate. This complexity, from both point of views, the sugar, and the metal, makes the structural identification of metals-sugars complexes a hard task, which is the goal of the present chapter.

In the preceding chapter we efficiently combined experimental spectroscopic (Nuclear Magnetic resonance (NMR) and X-Ray absorption spectroscopy (XAS)) and theoretical calculations at the density functional theory level (DFT) in order to disclose and validate the geometrical structures of these complexes which helped uncover the structures of new tungstate-mannose complexes.

In the present chapter we generalize this approach to tungstate and molybdate complexes of C6 (mannose and glucose) and C4 (erythrose) aldoses of interest.

III.2. Experimental section III.2.1. Preparation of metals-sugars complexes

The complexes were prepared and analyzed in aqueous solutions at room temperature, by 

III.2.2. Multinuclear NMR and X-ray Absorption spectroscopies

The analysis parameters of the spectroscopical techniques (NMR and W-L3 edge X-ray Absorption Near Edge Spectroscopy) are described in Chapter II, sections II.2.2. and II.2.3.

Mo-K edge XANES experiments were performed et the European Synchrotron Radiation

Facility in Grenoble, France at the CRG-FAME BM30 beamline as well. Calibration of the line and spectra record were done similarly to W-L3 edge experiments with few differences related to the analysed metal. Thus, the mirrors were adjusted at an angle of 2.5 mrad to tune the monochromatic beam. The beam spot on the sample was 210 × 260 µm² (HxV, full width half maximum values). Energy calibration was ensured for each scan by measuring the XANES signal of a Mo metallic foil in double transmission, simultaneously to the studied solutions.

Energies were then set to 20000 eV at the maximum of the Mo foil spectrum first derivative.

All processing of the spectra was carried out using Demeter software suite.

III.2.3. Computational method

The computational study, in terms of optimization of metals-sugars complexes and calculation of [START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] The spectra were then completely assigned (in terms of carbon position) by means of two dimensional 1 H- [START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C heteronuclear and 1 H homonuclear NMR experiments illustrated in The chemical shifts of molybdate-mannose complexes E and F match with L and A type species (note the distinction between our complex A and the A type mentioned in the literature) already mentioned in the literature. 148,150 With molybdates, glucose and erythrose generate complexes matching with A type species comprising the hydrated acyclic form of the sugar as a ligand. 130,151 With tungstate, erythrose affords a new complexes H for which the chemical shifts were not previously reported. The 13 C NMR chemical shifts of these complexes are shifted from that of the free ligand at the coordination sites. This is the coordination induced chemical shift (CIS value) for each new species (minimum required downfield shift of 5 ppm) that constitutes a key step for the identification of the coordinated sites as it was described in the previous chapter. Hence, the CIS values calculated for the different species are presented in 

III.3.1.2. pH and metal concentration effect

Metal concentration and pH effects were investigated for molybdate-mannose complexes, in a similar manner as for the previous study done for tungstate-mannose complexes (Chapter II, section II.3.2.). The reason why we choose only mannose to start with such a study is that it is the only sugar affording significant amount of species appearing clearly in clean spectra.

The percentage of each complex was estimated from the relative areas of the signal of the anomeric carbon. heptamolybdate is similar in trends to when the sugar is combined to sodium molybdate, indicating that the metal precursor does not have an effect on the nature of the formed complexes neither on their behavior as the pH changes. The pH dependent behavior of species E and F is similar to that of species A and B detected for tungstate-mannose complexes, although with maxima at slightly different pH values (around 6 and 7, respectively to Mo and W) showing that both metals likely share common properties with respect to the complexation process.

III.3.2. XAS spectroscopy

Tungstate-and molybdate-sugar mixtures were analyzed by X-ray absorption near edge spectroscopy at the W L3-edge and Mo K-edge. Oxidation states, tetrahedral and octahedral geometries of the metallic centers were referenced by acquiring the XANES spectra of the various tungstate and molybdate precursors in aqueous solutions (sodium tungstate and The white line appearing in the L3-edge XANES of tungsten, attributed to electronic transitions from 2p2/3 W orbitals to vacant 5d W orbitals, is related to the structure of the WOx Therefore, all aldoses are susceptible to form complexes when they are mixed with metal precursors. These complexes comprise W 6+ and Mo 6+ metallic centers that are dominantly of octahedral geometry. All these data, associated to the CIS value pattern of each species, will be used to propose complex models, for which theoretical [START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C NMR chemical shifts will be computed and compared to the experimental patterns to finally choose the proper model as it has been described in detail in the previous chapter.

III.3.3. Structure of metal-sugar complexes

The general complex models are proposed based on the CIS value analysis and on the XANES data, similarly to the previous chapter (Figure II 
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(a) R = CH2OH, M = W or Mo, (species A and E) formed exclusively with mannose (β-furanose form), (b) M = W or Mo when the metal is chelated to acyclic hydrated mannose (species B and F) when R=CHOH-CH2OH, or to acyclic hydrated erythrose when R = H (species H and I), (c) formed exclusively with mannose, complex C (α-furanose form), (d) formed exclusively with acyclic hydrated glucose (species G) and (e) mononuclear complex of α-mannofuranose (species D).

According to the comparison between experimental and theoretical carbon chemical Complexes E and F match with L and A type molybdate species of mannose previously described in the literature. The models matching the best with species G involves a dimeric molybdate complex in which acyclic hydrated glucose is bound to the metallic center through a tetradentate O1,2,3,4 site in a "zigzag" arrangement with O2,3 as bridging oxygen atoms indicates that the deshielding of the carbon atoms by the coordination is independent of the nature of the metal.

Figure III.5. Correlation curve of 13 C NMR chemical shifts of A: experimentally observed isostructural tungstate and molybdate complexes, B: all proposed models for tungstate and molybdate complexes of sugars (complex models are shown in the Appendix, Figures A.20, A.21, A.22, A.23. Each complex model was optimized ana calculated with Mo and W).

We plotted on Figure III.5, B the theoretical carbon NMR shift for several isostructural tungstate and molybdate modeled complexes. As a general trend, the carbon chemical shifts calculated for each complex model with both metals are in a good correlation. A slightly higher deshielding was observed with molybdate for some of the carbon atoms, although the difference falls generally below 5 ppm, which is of the same order of magnitude than the difference between experimental and computational results. Overall, the computed deshielding of the carbon atom is not impacted by the nature of the metal as much as it is influenced by the geometrical shape of the complex, hence, in agreement with the experimental observation. the assignment of the chemical shifts was not easy since P2 displays at its first carbon atom a chemical shift lower than 90 ppm which is considered low as a deshielded coordinated anomeric carbon atom according to the simulation of [START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C chemical shifts carried out by DFT.

III.4. Conclusion

In the present chapter, we investigated the complexation of three sugars (mannose, glucose and erythrose) with two metals of interest (tungsten and molybdenum) for a further catalytic study consisting in sugar conversion to valuable products. We used a combination of spectroscopic ( 13 C, [START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C- Moreover, some missing points that were not reported in the literature, were clarified thanks to this study namely the effect of varying the metal concentration and the pH on the nature of these species. Metal's concentration and precursor type were found to be ineffectual to the nature of the formed species; however, the pH was found to be a decisive factor governing the nature of the complexed matter.

The dimeric complexes involving the acyclic hydrated sugars as ligands were previously described by Bilik and co-workers for molybdate-carbohydrate systems as they were considered as active species for the epimerization of sugars (Figure III.4,b,d). 130 Herein, the evidence of the formation of homologous tungstate complexes is provided revealing questions about the ability of this metal to catalyze epimerization as well.

The Although these reactions were extensively investigated in the literature, they still lack a fundamental understanding at a molecular scale. As a first step to study the mechanisms of these catalytic transformations, a screening of the possible metal-carbohydrate interactions was conducted and discussed in the preceding two chapters (Chapters II and III).

In the present section, we address the reactivity of sugars catalyzed by tungstate or molybdate based species and question the relationship with the complexes observed in the previous sections. A detailed kinetic study is carried out by taking into consideration the complexity of the reaction medium from both point of views, the metal, and the sugar. As for the metals, tungstate and molybdate oxyanions are known to have pH and concentration dependent behavior in aqueous solution. 157,175 The variation of their aqueous speciation as function of reaction conditions (metal concentration, pH, temperature) is taken into consideration. Besides, an in-situ follow-up of the reaction is conducted using X-ray absorption at the near edge spectroscopy (XANES) in order to extract information about metal's environment and oxidation state, which are considered as critical parameters in catalysis. We also conducted a set of experiments in order to gain additional information on the reaction mechanism (mainly retro-aldol condensation), including [START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C nuclear magnetic resonance (NMR) analysis using isotopically labeled glucose at different carbon positions and the protection of some of the functional groups of the sugar using deoxy glucose products at the different carbon positions. 

IV.2. Experimental section IV.2.1. Catalytic tests

IV.2.1.1. Experiments

The catalytic activity of several tungsten and molybdenum precursors (Sodium molybdate dihydrate (Na2MoO4•2H2O), ammonium heptamolybdate tetrahydrate [(NH4)6Mo7O24•4H2O] (HMA), Sodium tungstate dihydrate (Na2WO4•2H2O) and ammonium metatungstate [(NH4)6H2W12O40] (AMT)), was studied with glucose, mannose and erythrose at various sets of conditions (temperature, pH, concentration of the metal and the atmosphere).

Sugars and catalysts are used as received (Sigma Aldrich).

In a typical batch experiment, the 100 mL stainless steel reactor represented in Figure IV.2 is loaded with 50 mL of an aqueous solution containing the catalyst. After flushing 3 times with nitrogen gas, simultaneously while agitating with a magnetic stirrer, the reactor is hermetically closed and pressurized at a 3 bar pressure and heated. The feeding tank is loaded with 10 mL of sugar solution, flushed 3 times, and then charged with pure H2 or N2 gas at 40 bar. Once the desired temperature is reached, the solution of sugar is poured into the reactor in a short amount of time (few seconds). The reactor is then pressurized at 40 bar and the reaction starts by an agitation at 1100 rpm. Samples are manually taken from the reactor at a certain time interval for analysis.

In a standard experiment, 5.0 mmol L -1 of the sugar is converted at 150°C, over tungsten and molybdenum-based homogenous catalysts at 1.3 mmol L -1 of metals concentration.

Different pH ranges are considered since the current parameter was found to be governing metal and metal-sugar speciation in aqueous solution. The pH, measured by a conventional glass electrode apparatus, is adjusted to the desired value by the addition of few drops of NaOH solutions (3 mol.L -1 ).

The concentration of metals is varied from 1.3 mmol L -1 to 0.1 mmol L -1 while the concentration of the sugar is kept constant at 5.0 mmol.L -1 in all experiments. The experiments are done at temperature ranging from 150 to 180°C. Error bars on the concentration and the formation rates of glycolaldehyde and mannose as products of retro-aldol condensation and epimerization (the two main transformations occurring in such a catalytic system), are estimated for the conversion of glucose over tungstate catalyst at 150°C. The results are illustrated in 

IV.2.1.2. Analysis of reaction effluents

High Performance Liquid Chromatography (HPLC)

Reaction's effluents were analyzed by high performance liquid chromatography (HPLC). The separation line is equipped with a REZEX RCM-Monosaccharide Ca 2+ (8%) column (Phenomenex). The apparatus is equipped with a differential refractometer to detect the separated products. Pure water flows as a mobile phase at a rate of 0.6 mL min -1 . The injected volume of the sample is 20 µL and the temperature inside the column and the detector are A. 22 in the Appendix. This method allows for separating and quantifying unambiguously glucose, mannose, glycolaldehyde, dihydroxyacetone, erythrose and 5-HMF. We note here that threose and fructose are co-eluted, hence the identification and quantification of fructose was carried out by considering that quantity of threose is negligible (unless the reaction is carried out with erythrose as a substrate, in which case the corresponding signal is assigned to threose).

The maximum yield of RAC and epimerization products and the carbon balance throughout the reaction time are calculated according to equations (IV.1) and (IV.2).

𝑦 𝑚𝑎𝑥 = [𝑋] 𝑒𝑥𝑝 [𝑋] 𝑡ℎ × 100 (IV.1) %carbon = ∑ 𝐶 𝑡=𝑖 ∑ 𝐶 𝑡=0 × 100 (IV.2)

Carbon NMR

Proton decoupled carbon NMR spectra were recorded on the Bruker Avance III spectrometer (300 MHz) with similar sequence parameters as it is described in (Chapter II).

The number of scans was adjusted to 16000.

IV.2.2. Operando X-ray Absorption Near Edge Structure (XANES) experiments

IV.2.2.1. Experimental set-up

In-situ experiments were conducted at the European Synchrotron Radiation Facility (ESRF) in a high pressure/high temperature cell (HP vessel) designed for X-Ray Absorption Spectroscopy in which pressure and temperature are controlled independently up to respectively 500°C and 2000 bar for aqueous solutions (Figure IV.3). 178 The vessel is designed with three windows, two of them on the beam axis allowing the entry and the collection of transmission absorption spectra. The last one is devoted for acquiring fluorescence photons. The aqueous samples were placed inside the internal cell made of glassy carbon. The cylindrical carbon tube is enclosed from both sides with a pair of bellows transferring the pressure to the sample. The conversion of glucose, mannose and erythrose over tungstate and molybdate catalysts was conducted at the same reaction conditions mentioned above in the experimental section of the catalytic tests.

IV.2.2.2. W-L3 and Mo-K edge experiments

W-L3 edge and Mo-K edge XANES experiments were performed according to the technical parameters already mentioned in Chapters II and III. Fructose (the isomer of glucose and mannose) and dihydroxyacetone (product of fructose retro-aldol condensation) are formed in extremely low quantities with both metals (maximum yields of 3.4% with AMT and 2.2% with HMA).

IV.3. Results and discussion

IV.3.1. Kinetics of sugars conversion over tungstate and molybdate oxyanions: an overview

Over AMT catalyst, glucose is converted to GA and mannose ( The conversion of the three sugars over HMA at pH 4 to GA always occurs with lower initial reaction rates than the conversion to the epimer (Table IV.1). Consistently, the epimers are obtained in higher yield than GA at shorter reaction time. These results indicate that molybdenum is selective for the epimerization of sugars rather than retro-aldol condensation.

Molybdenum catalyzed epimerization of the three sugars is always occurring in higher reaction rates than with tungsten with reaching higher yields at shorter reaction times revealing the selectivity of molybdenum towards the epimerization. These results agree with the literature, [START_REF] Zheng | Selectivity Control for Cellulose to Diols: Dancing on Eggs[END_REF]130 however, herein we show that tungstate salts are also able to achieve epimerization, although at lower rates (Table IV.1, formation rates of EPI with AMT and HMA). According to Table IV.1, higher initial formation rates of GA are recorded for tungstate catalyst with the three sugars compared to molybdate whatever the feedstock, revealing similar reactivities for the different aldoses in respect to retro-aldol condensation. Erythrose is the faster to be converted to GA compared to the C6 sugars with both catalysts by displaying the highest formation rates for GA, by about one order of magnitude (0.430 vs. 0.048 and 0.086 for glucose and mannose respectively over AMT; 0.156 vs. 0.026 and 0.021 for glucose and mannose respectively over HMA). The difference in formation rates of GA from glucose (0.048 mmol L -1 min -1 ) and mannose (0.086 mmol L -1 min -1 ) is much smaller. With respect to the uncertainty of our experiments (9% of error on GA initial formation rate) one could say that mannose is converted with slightly higher reaction rates.

The concentration of GA increases as the reaction begins due to the conversion of glucose, mannose and erythrose by RAC then after reaching a certain maximum, the concentration starts to decrease, indicating that GA is subjected to undergo further side transformations (condensation or degradation). The carbon loss for the conversion of glucose, The carbon balance of the reaction shows that the amount of carbon is decreasing over the reaction time. This carbon loss is explained by the formation of polymeric compounds (humins) and other side products that cannot be identified using the separation techniques used herein. A non-negligible quantity of organic acids, especially at long reaction times, is formed among the degradation products (as shown on the chromatograms), however no effort was done to precisely quantify them. With both metals the carbon loss, for the conversion of glucose, is similar and reaches 50 % after 110 min of reaction time, although it is significantly more important than the carbon loss undergone in the absence of a catalyst (15 %). This clearly shows that the catalysts plays a role in the degradation reactions, either by directly catalyzing side transformations of sugars directly or the products of the reaction (such as GA). The carbon loss for GA conversion trends similarly with both metals and it is similar to the degradation of glucose until 35 min of reaction time while after 60 min the degradation is more pronounced for GA reaching around 60%. However, these results do not show particularly a faster degradation of GA than of glucose. Interestingly, erythrose was the faster to be degraded as the carbon loss attained almost 80% after 75 min of reaction time. Tungsten catalyzes faster the degradation of erythrose than molybdenum (carbon loss at 25 min of 60% with W vs. 25% with Mo). This points toward erythrose as the main intermediate of degradation in the reaction scheme, which was not reported in the past literature that rather incriminated glycolaldehyde. 104 As a summary, the three aldoses react similarly with respect to the two metals.

Comparing the two metals, molybdenum is found to be more selective for epimerization rather than tungsten. While tungsten is more active and selective for RAC compared to molybdenum.

The presence of both metals boosts the degradation reactions of all of the products. W and Mo catalyzes similarly the degradation of C6 aldoses and GA while with erythrose, tungsten is faster. Comparing between the different feedstocks, erythrose is the most unstable compound in the presence of a catalyst.

IV.3.2. Kinetic measurements

We then carried out a set of experiments aiming at gaining several kinetic parameters for this reaction. Given that the active species is not known so far, and that molybdate and tungstate species have complex speciation in aqueous solutions, especially in the presence of sugars, it is not possible to propose a priori an exact formalism for the rate equation. We thus chose to hypothesize a simplified formalism for each examined reaction (epimerization and RAC) including the concentration of the sugar and that of the total amount of metal as described on equation (IV.3).

𝑟 𝑓 ≈ 𝑘 𝑎𝑝𝑝 [𝐺𝑙𝑢𝑐] 0 𝑎 [𝑀] 0 𝑏 (IV.3)
Where rf is the initial formation rate, kapp is the apparent rate constant, a the apparent order with respect to the sugar and b the apparent reaction order with respect to the metal (considering the total concentration of metal atoms [M]0, (M = W or Mo) independently of the speciation.

The apparent rate constant may be written under the form of equation (IV.4)

k app = 𝐴 𝑎𝑝𝑝 exp ( -E a,app RT ) (IV.4)
Where Aapp is the apparent pre-exponential factor, R is the universal gas constant (8.314 J mol -1 K -1 ), T is the temperature of the reaction (K), and Eapp is the apparent activation energy of the reaction (J mol -1 ).

We determine the values of partial orders and apparent activation energies in the following sections for epimerization and RAC.

IV.3.2.1. Kinetic measurements of RAC

Order of the reaction with respect to the catalyst

To search for the order of the reaction with respect to the catalyst, experiments with the same initial glucose concentration but initial different metals concentrations were carried out at a defined reaction temperature. The kinetics of GA formation at these different conditions are presented in. Generally, the activity of both metals decreased as their concentrations decreases in the reaction medium Reasonable linear plots were obtained. Different values were obtained for the order of the reaction with respect to the catalyst. Thus, with tungsten the order is measured at 0.4 at 150°C and 0.7 at 180°C, thus significantly lower than unity and close enough to the ½ th order, while for molybdenum the order was higher, of 1.4 at 150°C and 0.9 at 180°C, hence closer to unity (nearly first order). We do not give a particular meaning to the different orders measured at the two temperatures for a given metal and consider this as the experimental variability of our experimental results.

Higher reaction orders are obtained with Mo rather than W. This observation indicates that the equilibria leading to the formation of the active species are markedly different for the two species, suggesting different stabilities of these active species. The nearly first order observed with molybdenum may tentatively suggest that the active species contain a single Mo atom.

Activation Energy

According to the kinetic study of Zhang and co-workers, the retro-aldol condensation of glucose over AMT follows a first order reaction with respect to glucose (verified by us as well). Hence, combining equations (IV.3) and (IV.4) yields equation (IV.6). As the temperature of the reaction increases, the activity of both metals increases.

Tungsten remains more active for retro-aldol condensation than molybdenum. Even though increasing the temperature promotes faster the cleavage reaction leading to better GA yields, employing high temperatures is not beneficial from a process point of view as the starting material is highly degraded into undesired products at shorter reaction times. The apparent activation energy is calculated as the slope of the linear fitting curves multiplied by the universal gas constant. We find values 157 ±10 kJ mol -1 for tungstate and of 99 ±5 kJ mol -1 for molybdate catalysts. The value for tungsten-based catalyst is in line with that determined by Zhang and coworkers of 147 kJ mol -1 . Surprisingly, although the production of GA displays lower reaction rates with molybdenum, its apparent activation energy is lower than that of tungsten. The intercept of the plots, respectively of 3.9 10 15 s -1 and 1.3 10 8 s -1 for tungsten and molybdenum, clearly indicates that the difference in activity is driven by this parameter, that encompasses both entropic effects as well as population of active species. Hence, we find that either of these factors drives the selectivity towards RAC rather than energetic parameters.

This confirms the proposition made above about the difference in reaction order regarding the equilibria of speciation. We measured apparent orders of 0.5 and 1.8, respectively, for tungsten and molybdenum. Here again, we may infer from the different reaction orders that either different species are involved, or that the equilibria leading to the formation of the active species are significantly distinct for both metals (and thus the stability of the active species). Additionally, we note that epimerization has a partial order close to two with molybdenum, which is markedly distinct from the partial order of RAC, which points to different active species for both reactions. We may tentatively hypothesize the existence of a binuclear active species in this case. In the case of tungsten, a 1/2th order is obtained for both reaction, but no clear conclusion can be drawn from this observation. The apparent activation energies calculated for tungstate and molybdate glucose epimerization are of 169 ±35 kJ mol -1 and 77 kJ mol -1 . The intercept of the Arrhenius plots are of 4.0 10 8 and 1.3 10 17 s -1 for molybdenum and tungsten, respectively. In this case, the rates of epimerization seem to be driven by the energetics rather than by entropic and population factors (intercept in the Arrhenius plot). This opposes to the conclusions drawn in the case of RAC, which again points towards different active species and mechanisms.

IV.3.2.2. Kinetic measurements of EPI

Order of the reaction with respect to the catalyst

Activation Energy

IV.3.3. pH and precursor effect

We examine in the following subsection the effect of varying metal speciation, either by using different precursors or by varying the pH, which we show in the previous section to be a determining factor of the speciation.

IV.3.3.1. Retro-aldol condensation of aldoses

The pH of the reaction medium for the conversion of the different sugars was increased by the addition of a given amount of NaOH solution is the reactor. The effect of changing precursor (AMT and Na2WO4 for W, HMA and Na2MoO4 for Mo) was investigated for the conversion of C6 aldoses. ,a,c). Therefore, we can consider that the activity of the metal is not impacted by the precursor type as much as it is impacted by the pH of the medium.

This observation is in line with the results reported in Chapters II and III in which we show that the pH is a principal governing factor for the metal's aqueous speciation independently of the precursor type.

IV.3.3.2. Epimerization of aldoses

. 16 shows the kinetic of C6 and C4 aldoses epimerization. The formation rates of epimers at the different conditions are given in Table IV.1. The epimerization rate of sugars decreases by increasing the pH of the reaction medium, especially in the case of molybdates. It should be mentioned that we observe a special behavior regarding the isomerization of C6 aldoses by changing the pH. and DHA formation for glucose conversion (idem. for mannose) over different tungstate and molybdate precursors at different pH conditions. Tungstate remains nonselective for the isomerization independently of the precursor and the pH of the reaction medium, while with molybdate we observe an increase in fructose yield and formation rate as the pH increases. With sodium molybdate and HMA at pH 6 and 10 respectively, the yield of fructose is of 10% and 20% at 2 and 5 min of reaction time respectively. The yield of DHA did not exceed 2% in these two experiments.

IV.3.3.3. Discussion

According to the observations exposed in this section, we show that the activity of molybdate and tungstate catalysts with respect to the RAC and EPI routes is dependent on the pH. What is more, the behavior of RAC and EPI is reverse, since the RAC rates tend to slightly increase with increasing pH, while the rates of EPI decrease. RAC and epimerization rates trends as function of pH for the conversion of C6 aldoses with tungstate and molybdate catalysts are illustrated in Figure IV.17.

Figure IV.17. RAC and epimerization trend curves as function of pH for the conversion of C6 aldoses over tungstate catalysts.

The experiments from which the formation rates were obtained were performed at 150°C, under 40 bar of N2, sugar, and tungsten concentration of respectively 5.0 and 1.3 mmol.L -1 .

The activity of sugars in epimerization was always attributed to dinuclear molybdate species according to Bilik. In the previous chapters (II and III) we elucidated the structures of these binuclear species, and we showed that equally, tungstate oxyanions form the same complexes with the sugars. These species have pH dependent behavior, and they are dominant 
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Mannose, Mo d of these species as active species for epimerization will be verified in the next chapter by theoretical calculations of epimerization pathway of the sugars. By increasing the pH, monomeric tungstate and molybdate oxyanions (WO4 2-and MoO4 2-) tend to predominate. The fact that the retro-aldol condensation rate increases by increasing the pH suggests that these monomeric species could be active for the retro-aldol condensation of sugars.

IV.3.4. Effect of reducing atmosphere

So far, the reactivity of tungstate and molybdate towards carbohydrates was evaluated under inert atmosphere (N2). However, in a number of applications, for instance the production of ethylene glycol, the catalysts are to be used under hydrogen atmosphere, hence a potential reduction of the W or Mo. In fact, Zhang and coworkers assigned the potential active species to partially reduced tungsten species, called tungsten bronzes (soluble HxWO3). [START_REF] Zheng | Selectivity Control for Cellulose to Diols: Dancing on Eggs[END_REF][START_REF] Wang | One-Pot Conversion of Cellulose to Ethylene Glycol with Multifunctional Tungsten-Based Catalysts[END_REF] We verify here that performing the reaction under N2 or H2 atmosphere (40 bar) does not change the results significantly. This shows that i) the results are not dependent on the atmosphere, thus the conclusions drawn herein should still be valid under H2 atmosphere; ii) the hypothesis of a partially reduced active species is very unlikely for both RAC and epimerization, as in the contrary case switching to a reducing atmosphere should have increased the rate of one or the other. This is true at the two temperatures investigated herein (150 and 180 °C).

In the first part of this chapter, we have shown that tungsten and molybdenum promote both retro-aldol condensation and epimerization of aldoses. We clearly show that, regardless of the metal, the pH-dependance of both main reaction routes (EPI or RAC) is markedly distinct, which points towards different active species. The apparent activation energy for tungsten 

catalyzed RAC is of 157 kJ mol -1 , higher than the energy calculated for molybdenum retroaldol condensation 99 kJ mol -1 revealing that the selectivity of tungsten towards this reaction is not driven by energetic parameters as much as the entropic elements and the equilibrium constants for the formation of the different active species. The higher selectivity of molybdenum in epimerization is explained by a lower activation energy compared to tungsten.

Besides, we show that changing the atmosphere from a neutral to a reducing one has no effect on the activity of both metals in the different reactions. We then conduct additional experiments for deeper knowledge about the active sites participating in the different transformations from both point of views, the sugar, and the metal.

IV.3.5. Mechanistic investigation

In the upcoming section we present a set of experiments aiming at providing more insight into the reactivity of the sugar, principally regarding the RAC. We carry out the reaction with various modified glucose-derived substrates (labelled, reduced, deoxygenated) in order to address the cleavage location and functional group requirements for the first step of glucose cleavage into C2 fragments.

IV.3.5.1. Location of C-C cleavage

In order to confirm the location of the cleavage, C1 and C3 isotopically labeled glucose were converted at 150°C at high reactant concentration (20.0 mmol L -1 ) to gain sufficient [START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] 

IV.3.5.2. Influence of carbonyl group

To verify that the carbonyl group is mandatory for the cleavage of glucose into C2 products, and hence further confirm that the formation of GA proceeds via a RAC mechanism, sorbitol, which is a version of glucose with a hydrogenated carbonyl group ( Regarding the other reaction paths, namely epimerization and isomerization, we unfortunately could not go further in the interpretation so far, but we hope we should be able to clarify this point in the near future and make full exploitation of the data. 

IV.3.6. In-situ XANES measurements

As it has been previously discussed, tungstate and molybdate oxyanions exist in different oligomeric and monomeric species in aqueous solution. Therefore, an in-situ follow up of the reaction was carried out using XANES spectroscopy to probe the diverse forms of both metals (tetrahedral versus octahedral) at the reaction conditions. Using this technique, the oxidation state of both tungsten and molybdenum centers, being considered as a principal factor controlling a chemical reaction, will be identified.

IV.3.6.1. Conversion of sugars over AMT catalyst

The conversion of glucose and mannose at different reaction conditions over AMT catalysts was investigated using in-situ XANES experiments that help to probe the form of the metal in the reaction medium as well as its oxidation state. Figures A. 39 We prepared 3 different types of solutions including lower metal concentrations compared to the reference in addition to different pH conditions (5 and 8 ). In the case of AMT, we observe that with the addition of glucose the spectra display a slightly narrow peak at the all the spectra display slightly narrower peaks compared to the spectra of AMT. Two features are noticeable in a W-L3 edge spectrum:

-The presence of a narrow peak at the white line is attributed to the presence of either monomeric species or distorted octahedral metallic centers (already discussed in Chapter II).

As the peak becomes larger, more centrosymmetric octahedral species are formed. The distortion of the octahedral center could be identified by two extrema in the second derivative spectra, with an energy gap that is larger for more centrosymmetric, octahedral species(Figure 

A
-Hence, by mixing mannose to AMT, the formation of distorted octahedral species occurs (presence of narrower peak), that are tungsten-mannose complexes. In the case of glucose, the presence of narrower peak at pH 5 could not be explained by the presence of distorted octahedral species since no tungsten-glucose complex could has been clearly detected in the previous studies. While at higher pH and lower tungsten concentration the transition could be explained by the presence of more tetrahedral species. That is with glucose, Td species predominates more than with mannose. Generally, with both sugars, the trend of Td species is manifested by an increase during the reaction, more precisely by increasing temperature. The final composition of the reaction medium recorded at ambient temperature (characterized by the last point of each series) does not exhibit a large difference from the initial composition. Only slight changes might be detected. These data reflect that the reaction medium is affected mainly by the temperature in addition to a slight to no change of the chemical composition depending on the starting solution. The values of the energy gap taken from the second derivative showed in Table IV.2, cannot provide exact information about the chemical composition of the reaction medium. All we can say that the presence of distorted geometries characterized by lower energy gaps (lower than 3.6 eV), is predominating. 

IV.3.6.2. Conversion of sugars over HMA catalyst

Similarly, the reaction of sugars over HMA catalyst was followed by in-situ XANES measurements. Spectra of starting solutions of glucose and mannose with HMA catalysts at the different conditions were compared to the solution of free HMA at 1. The main feature in a Mo-edge spectra to allow the distinction between Td and Oh species is the intensity of the pre-edge. An intense pre-edge is attributed to the presence of Td geometry. 176 By mixing glucose and mannose with HMA, without changing the concentration nor the pH, no remarkable change was observed with respect to the pre-edge intensity (Figure

IV.28).

However, a distinct shape of the spectra with sugar is manifesting beyond 20032 eV compared to the spectra of free HMA. This could be related to the formation of molybdatesugar complexes. By decreasing molybdenum concentration, we observe a little increase in the pre-edge intensity while by increasing the pH at around 9, the intensity of the pre-edge was more pronounced. Thus, tetrahedral molybdenum centers predominate by shifting to basic pH conditions and decreasing molybdenum concentration. 

IV.4. Conclusion

In this chapter we presented the reactivity of aldoses (glucose, mannose and erythrose) over tungstate and molybdate homogenous catalysts. A complex reaction network occurs by the catalysis of both metals comprising a cleavage reaction (retro-aldol condensation), epimerization and isomerization of these sugars. Tungstate is selective for retro-aldol condensation, whereas molybdenum catalyzes the epimerization more selectively. Fructose, which is the isomerization product of glucose and mannose was generated in low amount with both metals. The apparent activation energies calculated for the RAC of glucose with tungstate and molybdate catalysts are of 157 ±10 kJ mol -1 and of 99 ±5 kJ mol -1 respectively. The low energies detected for molybdate catalysts does not explain the respective selectivity of both metals towards the RAC of sugars. Thus, entropic factors or low concentration of the active species for RAC in the case of Mo shall explain the observed results which could be either explained by the different apparent pre-exponential factors obtained with both metals (3.9 10 15 s -1 and 1.3 10 8 s -1 for W and Mo respectively). As for epimerization, tungsten was characterized by a higher apparent activation energy (169 ±35 kJ mol -1 ) compared to molybdenum (77 kJ mol -1 ) indicating that the selectivity towards epimerization is driven by energetic elements.

Retro-aldol condensation and epimerization displayed distinct behavior as function of the pH of the reaction medium. As the pH increases, RAC was characterized by slightly higher reaction rates whereas the epimerization rate was decreasing revealing that the proposition of similar active species in the literature or the presence of an epimerization step before retro-aldol condensation is not correct. [START_REF] Liu | Tungsten Trioxide Promoted Selective Conversion of Cellulose into Propylene Glycol and Ethylene Glycol on a Ruthenium Catalyst[END_REF] Each reaction is catalyzed by its proper active species. Since the activity of tungsten increases with the pH, we suggest that monomeric WO4 2-ion could catalyze the cleavage of the sugar without excluding the possibility of bigger tungsten polymers such as metatungstate ion (W12O40 8-) to be active as well for the reaction. Epimerization was characterized by faster rates at acidic medium which indicates that possibly oligomeric species are mandatory for the epimerization of the sugars which is in agreement with the proposition made by Bilik and co-workers by proposing dimeric molybdate-sugar complexes for the epimerization of sugars. 130 The order of both retro-aldol condensation and epimerization with respect to Mo are of 1 and 2 respectively is in line with the observation of different active species. However, in the case of W, an order of around 0.5 was found for both reactions by which no clear conclusion can be drawn.

Insightful mechanistic elements were obtained from the point of the sugar. As for the sugar, the first step of cleaving a glucose molecule occurs at the C2-C3 bound according to the experiments conducted with D-1-13 C-glucose and D-3-13 C-glucose. The third hydroxyl group was found mandatory to initiate the reaction that it was blocked by employing deoxygenated glucose at its third carbon position. In-situ XANES experiments did not allow a clear clarification of the metal's environment and structure. All we can say that the increase of temperature drives the interconversion of metallic species, more Td species are supposed to occur at the temperature of the reaction, more markedly in the case of molybdenum. However, active species (AS) and the transition states (TS) found for the different reaction pathways in the case of glucose. 

V.3.1. Epimerization-Bilik's mechanism

The epimerization of glucose into mannose was first modelled according to the generally accepted Bilik's mechanism, that features a concerted 1,2 carbon shift. 130 36.8 J K -1 mol -1 for molybdate and tungstate, respectively; the large difference is related to the difference in most abundant species considered, free sugar for the former and binuclear complex for the latter. The free energy barrier is larger for tungsten than for molybdenum, indicating a faster reaction rate with the latter.

Taking the reaction backwards, ie for the epimerization of mannose into glucose, the Gibbs free energy spans are of 127 and 120 kJ mol -1 with molybdenum and tungsten respectively. Let us note here that we represented and considered for the calculation of the energy span the most stable complex of mannose with molybdate or tungstate ions under the β-mannofuranose form (-17 and -32 kJ mol -1 , complexes E and A with Mo and W respectively, a,IV in Figure

V.2),
although it is by itself likely unreactive. This complex is found energetically more stable than the linear hydrate complex and the free sugar, qualitatively consistent with our experimental results.

It should be mentioned that this is the first theoretical study reported for Bilik's mechanism using such type of active dinuclear species (TS_EPI, modifying the oxidation state of the metals. Note that the cited paper precises neither the oxidation state of the metal nor the total charge of the modelled complexes and is not discussed.

Thus, the validity of their results (including transition state calculations) seems questionable to us.

V.3.2. Retro-aldol condensation

A retro-aldol condensation of C6 aldoses occurs through a C2-C3 cleavage to form C2 and C4 fragments. We modelled a possible transition state for the C2-C3 cleavage from the same initial complex (glucose as a linear hydrate in "zig-zag" arrangement coordinated to the Thus, isomerization reaction seems unlikely to occur from such binuclear complexes, as they are found to be energetically very demanding, for both molybdenum and tungsten-based catalysts. This is in line with our experimental observations.

The reaction pathways calculations presented so far using binuclear species allow for accounting for a number of experimental results regarding epimerization and isomerization (which was barely observed in the course of the experimental study), but not regarding retroaldol condensation, in particular regarding the epimerization/retro-aldol condensation selectivity for Mo, comparison with experimental activation enthalpies and comparison between Mo and W. Besides, our experimental results point towards different active species for EPI and RAC reactions, as shown for instance by the different effect of the pH on the reaction rates and the determined reaction orders with respect to the catalyst. Therefore, we attempted another type of active species consisting of mononuclear complexes.

V.4. Reaction pathways catalyzed by mononuclear complexes

Although mononuclear species were observed only in very rare instances in our experimental studies presented in Chapters II and III, we showed that they may exist.

Additionally, the existence of significant amounts of tetrahedral species (attributed mainly to the presence of mononuclear free tungstate and molybdate oxyanions such as WO4 2-and MoO4 2-or maybe other mononuclear complexes that were not detected by the NMR study)

under in-situ conditions by XANES in Chapter IV (as opposed to binuclear species that hold an octahedral geometry) was also shown. Furthermore, tetrahedral species tend to be more abundant in basic medium where RAC is slightly enhanced. Thus, we did consider them as potential catalysts in this section using which several propositions of relevant active species were made.

We consider herein mononuclear bidentate complexes. They involve a coordination of the aldehyde with the metal and either the α-or the β-hydroxyl (OH1,2 and OH1,3 respectively).

Note that all attempts to optimize a transition state for the epimerization reaction featuring a three-center concerted activated complex accounting for the experimentally observed carbon shift did fail. Thus, we consider this pathway unlikely to occur through such type of complexes as active species, and only present results regarding isomerization and RAC. The models of the In all cases, and for the sake of consistency with the subsection above, we present the following energy diagrams including the most stable structure, even if they feature a different nuclearity (dinuclear complexes) and consider them for the calculation of the energy spans. The Gibbs free energies calculated for the different reaction pathways and different sugars are given in Table V 

V.4.1. Retro-aldol condensation

The retro-aldol condensation of sugars was simulated using mononuclear bidentate complex models. We find that the O1,3 bidentate species affords lower free energy barriers than with the O1,2 species in available instances (case of erythrose) aligning with the experimental results that revealed the implication of only OH3 for initiating the cleavage of glucose. It should be mentioned that several attempts for optimizing O1,2 coordinated TS for glucose RAC have failed, by not obtaining a satisfying geometry or by obtaining a transition state displaying more 169 than one imaginary frequency (RAC of glucose with both metals). Considering the O1,3 mechanism, interestingly, with Mo as a catalyst, little difference is observed between all sugars investigated, with Gibbs free energy spans ranging from 82 to 93 kJ mol -1 . With tungsten, a similar observation is made, with Gibbs free energy spans slightly higher than with molybdenum ranging from 106 to 123 kJmol -1 . In the case of glucose, the corresponding activation enthalpy is of 197 kJ mol -1 with tungstate and 124 kJ mol -1 with molybdates (O1,3), which is somewhat higher than the experimental values (157 and 99 kJ mol -1 with W and Mo respectively). and 2.10 Å respectively. Based on the energetics, we predict that molybdenum should be more active as a catalyst than tungsten for the RAC of glucose, while it should be as active as tungsten for the RAC of erythrose. of the metal, and little effect of the presence of a reducing atmosphere. Additionally, the existence of such binuclear complexes is the most abundant in acidic-neutral conditions, where the activity towards epimerization is higher, compared to basic solutions. Finally, the calculated free energy barriers for the isomerization reaction on such complexes are significantly higher than for the other reaction pathways. This is due to the particular molecular structures of the complexes which render the transition states for the isomerization through a 1,2-H shift mechanism highly constrained. However, regarding the retro-aldolisation reactions, surprisingly low energy spans were found compared to the ones obtained in epimerization, suggesting that, from one of such binuclear complexes, RAC would proceed faster than EPI with tungstate and molybdate. Besides, the associated activation enthalpies are significantly lower than the experimental values. We recall that although we are able to estimate the change in free energy associated to the decoordination steps of the reaction products (glycolaldehyde and erythrose), we could not assess the possible associated activation barriers, which might render the whole pathway slower. Additional work would be required to decipher this point.

As possible alternative reaction paths, we proposed the existence of mononuclear complexes featuring tetrahedral metal centers as active sites. Such species exist in basic aqueous solution (observed in some instances) while more generally the existence of tetrahedral species of both tungstate and molybdate in aqueous solutions was shown by means of in-situ XANES.

Besides, catalysis results suggest distinct active species for retro-aldol condensation and epimerization. Two different modes of bidentate coordination are reported (O1,2 and O1,3). No satisfying path for the epimerization reaction could be modeled. Overall, the results show a preference of the O1,3 mode of coordination for the RAC while O1,2 and O1,3 are competitive for the isomerization. In most cases, for RAC as well as for isomerization, the free energy spans are higher for tungstate than for molybdate, suggesting higher rates with the latter. Finally, these results predict competitive or even faster rates of isomerization with respect to the RAC, which disagrees with the experimental results. In such mononuclear complexes, the isomerization is easier than with binuclear complexes as it affords less constrained transition states. Thus, overall, the results suggest that the occurrence of such species as transition state is questionable.

The results presented in this section, although they do not allow a clear identification of the active species for the RAC reaction, shed unprecedented light on the reactivity of sugars with tungstate and molybdate catalysts.

Chapter VI. General Conclusion and Perspectives

The work presented in this manuscript consists in elucidating the reactivity of glucose, mannose and erythrose over tungsten-and molybdenum-based homogenous salts at the molecular scale.

The conversion of glucose and other biomass-based sugars to valuable products has been considered since decades as an exciting research topic. One of the most important processes is the conversion of glucose to ethylene glycol (EG). The process occurs mainly through a cascade reaction involving the C-C bond cleavage of glucose by retro-aldol condensation reaction into C2 intermediate (glycolaldehyde -GA), followed by the hydrogenation of this intermediate to the desired product. In a first step glucose is cleaved to form one molecule of GA and erythrose. The latter is a C4 sugar that in turn undergoes retroaldol condensation to form two GA molecules. The reaction network involves many side reactions, such as the epimerization of glucose into mannose and the isomerization of glucose into fructose, as well as degradation of sugars into polymeric species (humins). Isomerization gives rise to fructose that by undergoing C-C bond cleavage produces C3 intermediates (glyceraldehyde and dihydroxyacetone), yielding C3 polyols (1,2-propanediol) upon hydrogenation, thus lowering the EG yield. Therefore, the choice of a selective catalyst for a direct retro-aldol condensation constitutes the key element for the success of the process. Many works have been conducted in this spirit. In 2008, Zhang and co-workers have reported on cellulose hydrogenolysis over tungsten carbides (2%Ni-W2C/AC) for the production of ethylene glycol (EG) by achieving relatively high selectivity towards the product (61%). [START_REF] Zhang | Direct Conversion of Cellulose to Glycolic Acid with a Phosphomolybdic Acid Catalyst in a Water Medium[END_REF] Another promising group of catalysts consisting in combining homogenous tungsten salts (WO3, H2WO4) with hydrogenation metals (supported ruthenium Ru/AC or Raney-Ni) was also reported. [START_REF] Wang | Chemical Synthesis of Lactic Acid from Cellulose Catalysed by Lead(II) Ions in Water[END_REF] Selectivity up to 60% was also achieved for cellulose conversion over H2WO4 + 1.2%Ru/MC catalysts. [START_REF] Wang | Chemical Synthesis of Lactic Acid from Cellulose Catalysed by Lead(II) Ions in Water[END_REF] The reaction is performed under H2 atmosphere to allow the immediate hydrogenation of glycolaldehyde to ethylene glycol since the formed products (aldehydes) are considered unstable under the conditions of the reaction. Some trials with molybdate salts were performed. [START_REF] Zheng | Selectivity Control for Cellulose to Diols: Dancing on Eggs[END_REF] It has been shown that under a reducing atmosphere, molybdenum is not able to achieve C-C cleavage of glucose. For example, the selectivity towards EG for cellulose conversion over molybdenum carbides (2%Ni-Mo2C/AC) did not exceed 11%. [START_REF] Zheng | Selectivity Control for Cellulose to Diols: Dancing on Eggs[END_REF] While under oxidative atmosphere, molybdenum-based homogenous catalysts were found to be more selective for the C-C cleavage than tungsten-based catalysts. The question that arises in the light of these studies is the role of the oxidation state of the metal. [START_REF] Zhang | Direct Conversion of Cellulose to Glycolic Acid with a Phosphomolybdic Acid Catalyst in a Water Medium[END_REF] Is tungsten more performant in a reducing medium while molybdenum needs to be fully oxidated to achieve the C-C cleavage of the sugar? Zhang and co-workers proposed that reduced tungsten bronze (HxWO3) featuring reduced tungsten centers is the active species for RAC. [START_REF] Wang | One-Pot Conversion of Cellulose to Ethylene Glycol with Multifunctional Tungsten-Based Catalysts[END_REF] Consistently, Liu et al. claimed that W 5+ are active species for retro-aldol condensation by realizing that all W 6+ of Ru/WO3 catalyst have transformed to W 5+ centers after the reaction. 105 Few studies were devoted to the investigation of the mechanism of this transformation especially over tungsten-based catalysts.

Liu et al. tried to probe the mechanism of retro-aldol condensation of glucose. They proposed that the reaction occurs through a complexation between the sugar and the WO3 catalyst by following the mechanism of Bilik for the epimerization of sugars. [START_REF] Liu | Tungsten Trioxide Promoted Selective Conversion of Cellulose into Propylene Glycol and Ethylene Glycol on a Ruthenium Catalyst[END_REF] This reaction is believed to occur only over molybdate salts carrying +VI oxidation state. No data were reported with tungstate catalysts despite the common chemical properties between both metals. Moreover, few to no theoretical studies at the molecular level were reported concerning the retro-aldol condensation of sugars. Some studies were devoted for the epimerization of sugars with molybdate catalysts; 137 however, the quality of these studies is questioned. Many questions arise in the light of this literature review:

-What are the active species that control the selectivity of the catalysts by initiating the direct C-C retro-aldol condensation of glucose and preventing glucose isomerization? -Why do molybdenum and tungsten display different activities towards retro-aldol condensation and epimerization reactions despite their common chemical properties (metals of the same group)?

-Is the oxidation state the key factor that controls the activity of both metals in the different transformations (retro-aldol condensation and epimerization)?

The work strategy employed to search for answers for the above-mentioned problematics is as follows:

-First, we chose not to consider the usual combination with a hydrogenation catalyst that yield polyols, and to focus on tungstate and molybdate salts such as ammonium metatungstate and molybdate (AMT and HMA) with sodium tungstate and molybdate dihydrate (Na2WO4 and Na2MoO4) as catalysts. We examined the reactivity of the main sugars involved and encountered in the process (glucose, mannose and erythrose).

-Tungstate and molybdate salts form complexes with the sugars in aqueous medium. Our first aim is to elucidate the nature of the active species involved in the reaction mechanisms of interest. Thus, as a first step, we examined the formation of tungstate and molybdatesugar complexes in aqueous solution using a multi-technique experimental and theoretical approach. [START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C nuclear magnetic resonance (NMR), as well as [START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C-1 H and 1 H-1 H correlation spectra, analyzed in the light of coordination induced shift method and conformation analysis, were employed to characterize the structure of the sugar involved in the complexes. X-ray absorption near edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) analysis were performed to provide relevant information about the electronic and coordination environment of the metals. The calculation of [START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C NMR chemical shifts for several series of metal-sugar complexes using density functional theory (DFT) helped to distinguish between several candidate structures. Furthermore, a parametric study based on several relevant parameters, namely, pH, metal concentration and nature of the metallic precursor was carried out to look over the change of the nature and concentrations of the complexes.

-As a second step, we investigated the reactivity of sugars over tungstate and molybdate homogenous salts by questioning the relationship between the formed products with the different transformations (retro-aldol condensation, epimerization, and isomerization) and the presence of complexes observed in the ex-situ study. A detailed kinetic study was carried out by taking into consideration the complexity of the reaction medium from both point of views, the metal, and the sugar since both can be present in several forms in the aqueous solution. Several kinetic parameters are also extracted for the main two reactions (epimerization and retro-aldol condensation). The variation of tungstate and molybdate aqueous speciation as function of reaction conditions (metal concentration, pH, temperature) was taken into consideration. In addition, we conducted an in-situ follow up of the reaction using X-ray absorption at the near edge spectroscopy (XANES) in order to extract information about the environment and oxidation state of the metals in the course of the reactions, which are considered as critical parameters in catalysis. To provide mechanistic insights about the main reaction, retro-aldol condensation, a set of experiments using glucose derived compounds (deoxygenated glucose) was performed to highlight the importance of the different sites in the molecule regarding the reaction. Moreover, experiments with labeled sugars were conducted in order to localize the C-C bond that is first cleaved in a glucose molecule.

-Finally, based on the experimental insights provided by the experimental study, several models of active species were proposed for the calculation of the different reaction pathways: retro-aldol condensation, epimerization, and isomerization. Preliminary models of transition states were predicted using relaxed potential energy surface (PES) scan, then optimized using Berny algorithm. The activation barriers of the different reaction pathways were obtained by applying the energy span concept. This strategy allowed us to clarify several points regarding the reactivity of sugars over such type of catalysts.

-XANES W-L3 and Mo-K edge studies showed that tungstate and molybdate complexes formed with the three sugars involve W 6+ and Mo 6+ metallic species. The EXAFS study conducted for the prototypical case of tungstate-mannose system showed that complexes formed in acid-neutral aqueous solutions feature dinuclear metallic cores. While in basic solutions, complexes of mononuclear metallic core tend to predominate. Mannose affords 4 distinct types of complexes (observed by NMR) denoted A, B, C and D when mixed with tungstate oxyanions. Complexes A (major) and B (minor) predominating in acid-neutral (2-7) and complex C mainly detected at pH 8-9 involve dinuclear tungstate core. While complex D predominating at pH higher than 10 features a mononuclear tungstate core. The DFT study, analyzed in the light of coordination induced shift, allowed the structural clarification of these species (Chapter II). Molybdate was found to form only two species E (major) and F (minor) in acid-neutral solutions (pH 2-7). Complexes E and F were shown to be isostructural to complexes A and B respectively. Among the three sugars investigated, glucose showed the weakest affinity towards forming complexes with both metals. With molybdate, a complex denoted G is formed in minor quantities (acid-neutral solution) featuring a dinuclear molybdate core coordinating the acyclic hydrated form. A possibility of an isostructural complex called P1 with tungsten also exists. With tungstate and molybdate respectively, erythrose forms two isostructural complexes dominating in acidneutral aqueous solution involving a dinuclear metallic core coordinating the acyclic hydrated erythrose. All molybdate complexes involving the hydrated sugars as ligands (complexes F, G, and I) match with the A type complexes already described by Bilik and co-workers as active species for molybdate catalyzed epimerization. The evidence of the formation of isostructural tungstate complexes with mannose and erythrose (complexes B and H) was given, yet a possibility with glucose (P1) reveals that tungstate oxyanions could also achieve the epimerization of sugars. Traces of glycolaldehyde (the product of retroaldol condensation) were detected by mixing the erythrose with tungstate and molybdate in basic medium (pH 10-11) at ambient temperature revealing that WO4 2-and MoO4 2-, predominating at such pH conditions, could be active for retro-aldol condensation.

-The reactivity of glucose, mannose and erythrose was then studied over ammonium metatungstate (AMT) and ammonium heptamolybdate (HMA) catalysts at respectively pH 4 and 5 under inert atmosphere (N2). Tungstate was more selective with the three sugars to retro-aldol condensation compared to the molybdate catalyst. While the latter was found to be more selective towards the epimerization. With both catalysts, little quantities of fructose were detected indicating that both metals are not selective for this reaction. The kinetic parameters for the two main reactions (RAC and epimerization) were calculated for the conversion of glucose over both catalysts. The activation energy calculated for retro-aldol condensation with tungstate is of 157 kJ mol -1 , higher than for molybdate (99 kJ mol -1 ) despite the higher selectivity observed with tungstate. The pre-exponential factors for this reaction is higher for tungstate than for molybdate revealing that the difference in the activity of both metals via RAC is driven by entropic effects and/or population of active species rather than energetic parameters. As for epimerization, the higher selectivity of molybdenum is explained by a lower activation energy. We showed that RAC and epimerization have reverse behavior as function of pH, indicating that both reactions are not catalyzed by similar active species. As the pH increases, the activity of both metals decreases in epimerization whereas the activity of tungsten slightly increases in RAC and remains almost unchanged with molybdenum. Consistently, epimerization should be catalyzed by oligomeric tungstate and molybdate complexes while RAC could be catalyzed by monomeric tungstate and molybdate ions (without excluding other oligomeric species for this reaction as well). In-situ XANES data shows that tungsten features +VI oxidation state in the course of the reaction, independently of the conditions of the reaction, with no evidence of reduction. With molybdenum a partial reduction of the metal is susceptible to happen but at specific conditions, mainly in acidic medium. In basic medium the results are consistent with +VI oxidation state for Mo. Since the activity of molybdenum in RAC does not change with pH, the oxidation state should not be an influencing factor governing the activity of molybdenum in RAC as well. This result is in line with the fact that the activity of both metals in RAC and epimerization does not markedly change under a reducing atmosphere (H2). Deoxygenated glucose molecules at the carbon atoms 2, 3, 4 or 6 were employed to highlight the role of each hydroxyl site in the reaction. Only with 3-deoxy glucose no evidence for the formation of GA was provided, indicating that exclusively the β-hydroxy-aldehyde contribute to the cleavage of aldoses. Based on these insightful elements, mononuclear bidentate complexes involving a coordination between the metal with O1,3 site are proposed as active species for retro-aldol condensation.

-Motivated by the results of the experimental part, several models of complexes were chosen as starting points for the DFT calculation of the different reaction pathways (RAC, epimerization, and isomerization). Binuclear and mononuclear tungstate and molybdate species were considered. All models feature +VI oxidation state as no evidence of reduction was provided by XANES data. The epimerization was simulated according to Bilik's concerted mechanism of C1,C2 intramolecular shift in which the active site is supposed to be a trigonal C1-C2-C3 site. Retro-aldol condensation transition states were obtained by a disruption of the C2-C3 bond and finally, isomerization was simulated according to the 1,2hydride shift mechanism already proposed in the literature. Satisfying results were obtained for the epimerization of sugars following Bilik's mechanism with binuclear complexes as active species. The activation enthalpies calculated are of 82 and 132 kJ mol -1 with molybdate and tungstate respectively, suggesting faster reaction with molybdenum rather than tungsten which is consistent with the experimental observation. Retro-aldol condensation simulated by binuclear species featured low energy span with an activation enthalpy of 41 and 92 kJ mol -1 with Mo and W respectively, surprisingly lower than the energy barriers calculated for epimerization, thus predicting faster RAC than EPI with such kind of species. In addition, the activation enthalpies calculated herein for RAC do not match with the experimental activation energies for RAC (99 and 157 kJ mol -1 with Mo and W respectively). The isomerization over binuclear species resulted in the formation of a constrained transition state providing higher energy spans compared to those calculated for RAC and epimerization which is consistent with the experimental observation of a very low isomerization selectivity. Two additional models of mononuclear species were chosen for the calculation of RAC and isomerization paths including mononuclear bidentate complexes in which the metal coordinated the aldehyde with either O2 or O3 site. The isomerization was shown to occur more readily, competitively with O1,2 and O1,3 complexes, compared to the binuclear ones. While for retro-aldol condensation the O1,3 mode was more favorable (in line with the experiments in which exclusively the third hydroxyl group in glucose molecule is found to be involved in the reaction). However, the free energies spans calculated for retro-aldol condensation and isomerization showed a competitivity between both reaction pathways, especially in the case of tungsten, which does not explain the selectivity towards retro-aldol condensation. Moreover, for the comparison between tungstate and molybdate catalyzed retro-aldol condensation, it has been found that molybdenum features lower free energy spans (also enthalpies) which is in line with the experimental activation energies, but yet does not describe the higher activity observed with tungsten towards retro-aldol condensation.

Although these results do not provide a clear description of the selectivity of tungsten towards RAC, they did clarify some points according to the reactivity of sugars. In the future, a supplementary effort should be done to get a deeper knowledge in this subject on both, experimental and theoretical levels:

-Building experimental and theoretical kinetic models encompassing all the kinetic parameters of the different reactions would help to calculate the accurate activation energies in additions to several other parameters. This would make possible the assignment of the difference in the activity of both metals to the right parameter (energy, entropy, or equilibrium of active species).

-Some intermediate steps should be calculated for retro-aldol condensation, namely the transition states for the decoordination of either GA or erythrose after the cleavage of the C2-C3 bond of glucose (mannose and erythrose). This step may explain the preferences between the different transition states for RAC.

-The calculation conducted herein in the present manuscript should be improved by trying to take into consideration several parameters such as the potential of protons (pH), the model of solvent (using an explicit solvent model instead an implicit one). Moreover, some 

Experimental Determination of CIS Values of tungstate-mannose complexes

Estimation of Complexes Concentrations (tungstate-mannose system)

The percentage of complexes afforded was calculated with respect to the total organic matter existing in the solution by the relative area of the anomeric carbon signal for each species. The percentages were estimated according to the following equations (A.1) and (A.2). The estimated values of the several experiments are illustrated in the tables below.
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Experimental XANES Measurements

2D Heteronuclear and homonuclear correlation spectra

Molybdate-Mannose aqueous solution (pH 6.4) 

Experimental Determination of CIS Values

Products of isomerization

Speciation diagram of tungsten and molybdenum oxyanions in aqueous solution

I. 1 .

 1 Introduction to lignocellulosic biomass (LCB) and chemistry of carbohydrates I.1.1. Chemical structure of lignocellulosic biomass LCB is a natural carbon source principally composed of a cellulose skeleton surrounded by hemicellulose and lignin that have different chemical structures and properties (Figure I.1).
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 1 Figure I.1. Structure of lignocellulosic biomass.6 
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 2611236113 Figure I.2.Structural formula of cellobiose, a cellulose unit.6 
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Figure I. 4 .

 4 Figure I.4. Structure of hardwood lignin as proposed by Adler.9 

Figure I. 5 .

 5 Figure I.5. Potential chemical feedstock derived from lignocellulosic biomass. Adapted and modified from Putro et al. 40 Hl: hydrolysis, F: fermentation, I: isomerization, dH: dehydration, O: oxidation, rH: rehydration, H: hydrogenation, Hg: hydrogenolysis and dP depolymerization.

Figure I. 6 .

 6 Figure I.6. Fischer representation for the structures of D-glyceraldehyde and L-glyceraldehyde.

  or 16 different arrangements exist, allowing the formation of 16 different six-carbon sugars with aldehyde end, including glucose. These 16 stereoisomers are grouped by pairs of enantiomers, with eight diastereoisomers of them belonging to the D-series Figure I.7 and eight to the L-series. Since Ketohexoses possess one less chiral center than aldohexoses, they have only eight isomers where four of them belong to the D-family. Figure I.8 represents the D-family of 2-ketoses.

Figure I. 7 .

 7 Figure I.7. The D-family of aldoses (the chiral carbon atom at the bottom end of each aldose of the D-series has the same configuration as in D-glyceraldehyde).

Figure I. 8 .

 8 Figure I.8. The D-family of 2-ketoses (the chiral carbon atom at the bottom end of each ketose of the D-series has the same configuration as in D-erythrulose).

Figure I. 9 .

 9 Figure I.9. Acid catalyzed mutarotation mechanism of β-glucopyranose to α-glucopyranose. Adapted from Horace et al.[START_REF] Isbell | Mutarotation of Sugars in Solution: Part II[END_REF] 

  Figure I.10 represents a hydrate form of D-glucose. The percentage of the acyclic hydrate form has ranged between 0.006 and 0.7%wt, the value increases with the increasing temperature.

Figure I. 10 .

 10 Figure I.10. Hydrate form of D-glucose.

Figure I. 11 .

 11 Figure I.11. Fischer projection of linear D-glucose and Haworth projection of glucofuranose and glucopyranose rings.

Figure I. 12 .

 12 Figure I.12. Two possible envelop and twist conformers of a furanose ring.

Figure I. 13 .

 13 Figure I.13. The two possible chair forms of a pyranose ring. The reference plane is defined by the oxygen atom, C2, C3 and C5 carbon atoms of the ring.

Figure I. 14 .

 14 Figure I.14. Two possible forms of boat structures of a pyranose ring.

Figure I. 15 ,Figure I. 15 .Figure I. 16 .

 151516 Figure I.15. Cyclic and acyclic forms of D-glucose.

  Figure I.18. β-D-glucopyranose conformer (anomeric carbon atom : red, secondary carbon atoms: dark blue, primary carbon atom: purple, anomeric proton: light green and primary hydrogen atoms in methylene group: light blue).

Figure I. 19 .

 19 Figure I.19. Proton decoupled 13 C NMR spectrum of a solution of D-glucose in D2O [horizontal x-axis: 𝜹 𝟏𝟑 𝑪 (𝒑𝒑𝒎)].

Figure I. 20 .

 20 Figure I.20. 2D 1 H-13 C HSQC NMR spectrum of D-glucose in D2O [horizontal x-axis: 𝜹 𝟏 𝑯 (𝒑𝒑𝒎), vertical y-axis: 𝜹 𝟏𝟑 𝑪 (𝒑𝒑𝒎)]. The blue spots surrounded by red circles depict the correlation between the secondary carbon atoms and their hydrogen atoms attached to them, while the green spots surrounded by purple circles represent the correlation between primary carbon atoms and protons attached to them.

Figure I. 21 .

 21 Figure I.21. 1 H proton NMR spectrum of a solution of D-glucose in D2O [horizontal x-axis: 𝜹 𝟏 𝑯 (𝒑𝒑𝒎)].

Figure I. 22 .

 22 Figure I.22.Reaction routes possibly involved in cellulose conversion to ethylene glycol. Adapted from Girard et al.[START_REF] Girard | Catalytic Conversion of Cellulose to C2-C3 Glycols by Dual Association of a Homogeneous Metallic Salt and a Perovskite-Supported Platinum Catalyst[END_REF] and Zhang et al.[START_REF] Zheng | Selectivity Control for Cellulose to Diols: Dancing on Eggs[END_REF] 

Figure I. 24 .

 24 Figure I.24. XRD patterns of tungsten oxide at different stages of time upon its recovery from the reaction medium.

62, 78

 78 At the end of the reaction and upon cooling and exposure to air the HxWO3 is precipitated into tungsten acid H2WO4 and finally to WO3. Such a property known by temperature-and atmosphere-dependent phase-transfer behavior of H2WO4 and WO3, is intriguing and promising for the development of the process, since it provides the opportunity of combining the high efficiency of a homogenous catalyst and the easy separation and recovery of a heterogeneous catalyst (Figure I.25). However, it is still to be verified for other species such as ammonium metatungstate (AMT).

Figure I. 25 .

 25 Figure I.25. Reaction pathway of cellulose conversion to EG over tungstic acid and carbon supported ruthenium hydrogenation catalyst. The red part represents the overall reaction, the black part represents the three consecutive reactions towards EG and the blue part represents the temperature controlled phase transfer behavior of tungstic acid. The dashed arrows indicate side reactions of metastable sugars and glycolaldehyde.[START_REF] Wang | One-Pot Conversion of Cellulose to Ethylene Glycol with Multifunctional Tungsten-Based Catalysts[END_REF] 

  with the C-O bond and the proton of the third carbon atom leading to scission between the C-C bond. Their mechanism proposition is illustrated in Figure I.26.

Figure I. 26 .

 26 Figure I.26. Lewis base catalyzed mechanism for glucose RAC reaction to ethylene glycol as proposed by Zhou et al. 102

  Hence, W 5+ -OH was considered as the active catalytic site for breaking C2-C3 bond. Based on the above discussion a new mechanism for C2-C3 bond cleavage was postulated through complexation between α-and β-OH groups of glucose to W 5+ -OH species. The H atom of the α-OH group is prone to be positively charged due to the electron-withdrawing effect of the carbonyl group and attacks the OH group of the catalytic active site. Meantime, the O atom of the β-OH group coordinates to W atom by means of lone-pair electrons forming a six-membered heterocyclic ring and eliminating water molecule and a proton to stabilize the active species into a five-membered ring. The circular flow of electrons in the five membered heterocyclic ring promote the breaking of C-C bond to form GA and erythrose. Figure I.27 represents the corresponding proposed mechanism.

Figure I. 27 .

 27 Figure I.27. Mechanism of C-C bond cleavage as proposed by Fan et al. 103

Figure I. 29 .

 29 Figure I.29. The performance correlation of the EG yield to the surface W 5+ /W 6+ ratio of the catalyst. 106

Figure I. 30 .

 30 Figure I.30. Mechanism of glucose to fructose isomerization in alkaline condition through an enediol intermediate. Adapted fromCarraher et al. 117 

  Moliner et al. conducted a series of experiments over tin-containing zeolites (Sn-Beta). A fructose yield of 33% was achieved at pH 2 and 110°C. 118 Tang et al. described the mechanism of Lewis acid metal salt-catalyzed glucose isomerization to fructose (AlCl3). The rate-limiting step is the intramolecular 1,2-hybrid shift in which the proton at C2 position in glucose molecule moves to the C1 position. The reaction is promoted by the formation of an Al-Glucose complex in which [Al(OH)2(aq)] + cation interacts with open-chain glucose to form a bidentate complex where the ligand binds the mononuclear metallic center by O1,2 site of chelation. Figure I.31 illustrates the mechanism of glucose to fructose isomerization in water catalyzed by AlCl3 Lewis acid salt.

Figure I. 31 .

 31 Figure I.31. Mechanism of glucose-to-fructose isomerization catalyzed by AlCl3 in aqueous solution as proposed byTang et al. 120 

  Hayes et al. had first treated D-[1-13 C] mannose with molybdate which resulted in another stereospecific rearrangement of the carbon skeleton with the formation of D-[2-13 C] glucose. 129

  mandatory. 130 Sugars tend to form complexes with molybdate ions through hydroxyl groups as sites of chelation. The presence of four chelation sites in the molybdate-sugar complex seemed to be mandatory since DL-[1-13 C] glyceraldehyde gives only small amount of DL-[2-13 C] glyceraldehyde when treated by molybdate in the condition of the epimerization reaction whereas D-[1-13 C] threose generates rapidly D-[2-13 C] erythrose. 129 According to the authors, based on the above arguments, complexes of molybdate with the linear aldehyde forms seem logical candidates as the reactive species. As a consequence, L. Hayes et al. proposed a dinuclear complex of glucose or mannose involving the carbonyl group and 4 vicinal hydroxylic oxygen atoms at C2,3,4 (Figure I.33). 129

Figure I. 33 .

 33 Figure I.33. Mannose to glucose epimerization mechanism as proposed by L. Hayes et al. 129

Figure I. 34 .I. 2 . 5 .

 3425 Figure I.34. Generally accepted mechanism of Bilik's reaction. 127

  conducted a density functional theory study to investigate RAC of glucose over a La(III)-OH species using Gaussian 09 software package and by employing the LanL2DZ basis set for La atoms and the standard 6-31G** basis set for the rest of elements to conduct geometry optimization for molecules including intermediates and transition states, frequency calculations and single-point energy calculations. They employed PCM solvation model with water as solvent. The reaction pathway was described by four stages, each of them contains different steps. In the first stage, a proton transfer from the hydroxyl group attached to the second carbon atom to La(III)-OH. Due to strong interaction between O2 and the metal ion, a decrease in C2-O bond length occur promoting the C2-C3 bond cleavage. The bond cleavage occur in the second stage in which, firstly, glucose undergoes epimerization followed by a cleavage of C2-C3 bond via 2,3-hybride shift.

Figure I. 35

 35 shows the proposed reaction pathway by Zhang and coworkers, using DFT calculations.

Figure I. 35 .

 35 Figure I.35. Theoretical calculation for the La(III)-OH-catalyzed conversion of glucose to glycolaldehyde pathway. The present energies are calculated Gibbs free energy in (kcal/mol).[START_REF] Sun | Versatile Nickel-Lanthanum(III) Catalyst for Direct Conversion of Cellulose to Glycols[END_REF] 

Figure I. 36 .Figure I. 37 .

 3637 Figure I.36. Most favorable route of catalytic conversion to fructose to C3 products over Ni based MgO supported catalyst inwater by density functional theory study.131 

Figure I. 38 .

 38 Figure I.38. Mechanism of fructose retro-aldol fragmentation over MoO3.133 

  The mechanism was described by a first ring opening step of the pyranose form. Open glucose chain is then coordinated to W 6+ Lewis acid surface site through the second hydroxyl group (O2-W) deprotonated by basic W=O surface moiety. The activated deprotonated glucose intermediate undergoes after a 1,2-hydrid shift in which the proton at the second carbon atom is transformed to the first carbon atom. A further protonation of the terminal aldehyde leads then to the formation of fructose (Figure I.39).

Figure I. 39 .

 39 Figure I.39. Local geometries of optimized structures for reaction intermediates and transition states for glucose isomerization over tungstite (WO3•H2O). Adapted and modified fromLi et al. 134 

Figure I. 40 .

 40 Figure I.40. DFT-computed energy diagrams for glucose isomerization over Sn-BEA zeolite.135 

Figure I. 41

 41 shows the proposed mechanism for the reaction on H3PMo12O40. The authors showed that in the transition state that corresponds to 1,2 carbon-shift step, the Mo atom acts as an electron buffer promoting the transformation between aldehyde and alkoxy groups. The Mo center is then reduced from +VI to +V oxidation state.

Figure I. 41 .

 41 Figure I.41. Mechanism for the epimerization reaction of glucose over keggin cluster polyoxomolybdate catalysts as proposed by Rellan-Pineiro et al. 136

Figure I. 42 .

 42 Figure I.42. Molecular structures for the reactant (R), the transition state (TS) and the product (P) for the 1,2-carbon shift in glucose to mannose epimerization, catalyzed by the dimolybdate ion. As proposed by Chethana et al. 137 color coding ( gray: carbon, red: oxygen, white: hydrogen and blue: molybdenum).

  43), HO2,3 system in which, hydroxyl groups bounded to the second and the third carbon atoms of a pyranose or a furanose ring are cis oriented (ie. mannose and erythrose). Conversely, sugars of threo (Figure I.44) system have HO2,3 in trans configuration (ie.

Figure I. 43 .

 43 Figure I.43. Sugars of erythro HO2,3 system.

Figure I. 44 .

 44 Figure I.44. Sugars of Threo HO2,3 system.

3 (Figure I. 43 )

 343 Mo) NMR study to identify the possible complexes that are able to be formed with molybdate and tungstate ions in aqueous solution.145 They suggested that monosaccharides of erythro system (mannose) mainly afford Mo 6+ and W 6+ complexes in their cyclic forms. Complexes of cyclic tautomers were first believed to include pyranose form. They suggested that the β-pyranose tautomer chelates the metallic center in a tetradentate fashion involving O1,2,3,4 sites of chelation. In fact, such interpretation is doubtable since OH4 in β-D-mannopyranose is trans oriented to the OH1,2,which will turn it poorly likely to be coordinated in this way. It was later shown that mannose forms with molybdate a major Mo 6+ complex referred to as L type. This type of complexes is formed when the anomeric OH is oriented cis to both OH groups attached to the second and the third carbon atoms of the ring. Therefore in such type of complexes, a dimolybdate ion is chelated to β-mannofuranose forming a complex involving a tetradentate O1,2,3,5 binding site in which O2,5 are the bridging oxygen atoms (Figure I.45, a). 148 A minor species involves the acyclic hydrate form, and referred to as an A type (Figure I.45, b), is chelated to the dinuclear metallic center in a tetradentate fashion, through O1,2,3,4 site of chelation in a sickle arrangement, where O1,3 are bridging atoms. 130,148 Tungstate complexes were exclusively reported with mannose. Complexes of L and M type are formed. Tungstate L type complex was believed to be isostructural to molybdate L type (Figure I.45, a). M type complex (Figure I.45, c) in which the anomeric HO1 group that is trans oriented to the ring HO2,3 groups is nonchelating. Hence, the complex implicates the sugar in its α-furanose form in which four donor non vicinal hydroxyl groups constitute the site of chelation; that is the ring O2,3 and the two O5,6 adjacent hydroxyl groups of the side chain. 152 Glucose, erythrose and threose are believed to afford complexes exclusively with molybdate involving the acyclic hydrate form of these sugars chelating the metallic core through O1,2,3,4 site (Figure I.45, b,

Figure I. 45 .

 45 Figure I.45. Proposed structures for the molybdate and tungstate complexes of sugars. a) L type complex formed with βmannofuranose. (M = Mo or W, R =CH2OH), b) molybdate A type complex formed with hydrated acyclic erythrose and mannose (R = CHOH-CH2OH for mannose and R = H for erythrose), c) tungstate M type complex formed with αmannofuranose and d) molybdate A type complex formed with acyclic hydrated glucose and threose (R = CHOH-CH2OH for glucose and R = H for threose). Adapted from130,148,[150][151][152] 

Figure I. 45 ,

 45 a, c.152 

  2-D NMR spectra:The 2D 1 H-1 H correlation spectroscopy (COSY) spectra were acquired using the following acquisition parameters: 1 scan, 16 dummy scans, a 1.3 s relaxation delay, a spectral width of 3.7 ppm, a transmitter offset of 5 ppm, and an acquired spectral size of 512 data points in the F1 dimension and of 2048 data points in the F2 dimension. The 2D 1 H-[START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C heteronuclear single quantum correlation (HSQC) spectra were obtained with the following acquisition parameters: 2 scans, 16 dummy scans, a 1.5 s relaxation delay, a spectral width of 3.7 ppm (F2) and 180 ppm (F1), a transmitter offset of 5 ppm (F2) and 90 ppm (F1), a mean coupling constant1 JC-H for the intensive nuclei enhanced by polarization transfer (INEPT) to 145 Hz, an acquired spectral size of 256 data points in the F1 dimension and 1024 data points in the F2 dimension.

  corresponding parity plots are given in Figure A.1. in the Appendix. A mean relative percentage error of 1.4% is obtained in the range of 120 ppm for carbon, showing the reliability of the DFT in the prediction of NMR chemical shifts.

Figure II. 1 ,

 1 a illustrates the proton-decoupled[START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C NMR spectrum of a D-mannose-sodium tungstate solution in deuterium oxide (D2O) at pH 7.5. The complexes were then characterized after full assignment of the carbon signals and protons bound to them by means of 2D 1 H-13 C heteronuclear and 1 H homonuclear NMR experiments (Figure II.1,b,c). Three different species were detected and denoted complexes A, B, and C. When sodium tungstate was mixed with mannose without adding any extra base or acid to the aqueous medium, a solution of approximatively pH 9 was obtained. In this case, a new set of six peaks appeared in the NMR carbon spectrum recorded for this solution. The existence of a complex, thus further symbolized as complex D, was verified by the increase in the intensity of the new peaks in the carbon spectrum of the solution obtained at pH 11 (Figure II.1,d).

Figure II. 1 .

 1 Figure II.1. (a) Proton decoupled[START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C NMR spectrum, (b) heteronuclear single quantum correlation 1 H-[START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C NMR spectrum, (c)1 H homonuclear NMR correlation spectrum of the solution of sodium tungstate with D-mannose at pH 7.5, sugar and metal concentrations of 1 and 2 mol.L -1 respectively. The circles depicted in the 2D spectra correspond to the correlation between the carbon atoms and the proton(s) attached to them in addition to the correlation between vicinal protons respectively in the HSQC and the COSY spectra, (d) Proton decoupled[START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C NMR spectrum of sodium tungstate-D-mannose aqueous solution at pH 11, sugar and metal concentrations of 1 and 2 mol.L -1 respectively.

  Appendix) we observed by assuming αand βpyranose as ligands, four high coordination induced chemical shifts values at the first four carbon atoms of the two anomers, indicating the possibility of the existence of four chelation sites through their deprotonated hydroxyl groups. However, by considering the stereochemistry of the molecules (Figure I.16) we found the chelation inconceivable since the hydroxyl groups are trans-oriented. The CIS patterns calculated by assuming α-and β-furanose as ligands, indicates that C1,2,3,5 are deshielded, subsequently O1,2,3,5 (numbered similarly as the carbon atom connected to O) should be the chelation sites. However, this connection is only feasible for β-furanose in which HO1,2,3 are cis-oriented with each other with respect to the ring while for α-furanose the anomeric hydroxyl group is trans-oriented. Moreover, by supposing the acyclic hydrate mannose as a ligand, four high CIS values appear at the first four vicinal carbon atoms C1,2,

  Thus, at the end, two ligand possibilities remain open concerning the form of mannose in the A complex (β-furanose and acyclic hydrate), and 3 ligands forms remain possible for B, C, and D complexes, based on CIS and conformation considerations.

Figure II. 2 ,

 2 a shows the effect of metal concentration on the nature of the formed complexes. The study was carried out at pH around 7.5 and a constant sugar concentration of 1 mol.L -1 . With decreasing metal concentration, the concentrations of the complexes decrease without a change in the nature of the species (details about the estimated amounts of complexes as well as the quantity of the metal involved in the complexation are provided in TableA.5 in the Appendix. The relative amount of each complex is mostly independent of the concentration of the metal, which suggests a similar nuclearity of the metal in the different complexes. This conclusion is only valid for complexes A, B and C since the study was carried out at pH around 7.5 at which species D was not observed.

Figure II. 2 .

 2 Figure II.2. Concentration of Complexes A, B, C and D in a series of sodium tungstate and mannose solutions as function of a)tungsten concentration (mol.L -1 ) (pH around 7.5 and mannose concentration of 1 mol.L -1 ) and pH, b) (tungsten and mannose concentrations of 2 and 1 mol.L -1 respectively) and c) (tungsten and mannose concentrations of 1 and 1 mol.L -1 respectively).

Figure II. 2 ,

 2 Figure II.2,b,c.Generally, the maximum amount of species A and B was simultaneously observed at pH around 7 in both tungstate solutions independently of the tungsten/mannose ration. Species A remains the dominant species while B is the minor species over the pH range 2-8. Moreover, the amount of complex A has slightly decreased by reducing tungsten concentration indicating that the amount of complexed metal slightly increases by lowering tungsten concentration at pH around 7 (see TableA.6 and A.7 in the Appendix). Species C and D display a different behavior, with complex C having a maximum concentration around pH 8-8.5 in the highly concentrated tungstate solution ([W] = 2 mol.L -1 ), though remaining a minor species. However, with decreasing tungsten concentration ([W] = 1 mol.L -1 ) the afforded amount of the current species has not exceeded 3%. Complex D starts to appear only above pH 8 and becoming the dominant species at higher pH values, reaching around 44% and 20% of abundance at pH 11 with respectively 2/1 and 1/1 of tungsten/mannose ratio. The observation

Figure II. 3

 3 shows the W-L3 edge XANES spectra of sodium tungstate, AMT, and mannose-tungstate at aqueous solutions at different pH values recorded in transmittance mode in addition to their first derivatives.The white line appearing in the L3-edge XANES of tungsten is mainly attributed to electronic transitions from 2p2/3 orbitals to vacant 5d orbitals.173 According to Figure II.3, a, a relationship between the structure of the WOx unit and the shape of the white line exist. Sodium tungstate provides monotungstate oxyanions in aqueous solution, (pH around 9) each occurring in tetrahedral geometry while ammonium metatungstate (pH around 4), provide bigger polymeric clusters in which the WOx moieties have six-fold coordination environment, thus occurring in octahedral geometry. 157,173 As it is shown in Figure II.3, a, the aqueous solution of ammonium metatungstate shows a broad peak with a splitted top providing an energy gap of around 3.6 eV (second derivative in Figure A.2, Appendix) between the peaks which is a characteristic of distorted octahedral structures. 173 This splitting can also be observed on the first derivative (Figure II.3, b) plot by the appearance of a second maximum. Sodium tungstate (Na2WO4) displays one sharp asymmetrical peak due to the negligible splitting of the 5d state of the tetrahedral tungsten center. These findings agree with the literature, 173 which tends toshow that the more centrosymmetric the metallic center is, the greater is the energy gap between the splitted peaks. Indeed, tungsten centers in Cr2WO6, which have a quasi-perfect octahedral geometry, display an energy gap of 5.6 eV while the distorted tungsten centers of ammonium metatungstate provide an energy gap of 3.8 eV,173 which is similar to the value obtained in our current experiment. Another characteristic of tetrahedral coordinated sites that has not been previously discussed in other articles is the presence of a bump at around 15 eV beyond the edge energy such as in the spectrum of sodium tungstate (Na2WO4) (Figure II.3, a). The edge energy is quantified by evaluating the maximum of the first derivative of the signal. The values detected for both precursors in aqueous solution are of 10210.8 eV (Figure II.3, b). The edge energy as determined by the maximum of the first derivative spectra of crystalline sodium tungstate and solid ammonium metatungstate are respectively of 10210.6 and 10209.9 eV. All the species correspond to W 6+ oxidation state. Concerning tungstatemannose aqueous mixtures (Figure II.3, b) at pH 11 and 8, the edge energy is around 10210.6 eV while at pH 7 and 4, the edge energies are respectively, 10210.2 and 10210.0 eV indicating that tungsten centers in the complexes are consistent with W 6+ oxidation state.

Figure II. 3 .

 3 Figure II.3. (a) W L3-edge XANES normalized spectra, (b) first derivative of (a) of reference tungstate precursors in aqueous solution: ammonium metatungstate AMT and sodium tungstate Na2WO4 as well as tungstate-mannose aqueous solution at different pH values. [W] = 0.1 mol.L -1 , [Mannose] = 0.1 mol.L -1 .* the experiments were conducted at this tungsten concentration to prevent fluorescence phenomena. The effect of changing tungsten and mannose concentrations while conserving the same metal/sugar ratio was almost ineffectual for the amount of complexed tungsten. (Table A.8, Appendix).

  -), complexes of monodentate, bidentate and tridentate coordination were chosen in the current study for the mononuclear complexes (Figure II.4,a,b,c). For the binuclear species, and in line with the experimental results obtained, we explored mainly the formation of dimeric tetradentate species (,d), as well as pentadentate chelation modes (Figure II.4,e) in a 6-fold coordinated metallic site. Inorganic tungsten species in which the metallic center occurs as an octahedron are only found in polymeric forms in aqueous solution (typically with nuclearities of 6 to 12 as in W12O40 8-, Figure A.4, Appendix). We decided to study chelated metatungstate ion as a model of sugar complexes with higher nuclearity (Figure II.4,f). We examined several geometries of the sugar in which the ligands are owing a similar configuration (ie. with the same chelation sites) as in the dimeric species for which the calculated chemical shifts match the most with the experiments.

Figure II. 4 .

 4 Figure II.4. Geometry of mononuclear (a) monodentate, (b) bidentate, (c) tridentate, dinuclear (d) tetradentate, (e) pentadentate and (f) polynuclear tetradentate tungstate complexes, chosen as starting points for DFT calculations. All models feature W 6+ cores.

  C NMR chemical shifts for complex 1 and the experimental values observed for complex A. This model features a ditungstate ion chelated to mannose in its β-furanose form involving a tetradentate O1,2,3,5 binding site in which O2,5 are the bridging oxygen atoms (complex 1, Figure A.5, Appendix).

6 ,

 6 .1, Figure I.45,a).The values computed for complex 3 match the most with species B. Subsequently, complex B involves a ditungstate center chelated to the hydrated acyclic form of mannose in a tetradentate fashion through O1,2,3,4 oxygen donor site in a sickle arrangement, where O1,3 are bridging atoms with the two WO6 octahedra sharing a face (complex 3, Figure A.Appendix). The current species was already discussed in the literature but only for molybdate complexes. Bilik and co-workers proposed dimolybdate complexes for mannose epimerization comprising the hydrated sugar chelating the metallic ion by its O1,2,3,4 deprotonated hydroxyl groups in a sickle arrangement.130,148 Such observation reveals the possibility of tungsten to catalyze the epimerization of sugars the same way molybdenum does.

Figure II. 5 .

 5 Figure II.5. Final structures for complexes A, B, C and D . R= CH2OH in A, CHOH-CH2OH in B.

  Figure I.16 and Figure I.17). Two main systems of sugar configuration are distinguished. Sugars of erythro (mannose and erythrose) and threo (glucose) HO2,3 system in which the hydroxyl groups bound to the second and the third carbon atoms of furanose and pyranose forms are cis oriented and trans with respect to Haworth projection (Figure I.43, and Figure I.44)

  mixing the sugars with various precursors of the metals, namely sodium tungstate and molybdate dihydrate (Na2WO4•2H2O, Na2MoO4•2H2O), ammonium metatungstate [(NH4)6H2W12O40] (AMT) and ammonium heptamolybdate [(NH4)6Mo7O24] (HMA). All the chemicals are commercial products (Sigma-Aldrich) and used as received. The preparation of tungstate and molybdate complexes was exactly done like it was described in the previous chapter (Chapter II, section II.2.1.).

13 C

 13 C NMR chemical shifts was done exactly as it was lately described in the previously in Chapter II, section II.2.4. B3LYP/def2-tzvp functional and basis set were employed for the optimization of Mo atoms. NMR spectroscopy allows the detection of the formation of metals-sugars complexes by displaying several new sets of peaks (6 in the case of C6 aldoses, mannose, and glucose, and 4 in the case of erythrose) compared to the carbon spectra of the free sugars without a metallic precursor added. Using this method, four new species denoted A, B, C and D were identified as tungstate-mannose complexes (Chapter II). In this study, three main pH ranges were characterized, the optimal was found to be at around 7 where the maximum amount of complexes were obtained for tungstate mannose system. The nature of these species does not change by decreasing the pH to acidic ranges; however, they are produced in lower quantities.In basic solution a new complex denoted D is detected. In Figure III.1, the carbon NMR results are shown, corresponding to the different combinations of metal salts (tungstate and molybdate) and sugars at the three different pH ranges.The optimal pH for molybdenum species is found to be around 6 as described for the case of molybdate-mannose system. With molybdates, mannose affords only two species denoted E and F detected in acidic-neutral solutions, while no new signals are displayed at higher pH values, indicating that no complexation is occurring (Figure III.1, b). No evidence for the formation of new species is provided when glucose and tungstate are mixed independently of the solution's pH (Figure III.1, c). In order to verify the presence of species present in very low quantities, 1-D-13 C glucose and 3-D-13 C glucose were mixed with sodium tungstate at the optimal pH conditions determined for mannose (around 7). The corresponding spectra are shown on Figures A.9 and A.10 in the Appendix. Two sets of peaks are identified revealing that at least two possible species could be formed at this pH range (named complexes P1 and P2). With molybdenum, exclusively in acidic-neutral solutions, glucose has afforded a new species (in a small amount) designated as complex G (Figure III.1, d). Erythrose generates two new species with tungstate and molybdate respectively denoted H and I. These complexes are afforded in acidic-neutral aqueous solutions (Figure III.1, e, f).Remarkably, when molybdate was mixed to erythrose, the totality of the sugar was consumed forming complex I, as no free sugar is left. By taking into consideration that two molybdenum atoms are available for one erythrose molecule (2/1 of Mo/erythrose ratio), complexes comprising two metallic centers are suggested if one sugar molecule is chelating a molybdate oxyanion. As we shifted to high pH (around 10), a particular behavior was observed for erythrose. With both metals, traces of glycolaldehyde (the product of erythrose retro-aldol condensation by cleaving the C-C bond) were detected, revealing that the sugar is reactive at ambient temperature with tungstate and molybdate. We verified that the presence of glycolaldehyde is due to the catalysis of metals and not to the hydroxide ions present in basic solution, by showing that no traces of glycolaldehyde were found when the sugar was mixed only with sodium hydroxide in the same pH range (Figure A.11, Appendix). Therefore, a coordination must happen in order to cleave the sugar molecule. However, this coordination in basic solution is undetectable for two main possible reasons: the presence of humins (by the degradation of erythrose and glycolaldehyde) that degrades the quality of the spectrum or that the active complexes are generated in extremely low quantities that could not be identified using this technique.

Figure III. 1 .

 1 Figure III.1. Proton decoupled[START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C NMR spectrum of metals-sugars aqueous solution at different pH ranges. Metal and sugar concentrations are respectively 2 and 1 mol.L -1 . Unlabeled peaks in each figure correspond to the free sugar remaining in the solution. In the case of erythrose mixed with the metals in basic solutions, some of these peaks might be attributed to other side products.

  Figures A.12, A.13, A.14, A.15, A.16 and A.17 in the Appendix. The corresponding chemical

Tables A. 9 ,

 9 A.10, A.11, A.12 and A.13 in the Appendix (for complexes A, B, C and D, the data are reported in Tables A.1, A.2, A.3 and A.4). The results of these CIS values will constitute the base for the choice of the possible ligands for each complex, as will be shown later in section III.3.3.

Figure III. 2 ,

 2 a shows the effect of molybdenum total concentrations on the nature of the formed complexes. The study was carried out at pH around 6 for molybdenum, and constant mannose concentration of 1 mol L -1 . With decreasing metal concentration, the percentage of complexed organic matter decreases without a change in the nature of species (details about the estimated amounts of complexes as well as the quantity of the metal involved in the complexation are provided in TableA.14 in the Appendix). The relative amount of each complex is principally independent of the concentration of the metal, which suggests a similar nuclearity of the metal in the different complexes at such pH conditions.

Figure III. 2 .

 2 Figure III.2. Concentration of complexes E and F in a series of sodium molybdate and mannose solutions as function of a)molybdenum concentration (mol.L -1 ) (pH around 6 and mannose concentration of 1 mol.L -1 ) and b) pH (molybdenum and mannose concentrations of 2 and 1 mol.L -1 respectively).

  metatungstate (AMT) and ammonium heptamolybdate (HMA)). The edge energy of W 6+ and Mo 6+ is referenced using these precursors as they are fully oxidized metallic salts. It should be mentioned that glucose forms a little amount of complexes with molybdate and tungstate (as observed by carbon NMR) thus extracting information about the geometry of the metallic core including in is not possible. Hence, XANES measurements were only performed for mannose and erythrose. Figure III.3,a,b show respectively the W-L3 and Mo-K edges XANES spectra of tungstate and molybdate aqueous solutions with sugars recorded in transmittance mode. The first derivatives of these spectra are depicted in Figure III.3,c,d.

Figure III. 3 .

 3 Figure III.3. (a) W L3-edge XANES normalized spectra of reference tungstate precursors and tungstate-sugars aqueous solutions, (b) Mo K-edge XANES normalized spectra of reference molybdate and molybdate-sugars aqueous solutions, (c) first derivative of (a) and (d) first derivative of (b). Metal-sugars solutions were prepared at 2/1 metal/sugar ratio.

  has been previously discussed.173 The aqueous solution of the tetrahedral tungsten Na2WO4 (Figure III.3, a) shows one sharp symmetrical peak (at 10213 eV approximately) while the octahedral AMT precursor displays a spectrum with a broad splitted top (with ana energy gap of 3.6 eV).157,173 This splitting is also clearly observed by drawing the first and the second derivatives of the W-L3 spectra (Figure III.3, c and Figure A.19 in the Appendix). Similarly, for molybdenum, a dissimilarity between the white lines of both precursors exists (Figure III.3, b, Na2MoO4, HMA). A marked pre-edge (at 20005 eV) is observed in the spectrum of sodium molybdate in which the metallic core is in tetrahedral coordination while it appears less pronounced for the more centrosymmetric six-fold coordinated molybdenum centers present in ammonium heptamolybdate (HMA). This pre-edge arises from the electronic transition from 1s Mo to 4d Mo molecular states in which the latter orbital is hybridized with p Mo orbitals due to the presence of a non-centrosymmetric environment of Mo as is in the case of sodium molybdate (Na2MoO4). 176,177 A sharp top is observed in the white line displayed by tungstate-mannose mixture in basic solution (pH around 11) (Figure III.3, a), similarly to the spectrum of sodium tungstate, indicating that the metal core is of tetrahedral geometry. While at pH at around 7, both mannose and erythrose when mixed with the metal in the aqueous medium displayed spectra with distinct broad tops in their white lines. The evaluation of the second derivative of these spectra shows that the energy gap was of 3.3 eV for mannose-tungstate and 3.5 eV for erythrose-tungstate mixtures vs. 3.6 eV for AMT (Figure A.19 in the Appendix) indicating that the metal centers are of more or less distorted octahedral geometry. 173 At pH around 10, the solution of erythrose with molybdenum displays a spectrum matching the spectrum of Na2MoO4 (Figure III.3, b) revealing the predominance of mainly tetrahedral molybdate centers. A non-intense pre-edge appears in the white line displayed by molybdatesugars (mannose and erythrose) aqueous mixtures at pH around 6 indicating that the metal is in octahedral geometry (Figure III.3, b). By NMR, the observation was made for molybdateerythrose mixtures at the optimal pH range (III.3.1.1.) that erythrose is totally consumed to form complex I. We can thus conclude that Mo exhibits octahedral geometry in complex I. The edge energy, considered as a descriptor of the oxidation state of the metal, a crucial parameter in catalysis, is quantified by evaluating the maximum of the first derivative of the signal. The values detected for both W 6+ precursors range from 10209.9 to 10210.8 eV depending on whether the precursor was in crystalline or dissolved state (Figure III.3, c). The edge energies evaluated for tungstate-mannose aqueous mixtures in basic medium is around 10210.8 eV while at pH 6, the edge energies of tungstate-mannose and tungstate-erythrose mixtures are respectively, 10210.3 and 10210.1 eV indicating that tungsten centers in the complexes are consistent with W 6+ species. Mo 6+ precursors display an edge energy in the range 20014.9 and 20016.4 eV (Figure III.3,d). The edge energy of molybdenum in Mo-erythrose aqueous solution at pH 10 is of 20015.9 eV. The edge energies of Mo with mannose and erythrose mixtures are of 20015.0 and 20014.5 eV respectively. The value measured for mannose mixtures is 0.4 eV lower than the minimum value detected for +VI oxidation state, however, it is still in the acceptable range indicating that presumably molybdenum is not reduced by the sugars.

Figure III. 4 .

 4 Figure III.4. Proposed structures for tungstate and molybdate complexes of C6 and C4 aldoses. (a) R = CH2OH, M = W or Mo, (species A and E) formed exclusively with mannose (β-furanose form), (b) M = W or Mo when the metal is chelated to acyclic hydrated mannose (species B and F) when R=CHOH-CH2OH, or to acyclic hydrated erythrose when R = H (species H and I), (c) formed exclusively with mannose, complex C (α-furanose form), (d) formed exclusively with acyclic hydrated glucose (species G) and (e) mononuclear complex of α-mannofuranose (species D).

  shifts, complex E involves a dimeric molybdate species coordinating β-mannofuranose at its O1,2,3,5 site with O2,5 bridging atoms (Figure III.4, a). Complex F comprises a dimeric molybdate site as well bound to the acyclic hydrated mannose form through its first four deprotonated hydroxyl groups (O1,2,3,4) in a "sickle" arrangement (Figure III.4, b).

(

  Figure III.4, c). This is the A type complex proposed in the literature for molybdate-glucose complexes. Complex H and I formed with tungstate and molybdate, respectively, are found to be isostructural. A dimeric metallic core is coordinated to the sugar through the first four vicinal deprotonated hydroxyl group O1,2,3,4 with O1,3 as bridging atoms in a "sickle" arrangement (Figure III.4, b). Exclusively complex I matches with the A type molybdate complex of erythrose. Notably, tungstate and molybdate complexes displaying similar chemical shift patterns are found to be isostructural, that is, complexes A/E, B/F and H/I (Figure III.5, A), which

  try to correlate the chemical shifts observed at the C1 and the C3 positions of complex P1 detected by mixing labeled glucose molecule with tungstate in neutral aqueous solution (Figures A.9 and A.10, Appendix), assuming isostructural tungstate and molybdate complexes. We found out that the chemical shifts displayed for tungstate complex P1 at its first and third carbon positions might match with the those displayed for molybdate complex G (Figure III.5, a). Hence, we can hypothetically say that a tungstate complex (P1) involving hydrated glucose as ligand (homologous to complex G, see Figure III.4,d) might exist. For P2,

  In the present chapter, the reactivity of D-glucose, D-mannose and D-erythrose over tungstate and molybdate oxyanions is discussed. The catalytic conversion of sugars over such types of catalysts involves several parallel and successive routes as it was discussed previously in Chapter I (retro-aldol condensation (RAC), epimerization (EPI) and isomerization (ISO)).A simplified scheme illustrating the different reaction pathways is shown in Figure IV.1.

Figure IV. 1 .

 1 Figure IV.1. Reaction routes possibly involved in glucose, mannose and erythrose conversion over tungstate and molybdate oxyanions.

Figure A. 24 and

 24 Figure A.24 and Tables A.19, A.20 and A.21 in the Appendix. The mean relative errors for GA and mannose (epimer) concentrations are estimated to 8 and 15%, respectively. The errors on RAC and EPI reactions initial rates are estimated to be of 9 and 8% respectively.

Figure IV. 2 .

 2 Figure IV.2. Schematic diagram of the reactor.

  respectively 90 and 50°C. The identification of the products is made by comparing the HPLC graph of sugar transformation to the HPLC chromatograms of standard chemicals. The concentrations of the products in each sample are quantified by means of the response factor associated with each chemical species for which the values are given in Figure A.26 and Table

Figure IV. 3 .

 3 Figure IV.3. 3D drawing/view of the high pressure/high temperature vessel. 178

Figure IV. 4 ,

 4 Figure IV.4,a,b illustrates the chromatograms of glucose transformation catalyzed by ammonium metatungstate (AMT) and ammonium heptamolybdate (HMA) respectively at 15 min of reaction time. In both chromatograms one can observe the co-existence of several types of reaction products. In the following, we report a quantification of the RAC main

Figure IV. 4 .FigureFigure IV. 5 .

 45 Figure IV.4. Typical HPLC chromatographs of the effluent after glucose conversion over a) AMT and b) HMA catalysts at 150°C under 40 bar of N2 pressure after 15 min of reaction at respectively pH 5 and 4, initial glucose concentration of 5.0 mmol L -1 and metal concentration of 1.3 mmol L -1 (Gluc: glucose, Man: mannose, Fruc: fructose, Threo: threose, GA: glycolaldehyde, DHA: dihydroxyacetone and Eryth: erythrose).

Figure IV. 5 ,

 5 a) with similar reaction rates affording almost equal yields of products at short reaction times (30 min).The maximum amount of GA is obtained at 75 min while mannose reaches a maximum concentration at 30 min of reaction time. When mannose is converted over AMT (Figure IV.5, c), GA is formed with slightly higher initial reaction rate than glucose as product of epimerization. As for erythrose as a reactant (Figure IV.5, e), the maximum yield of GA and threose (the epimer) are almost similarly obtained at 10 min of reaction time. However, the initial formation rate of GA is two times higher than the formation rate of threose. According to these results one can say that tungsten is active for both transformations (RAC and epimerization).

  erythrose and GA at different reaction conditions is illustrated in Figure IV.6.

Figure IV. 6 .

 6 Figure IV.6. Carbon balance (equation (IV.2)) trend curves for the conversion of different feedstocks at different reaction conditions. The conversion was carried at 150°C under 40 bar of N2. Glucose and erythrose concentrations of 5.0 mmol L -1 , GA concentration of 10.0 mmol L -1 and metal concentration of 1.3 mmol L -1 .

Figure IV. 7 .

 7 

Figure IV. 7 .Figure IV. 8 .

 78 Figure IV.7. Kinetics of GA formation for glucose conversion over a) AMT (pH 5) and b) HMA (pH 4) catalyst at different metals concentration, reaction temperatures, glucose concentration of 5.0 mmol.L -1 and 40 bar of N2. GA: glycolaldehyde.

1

 1 By applying the natural logarithm to equation (IV.6), the activation energy of the reaction is calculated. Figure IV.9 illustrates the kinetics of GA formation for the conversion of glucose over AMT and HMA at different temperatures.

Figure IV. 9 .

 9 Figure IV.9. Kinetics of GA formation and glucose degradation for glucose conversion over a) AMT (pH 5) and b) HMA (pH 4) catalyst at different reaction temperatures, glucose, and metal concentration of respectively 5.0 and 1.3 mmol.L -1 and 40 bar of N2 pressure. Gluc: Glucose.

Figure IV. 10 illustratesFigure IV. 10 .

 1010 Figure IV.10. Arrhenius plot for glucose retro-aldol condensation over tungstate and molybdate catalysts.

Figure IV. 11

 11 Figure IV.11 illustrates the kinetic of glucose epimerization over tungstate and molybdate catalysts at different temperatures and metal concentrations.

Figure IV. 11 .

 11 Figure IV.11. kinetics of mannose formation over AMT (pH 5) and HMA (pH 4) catalysts at different temperatures and metals concentrations. The experiments were carried out at glucose concentration of 5.0 mmol L -1 under 40 bar of N2. Man: mannose.

Figure IV. 12 .

 12 Figure IV.12. ln(rf) -ln([M]0) order plot with respect to the catalyst concentration for the production of mannose (epimer of glucose) calculated at 150°C. Glucose concentration: 5.0 mmol L -1 .

  Figure IV.13 illustrates the kinetics of mannose formation for the conversion of glucose over AMT and HMA at different temperatures.

Figure IV. 13 .Figure IV. 14 .

 1314 Figure IV.13. Kinetics of mannose formation for glucose conversion over a) AMT (pH 5) and b) HMA (pH 4) catalyst at different reaction temperatures, glucose, and metal concentration of respectively 5.0 and 1.3 mmol.L -1 and 40 bar of N2.

  Figure IV.15 illustrates the kinetics of GA formation for the 0conversion of C6 and C4 aldoses over tungstate and molybdate precursors at different pH conditions.

Figure IV. 15 . 1 .

 151 Figure IV.15. Kinetics of GA formation for the conversion of C6 and C4 aldoses over tungstate and molybdate catalysts at different pH conditions. The experiments were performed at 150°C under 40 bar of N2 at metal and sugar concentrations of respectively 1.3 and 5.0 mmol.L -1 . The graphs include the error bars calculated by the 8% relative error on each GA (glycolaldehyde) concentration.

Figure IV. 16 .

 16 Figure IV.16. Kinetics of epimer formation for the conversion of C6 and C4 aldoses over tungstate and molybdate catalysts at different pH conditions. The experiments were performed at 150°C under 40 bar of N2 at metal and sugar concentrations of respectively 1.3 and 5.0 mmol.L -1 . (Gluc: Glucose, Man: Mannose and Threo: Threose).

  Figure A.29 in the Appendix shows the kinetics of fructose

17 .

 17 in acidic-neutral solutions (see Figure A.30 in the Appendix). These species are optimally formed at pH 6 and 7 respectively with Mo and W (in the ex-situ study) at which a maximum activity in epimerization should be seen, which is not the case as it is shown in Figure IV.It should be mentioned that the ex-situ study was conducted at high metals concentration (2, 1 M) compared to the catalytic tests that are performed at around 1000-time diluted solution (metal concentration of 1.3 mmol L -1 ) which quite varies the predominance domain of tungstate and molybdate species (Figures A.31, A.32, A.33 and A.34 in the Appendix). The relevance

  FigureIV.18 shows the kinetics of GA and mannose formation over AMT and HMA catalysts under inert and reducing atmospheres.

Figure IV. 18 .

 18 Figure IV.18. Kinetics of GA and mannose formation for glucose conversion over AMT (pH 5) and b) HMA (pH 4) catalysts at different temperatures, metals, and glucose concentrations of 1.3 and 5.0 mmol.L -1 respectively and 40 bar of N2/H2.

  CNMR signal. The results are compared to the conversion of D-glucose at the same reaction conditions (pH 5). Figure IV.19 shows the carbon decoupled NMR spectra of samples taken at 5 and 15 min of reaction time. The conversion of D-3-13 C-glucose leads to the formation of C1labeled erythrose identified by the signal of the anomeric carbon of its β-erythrofuranose tautomer at around 101 ppm that is observed, along with GA labeled at both carbon atoms and C3-labeled mannose. The conversion of D-1-13 C-glucose leads to the apparition of labelled GA at its two carbon atoms with two signals attributed to the C2 carbon atoms of α and β mannopyranose, indicating that an intramolecular shift between C1 and C2 occurs while glucose is transformed to mannose. This results is in line with the mechanism of epimerization proposed by Bilik on the same basis.130 However, the signals of C1-labelled erythrose are not detected in this experiment. Of note, the presence of additional labelled signals especially at higher reaction time (15 min) is assigned to sugar-tungsten complexes that may be produced in such conditions and that were identified previously in Chapters II and III.

Figure IV. 19 .

 19 Figure IV.19. Carbon decoupled NMR spectra of the reaction effluent of glucose, D-1-13 C-glucose, and D-3-13 C-glucose conversion over AMT catalyst at 150°C, under 40 bar of N2, sugar, and tungsten concentration of 20.0 and 5.6 mmol.L -1 at 5 and 15 min of reaction time.

Figure IV. 20 .

 20 Figure IV.20. Possible pathways for the retro-aldol condensation of labeled glucose substrates.

Figure A. 36 ,

 36 Appendix), was converted at 150 °C in the presence of 1.3 mmol L -1 of AMT at pH 5. After

Figure IV. 21 .

 21 Figure IV.21. GA formation and reactant consumption for the conversion of different deoxygenated glucose compounds over AMT catalyst at pH 5, 180°C, sugars, and tungsten concentration of 5.0 and 1.3 mmol.L -1 respectively under 40 bar of N2.

Figure IV. 22 .

 22 Figure IV.22. Possible reaction pathways of deoxygenated glucose compound.

  and A.40 in the Appendix illustrate the XANES W L3-edge and Mo K-edge spectra of tungstate (AMT and Na2WO4) and molybdate (HMA and Na2MoO4) precursors that allows distinguishing between the features of oligomeric octahedral and monomeric tetrahedral tungstate and molybdate species. Spectra of starting solutions of glucose and mannose with AMT catalysts at the different conditions were compared to solution of free AMT at 1.3 mmol L -1 . The results are illustrated in Figure IV.23.

Figure IV. 23 .

 23 Figure IV.23. W L3-edge spectra of different mixtures of a) glucose and b) mannose with AMT catalyst at ambient temperature. Sugar concentration of 5.0 mmol L -1 .

  Figure IV.23, a) compared to the spectra of AMT, the white line peak becomes narrower by increasing the pH and decreasing tungsten concentration. This observation is accompanied by the apparition of a bump in the L3-edge spectra at around 15 eV beyond the edge energy (at higher pH and lower metal concentration). With mannose (Figure IV.23, b),

. 41 ,

 41 Appendix).173 -The presence of the bump in the L3-edge spectra at 15 eV beyond the edge energy is associated to the presence of tetrahedral metallic centers(Figure A.39, 

  The follow up of the conversion of glucose and mannose over AMT at different temperatures, metals concentrations and pH was carried out by in-situ experiments. The results are shown in Figure IV.24 and Figure IV.25.

Figure IV. 24 .Figure IV. 25 .

 2425 Figure IV.24. W-L3 edge XANES spectra for the follow up of glucose conversion over AMT catalyst at different reaction conditions, glucose concentration of 5.0 mmol.L -1 under 40 bar of He. Tamb0 and Tamb1 represent the spectra recorded at ambient temperatures before the start and after the end of the reaction respectively.

Figure IV. 26 .

 26 Figure IV.26. Variation of Td and Oh species through the reaction time for the conversion of a) glucose and b) mannose with AMT catalysts at different reaction conditions. Standard (Std) experiment performed at sugar and tungsten concentration of 5.0 and 1.32 mmol L -1 respectively, 150°C under 40 bar of He. The parameters indicated in the legend represent the difference from the Std experiment.

  measured the evolution of the edge energy detected at the different experiments through the reaction time and compared them to the edge energy of free AMT featuring +VI oxidation states in order to evaluate if a reduction of the metal has occurred due to the presence a reducing sugar as glucose, mannose and erythrose. The results are shown in Figure IV.27.

Figure IV. 27 .

 27 Figure IV.27. Evolution of the edge energy of tungsten through the reaction time for glucose, mannose, and erythrose conversion at different reaction conditions. The experiments were performed at sugar concentration of 5.0 mmol.L -1 under 40 bar of He. The black solid lines show the highest and the lowest edge energy detected for +VI tungstate precursors measured in our experiments. The blue dashed lines represent the edge energy of W 4+ (measurement made in the present work from WO2).

Figure IV. 28 .

 28 Figure IV.28. Mo K-edge spectra of different mixtures of a) glucose and b) mannose with HMA catalyst at ambient temperature. Sugar concentration of 5.0 mmol L -1 .

Figure IV. 29 andFigure IV. 29 .

 2929 Figure IV.29 and Figure IV.30 show the spectra recorded by in-situ XANES measurements for glucose and mannose conversion over HMA catalyst at different reaction conditions.

Figure IV. 30 .Figure IV. 31 .Figure IV. 32 .

 303132 Figure IV.30. Mo-K edge XANES spectra for the follow up of mannose conversion over HMA catalyst at different reaction conditions, mannose concentration of 5.0 mmol.L -1 under 40 bar of He pressure. Tamb0 and Tamb1 represent the spectra recorded at ambient temperatures before the start and after the end of the reaction respectively.

Figure IV. 32 .

 32 Figure IV.32. Evolution of the edge energy of molybdenum through the reaction time for glucose, mannose, and erythrose conversion at different reaction conditions.The experiments were performed at sugar concentration of 5.0 mmol.L -1 under 40 bar of He pressure. The black solid lines show the highest and the lowest edge energy detected for 6+ molybdenum precursors measured in our experiments. The blue dashed lines represent the edge energy of Mo 6+ , Mo 5+ , and Mo 4+ obtained from the literature.181,182 

Figure V. 1 .

 1 Figure V.1. Optimized structures of binuclear complexes of glucose and transition states corresponding to the different reaction pathways. C: gray, O: red, H: white, Mo: light blue, W: dark blue.

Figure V. 2

 2 Figure V.2 illustrates the Gibbs free energy diagram of the different reaction pathways calculated for glucose (for mannose, see Figure A.45, Appendix). The free energy diagram isreferenced, for all transformations, to a system consisting of the free sugar, two monomolybdate or monotungstate ions and the appropriate number of protons and water molecules. The

Figure V. 1 )

 1 . A previous study ofChethana et al. investigated the mechanism of glucose epimerization over a series of poyloxoanions of Mo and W.137 In their study, they computed the intramolecular shift using dimolybdate and ditungstate complexes of the acyclic glucose. We tried to optimize the geometry of the models that they proposed (similar structures taken from their study were reoptimized by ourselves) but surprisingly we observed after several attempts of optimization that the carbonyl group could not bind a dimetallic core (Figure V.3, a) provided that a +VI oxidation state is ensured for the metal, according to (V.1).

Figure V. 3 .

 3 Figure V.3. a) Dinuclear complex (M= W or Mo) involving the linear aldehyde form of glucose holding a -1 charge according to the equation of formation (V.1), hence featuring metals at the +VI oxidation state (optimized without adding additional negative charges), b) Dinuclear complex involving the linear aldehyde form of glucose holding a -3 charge after adding an additional random pair of electrons. Adapted from Chethana et al. 137 (The structure of the complex was taken from the supporting information of the article and re-optimized by ourselves after adding two random electrons). C: gray, O: red, H: white and Mo/W: blue.

Figure V. 2 )

 2 Figure V.2) features C2-C3 and C1-C3 distances of 2.1 and 2.6 Å respectively. The angles at C1, C2 and C3 peaks are of 55, 93 and 32° respectively. This transition state yields another binuclear complex holding a C2 fragment (deprotonated 1,2-ethendiol) bound by its two oxygen atoms to one of the W or Mo atoms, as well as an erythrose molecule bound to the second W or Mo atom by its O1 and O2 oxygen atoms (a.VI, Figure V.2). The Gibbs free energy span from the most stable initial state to yield this intermediate is 67 and 83 kJ mol -1 for molybdate and tungstate respectively. The associated change in enthalpy is of 41 and 92 kJ mol -1 , and the entropy changes -87 and +32 J K -1 mol -1 . From this stage on, we calculated the change in Gibbs free energy associated to the desorption of the C2 fragment (-188 and -205 with Mo and W resp.) and erythrose (-103 and -122 with Mo and W resp.), although we were not able to calculate the associated activation barrier. In the case of mannose, these Gibbs free energy activation barriers are of 79 and 75 kJ mol -1 with molybdate and tungstate respectively.

Figure V. 4 .

 4 Figure V.4. Optimized structures of mononuclear tungstate and molybdate active species (AS) and transition states (TS) for retro-aldol condensation and isomerization of sugars. C: gray, O: red, H: white and Mo: light blue, W: dark blue. * All models feature glucose molecules except for transitions states of RAC (TS_RAC) with O1,2 model, that contain erythrose molecule.

Figure V. 5

 5 Figure V.5 shows the full reaction path calculated from glucose (for mannose, see Figure A.47 in the Appendix) to three glycolaldehyde molecules through erythrose as an intermediate. The third hydroxyl group is first deprotonated (this step was not modeled), and a M-sugar (M= Mo or W) complex is formed in which the ligand is linked to the MO2 moiety through the first and the third oxygen atoms of the sugar. Metal-Oxygen (M-O1 and M-O3) and C2-C3 distances in the active species (b.II, Figure V.5) are of 2.21, 1.90 and 1.58 Å respectively. A redistribution of the electron density in the molecule resulting in the C2-C3 bond scission through the transition state (b.III, Figure V.5) in which M-O1, M-O3 and C2-C3 distances are of 2.08, 1.98 and 2.19 Å. After the cleavage, an intermediate complex (b.IV, Figure V.5) is formed in which C2 and C4 fragments are coordinated to the metal through one of their oxygen atoms. A decoordination step must occur to finally release free GA and erythrose, however this step was not modeled. In its turn, erythrose is supposed to form similar active species (b.VI, Figure V.5) in which the M-O1, M-O3 and C2-C3 distances are of 2.22, 1.89 and 1.55 Å. Its RAC occurs through a TS (b.VII, Figure V.5) featuring M-O1, M-O3 and C2-C3 distances of 2.00, 2.00

2 )

 2 The percentage of complexed tungsten was estimated by assuming a monomeric structure of the species formed at basic pH (complex D) and an oligomeric structure of the compounds appearing at neutral and acidic pH (complexes A, B and C) by assuming the lowest nuclearity of two tungsten centers configuring in the complex. The values were predicted according to equation (A.3).

Figure A. 2 .Figure A. 3 .Figure A. 4 .Figure A. 5 .

 2345 Figure A.2. Second derivative of W L3-edge XANES spectra of reference tungstate precursors in aqueous solution: ammonium metatungstate AMT and sodium tungstate Na2WO4 as well as tungstate-mannose aqueous solution at pH 11 and 7. [W] = 0.1 mol.L -1 , [Mannose] 0.1 mol.L -1 .

Figure A. 6 .

 6 Figure A.6. Suggested complex models for complex B according to experimental NMR data. Legend: W: blue, O: red, C: gray and H: white. Optimized structures are presented herein.

Figure A. 7 .

 7 Figure A.7. Suggested complex models for complex C according to experimental NMR data. Legend: W: blue, O: red, C: gray and H: white. Optimized structures are presented herein.

Figure A. 8 .

 8 Figure A.8. Suggested complex models for complex D according to experimental NMR data. Legend: W: blue, O: red, C: gray and H: white. Optimized structures are presented herein.

Figure A. 9 .

 9 Figure A.9. Carbon decoupled NMR spectra of 1-D-13 C glucose aqueous solution with and without sodium tungstate (Na2WO4) at pH around 7.

Figure A. 10 .

 10 Figure A.10. Carbon decoupled NMR spectra of 3-D-13 C glucose aqueous solution with and without sodium tungstate (Na2WO4) at pH around 7.

Figure A. 11 .

 11 Figure A.11. Proton decoupled 13 C NMR spectrum of erythrose aqueous solution with different catalysts at pH around 10.

Figure A. 12 .

 12 Figure A.12. (a) heteronuclear single quantum correlation 1 H-13 C NMR spectrum, (b) 1 H homonuclear NMR correlation spectrum of a solution of sodium molybdate with D-mannose at pH 6.4, mannose and metal concentrations of 1 and 2 mol.L -1respectively. The circles depicted in the 2D spectra correspond to the correlation between the carbon atoms and the proton(s) attached to them in addition to the correlation between vicinal protons respectively in the HSQC and the COSY spectra.

Figure A. 13 . 2 )Figure A. 14 .

 13214 Figure A.13. Heteronuclear single quantum correlation 1 H-13 C NMR spectrum of a solution of sodium molybdate with Dglucose at pH 6.1, glucose and metal concentrations of 1 and 2 mol.L -1 respectively. The circles depicted in the 2D spectra correspond to the correlation between the carbon atoms and the proton(s) attached to them the HSQC spectrum.

Figure A. 15 .Figure A. 16 .

 1516 Figure A.15. (a) heteronuclear single quantum correlation 1 H-13 C NMR spectrum, (b) 1 H homonuclear NMR correlation spectrum of a solution of sodium tungstate with D-erythrose at pH 10.3, erythrose and metal concentrations of 1 and 2 mol.L - 1 respectively. The circles depicted in the 2D spectra correspond to the correlation between the carbon atoms and the proton(s) attached to them in addition to the correlation between vicinal protons respectively in the HSQC and the COSY spectra.

Figure A. 17 .

 17 Figure A.17. (a) heteronuclear single quantum correlation 1 H-13 C NMR spectrum, (b) 1 H homonuclear NMR correlation spectrum of a solution of sodium molybdate with D-erythrose at pH 10.4, erythrose and metal concentrations of 1 and 2 mol.L - 1 respectively. The circles depicted in the 2D spectra correspond to the correlation between the carbon atoms and the proton(s) attached to them in addition to the correlation between vicinal protons respectively in the HSQC and the COSY spectra.

Figure A. 24 .

 24 Figure A.24. Evolution of the concentration GA and mannose for glucose conversion over AMT catalyst at 150°C under an inert atmosphere (40 bar) at pH around 5 as function of reaction time. Glucose and tungsten concentrations were respectively 5.0 and 1.3 mmol L -1 .

Figure A. 25 .Figure A. 27 .Figure A. 28 .

 252728 Figure A.25. Molecular structures of deoxy-D-glucose compounds.

Figure A. 29 .

 29 Figure A.29. Kinetics of fructose and DHA formation for the conversion of glucose over tungstate and molybdate catalysts at different pH conditions. The experiments were performed at 150°C under 40 bar of N2 at metal and sugar concentrations of respectively 1.3 and 5.0 mmol.L -1 .

Figure A. 31 .Figure A. 32 .

 3132 Figure A.31. Aqueous tungstate speciation at tungsten concentration of 1 M.

Figure A. 33 .

 33 Figure A.33. Aqueous molybdate speciation at molybdenum concentration of 1 M.

Figure A. 34 . 1 OFigure A. 35 .Figure A. 37 .

 3413537 Figure A.34. Aqueous molybdate speciation at molybdenum concentration of 1.32 mmol.L -1 .

Figure A. 38 .

 38 Figure A.38. Typical HPLC chromatographs of the effluents after glucose and deoxy-glucose conversion over AMT catalyst at 180°C, substrate, and metal concentrations of respectively 5.0 and 1.3 mmol L -1 under 40 bar of N2.

25 . 26 .

 2526 Formation Gibbs free energies for mononuclear complexes of D-mannose with molybdate and tungstate. Formation Gibbs free energies for dinuclear complexes of D-glucose with molybdate and tungstate.
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	Sugar	T(°C)	α-Pyranose	β-Pyranose	α-Furanose	β-Furanose	Linear Form
	D-Glucose a,c,e,	23°C	39	61	0.1*	0.26*	0.0033*
	D-Mannose b,d,f	21°C	68	32	0.62*	0.2*	0.0044*
	D-Fructose a,d,e	23°C	2.67*	73	6	21	0.5*

Table I .

 I 

	Sugar	Instability factor in 4 C1 conformation	Instability factor in 1 C4 conformation	Predicted Conformation(s)
	α-D-Glucose	1	H,∆2, 3,4,5	4 C1
	β-D-Glucose	None	H,1,2,3,4,5	4 C1
	α-D-Mannose	1,2	H,3,4,5	4 C1
	β-D-Mannose	∆2	H,1,3,4,5	4 C1, 1 C4
	α-D-Lyxose	1,2	H,3,4	4 C1, 1 C4
	β-D-Lyxose	∆2	H,1,3,4	4 C1, 1 C4
	α-D-Xylose	1	H,∆2, 3,4	4 C1
	β-D-Xylose	None	H,1,2,3,4	4 C1

2.

Instability factors for some aldopyranoses in 4 C1 and 1 C4 Conformations. The numbers refer to hydroxyl groups in axial position; ∆2 indicates the delta-two effect; the letter H refers to the Hassel-Ottar effect

[START_REF] Cui | Food carbohydrates: Chemistry, physical properties, and applications[END_REF] 

.

Detection of monosaccharides in aqueous solution: 13 C and 1 H multinuclear NMR spectroscopies

  

			HO	H		O			HO	H	OH
		HO	4	3	2	1	H	HO	4	3		2	1	OH H
		H OH	H	OH		H OH	H	OH
			D-Erythrose		Hydrated D-Erythrose
							H						OH
		H							H			
					O							O
		4	H			H			4	H			H	1
							1					
		H							H	3			2
			3									
					2		OH						H
					OH						OH
			HO							HO		
		α-Erythrofuranose		β-Erythrofuranose
	detectable by ordinary 13	C or 1	H NMR experiments. However, using high-resolution 13 C or 1	H
	NMR spectra in selectively labeled 13	C or 2	H experiments, the detection of minor species could
	be achieved 43	.										
	Anomeric carbon (Figure I.18) atoms possess signals in the range of about 90 to 97 ppm
	for pyranose conformers and at about 100 ppm for furanose rings. Carbon atoms of secondary
	hydroxyl groups are assigned by signals at 70's ppm, while those of primary hydroxyl group
	are detected at about 60 to 62 ppm. The carbon atom of a carbonyl group has a deshielded signal

Figure I.17. Cyclic and acyclic forms of D-erythrose.

I.1.3.3.

Nuclear Magnetic Resonance (NMR) is a valuable technique being used extensively in the tautomeric analysis for both polysaccharides and simple sugars. The latter case is more complex since monosaccharides exist in different tautomeric forms when dissolved in solution, disaccharides do to some extent as well. In aqueous solutions, the anomeric and tautomeric compositions are mainly revealed using 1 H and 13 C NMR spectroscopies. The assignment of the signals is made depending on previous knowledge based on tautomeric composition data for each sugar. In this section, 13 C and 1 H NMR spectra of glucose are reported as an example of the characterization using NMR. Tautomers of tiny proportion in sugar solution are not at about 200 ppm, which is not observable in usual conditions indicating the low stability of the open forms of the sugars. Generally, 13 C NMR spectra are easier to analyze. Hydrogen atoms of hydroxyl groups are usually not observable in proton NMR spectra, at least when carried out in water. Although, anomeric protons and protons attached to the primary hydroxyl group are easily detected. The assignment is mainly done by the mean of 2D

  1 

2.1. Retro-aldol condensation catalyst I.2.1.1. Base catalysts EG

  to form either an aldose or a ketose that are further cleaved into C2 or C3 smaller molecules. In a selective hydrogenolysis of biomass-derived xylitol over activated carbon supported Ru catalyst with a Ca(OH)2 alkaline base, a maximum ethylene glycol and propylene glycol yield of respectively 32.4% and 24.9% was obtained at 200°C under 40 bar H2 pressure.

			52,53,68		
			and in combination with
	hydrogenation catalysts for sugar alcohols. 69-72	With the heterogeneous Cu-Cr catalyst, the
	addition of a base enhanced the C-C cleavage in retro-aldol condensation due to the high
	concentration of OH -	in the solution. However, the role of the metal ion (e.g., Ca 2+	, Ba 2+	, K +	,
	Na				

[START_REF] Girard | Catalytic Conversion of Cellulose to C2-C3 Glycols by Dual Association of a Homogeneous Metallic Salt and a Perovskite-Supported Platinum Catalyst[END_REF] 

and Zhang et al.

[START_REF] Zheng | Selectivity Control for Cellulose to Diols: Dancing on Eggs[END_REF] 

I.production must occur over one single multifunctional catalyst or a mix of different types of monofunctional compounds. It has been reported that alkaline and alkaline-earth elements provide effective basic sites for retro-aldol reaction of sugars. They were used as cocatalysts for cellulose or sugar conversion to EG and 1,2-PG + ) wasn't well understood but Ca(OH)2 was found to be superior to the other alkaline bases.

68 

A maximum 1,2-PG and EG yield of respectively 42.6% and 31.6% at 100% conversion of cellulose was obtained over Cu-Cr catalysts with Ca(OH)2 as a co-catalyst at 245°C, 60 bar H2 pressure after 5h reaction time.

53 

Since sugar alcohols are inert to RAC reaction, they first need to be dehydrogenated

  [START_REF] Zheng | Selectivity Control for Cellulose to Diols: Dancing on Eggs[END_REF] 

Tin group metals-based catalysts

  Ni atomic ratios.[START_REF] Deng | Direct Conversion of Cellulose into Acetol on Bimetallic Ni-SnOx/Al2O3 Catalysts[END_REF] At an optimal Sn/Ni atomic ratio of 0.5 an acetol yield of 53% was obtained at 22.9% cellulose conversion with only 2.7% yield of C2 polyols at 210°C under 60bar H2 pressure. Acetol was surprisingly detected in both studies. This can be explained by the fact that the hydrogenation activity of Pt was hindered due to the high amount of Sn. The combination of activated carbon supported Ni (Ni/AC) with metallic Sn powder presented a superior activity towards EG (56.7%) at 100% cellulose conversion, while at the same reaction conditions the combination of Ni/AC and SnO powder favored the formation of 1,2-PG over EG with a 32.2% yield of the former and 22.9% yield of the latter product.[START_REF] Sun | Selectivity-Switchable Conversion of Cellulose to Glycols over Ni-Sn Catalysts[END_REF] Based on this observation, one can say that the valence state of Sn had a crucial effect on the reaction selectivity. It has been finally suggested that by using Sn(II) or alloyed Sn species as catalysts,

	Deng et al. performed cellulose conversion over Pt-SnOx/Al2O3 catalysts with a wide range
	of 0.1 to 3.8 Sn/Pt atomic ratios. 55 They found that as the Sn/Pt ratio exceeded 1.5, Pt-SnOx
	exhibited cellulose conversion to C3 compounds (e.g. Hydroxyacetone known as acetol) instead
	of glucose hydrogenation to hexitols due to crystalline Pt-Sn alloy at lower Sn/Pt ratios. They
	supposed that the reaction route most likely involved isomerization of glucose to fructose and

retro-aldol condensation on the segregated SnOx species in form of Sn(OH)2. In another study,

Deng et al. conducted 

the direct conversion of cellulose on supported SnOx-modified Ni/Al2O3 with different Sn/the distribution of products between EG and 1,2-PG can be tuned to some extent. In a subsequent study, Pang et al.

[START_REF] Pang | Selective Conversion of Concentrated Glucose to 1,2-Propylene Glycol and Ethylene Glycol by using RuSn/AC Catalysts[END_REF] 

conducted cellulose conversion over bimetallic RuSn/AC catalyst with variable Sn loading. At low tin loading RuSn alloy was dominantly formed with small amounts of highly dispersed SnO2 and a high activity of hydrogenation was observed since the main products were hexitols. While at Sn loading over 5%, SnO2 was more formed covering RuSn alloy and a significant amount of humins was produced by suppressing its hydrogenation activity. Blank experiment using only SnOx/AC catalyst showed that highly dispersed Sn 4+ species on that catalyst essentially promote glucose isomerization to fructose and contribute to the activity in retro-aldol condensation reaction. It has been also suggested that Sn in RuSn alloy played a considerable role in RAC reaction. Therefore, at an optimal design of 5%Ru3%Sn/AC catalyst at 240°C, 50 bars of H2 pressure and after 10 min of reaction time a maximum yield of 26.9 and 25% respectively for EG and 1,2-PG was obtained. Wang et al. conducted the direct catalytic conversion of cellulose in presence of dilute lead(II) ion by dissolving Pb(NO3) in aqueous solution.

  to evaluate the role of each of the metals. Over ruthenium catalyst, cellulose was converted at a rate of 93.5% with sorbitol and EG yields of respectively 50.9 and 4.1% while using only tungsten metal, cellulose was 100% converted with sorbitol and EG yields of 5,9% for each product. Thus, over a physical mixture of ruthenium catalyst supported

	on carbon nanotubes modified with nitric acid (Ru/CNT1) and a tungsten catalyst supported on
	commercial non-treated carbon nanotubes (W/CNT0) at 205°C, 50 bar of H2 pressure and 5 h
	of reaction time, an EG yield of 41% was reached at 100 % cellulose conversion. This result
	prevails on the result of cellulose conversion over Ru-W bimetallic catalyst in which 35% yield
	of EG was obtained meaning that the activity of W was affected by the presence of Ru. The
	catalytic performance in EG production for the different combinations of bimetallic

[START_REF] Ribeiro | Insights into the Effect of the Catalytic Functions on Selective Production of Ethylene Glycol from Lignocellulosic Biomass over Carbon Supported Ruthenium and Tungsten Catalysts[END_REF] 

conducted a series of experiments for cellulose and other lignocellulosic materials over a combination of carbon nanotubes supported tungsten and ruthenium catalysts. At first two blank experiments were conducted heterogeneous catalysts and supports are summarized in Table

I

.

3 

(entries 1-14).

Table I . 3

 I3 

	Entry	Catalysts	Reaction conditions	Conversion (wt%) k	Selectivity to EG (%) l
	1	W2C/AC			

. Catalytic performance of Tungsten group catalysts for cellulose, glucose, mannose, and other feedstocks conversion to EG. a W2C, WxC and Mo2C: tungsten or molybdenum carbides. b metallic tungsten. c AC: Activated carbon. d MC: 3D mesoporous carbon. e SBA-15: a mesoporous silica. f WP: tungsten phosphide. g WO3: tungsten oxide. h H2WO4: tungstic acid. I AMT: ammonium metatungstate. j H3PW12O40 or H3PMo12O40: phosphotungstic or phosphomolybdic acid. k reactant conversion (wt%): calculated by the weight difference of the reactant before and after reaction, l the yield of EG is calculated using the equation: yield (%) = (weight of EG in the products)/(weight of reactant put into the reactor) x 100%. m the product is glycolic acid. n CNT: carbon nanotube. o SiO2: Silicon dioxide. p MSM: mesoporous silica microsphere. q m-WO3: mesoporous tungsten oxide. r : b-WO3: bulk tungsten oxide.

Figure I.23. Catalytic performance of different tungsten-based catalysts. 78 Yields of polyol are weight based ( 𝒈 𝒑𝒐𝒍𝒚𝒐𝒍 𝒈 𝒄𝒆𝒍𝒍𝒖𝒍𝒐𝒔𝒆 × 𝟏𝟎𝟎%). EG: ethylene glycol, Sor: sorbitol ( product of glucose hydrogenation), Man: mannose, Ery: erythrose, 1,2-PG: 1,2-propylene glycol). Conv is the abbreviation of Conversion of cellulose.

  

	29	10%Ni-10%Cu-15%W/SBA-15 86, b, e Ru/SBA-15 + H3PW12O40 93,e,j	Cellulose; 230°C; 5 h; 20 bar H2; batch reactor; solvent: water/ isopropanol Cellulose; 245°C; 4 h; 50 bars H2; batch reactor	100 55.5	42.2 100
	30	0.8%Ru-30%W/CNT 87, b, n 5% Ru-30% W18O49/graphene 94	(v/v)=7:3 Cellulose; 205°C; 3 h; 50 bar H2; batch reactor Cellulose; 245°C; 1 h; 60 reactor bars H2 pressure; batch	100 100	40.0 62.5
			Dried pulp cellulose		
	31	15%Ni-20%W/SiO2-OH 88, b, o m-WO3 + Ru/C 95,q	Cellulose; 240°C; 2 h; 50 bar H2; batch reactor bar H2; batch reactor powder; 245°C; 1 h; 60	100 100	63.1 62.7
	32	15%W-5%Ni/MSM 89, b, p b-WO3 + Ru/C 96,r	batch reactor Pretreated corn stalks; 245°C; 2 h; 60 bar H2; Cellulose; 225°C; 1 h; 45 bar H2; batch reactor	100 62.3	53.9 60.9
	WO3 + 3%Ru/C 77,g Zhang and co-workers have studied another group of tungsten-based catalysts. It Cellulose; 205°C; 0.5 h; 60 bar H2; batch reactor 23.4 51.5
	WO3 + 3%Ru/C 77,g consists of homogenous tungsten oxide species (WO3, H2WO4, paratungstate ions and Cellulose; 245°C; 30 min; 60 bar H2; batch reactor 100 48.9 heteropolyacids, etc.). They have different activity than that of tungsten carbides since they are
	WO3 + 3%Ru/C + Cact 77,g only effective for the C-C bond cleavage of cellulose or of the sugar, but inactive for the Cellulose; 478 K; 0.5 h; 60 22.8 24.4 bar H2; batch reactor subsequent hydrogenation of the intermediates. Hence, they should be combined with
	H2WO4 + 1,2%Ru/AC 90,h hydrogenation catalysts to fulfill the hydrogenation step and to meet the multifunctional 100 54.4
	requirement for polyols production. It has been shown that with hydrogenation catalysts, these Cellulose; 245°C; 0.5 h; 60 bar H2; batch reactor H2WO4 + 1.2%Ru/MC 90,h 100 58.5 species exhibit the same catalytic performance of tungsten carbides and tungsten-based
	Raney Ni-H2WO4 62,h bimetallic catalysts (Figure I.23) since they afford high EG but not 1,2-PG yields. Therefore, 100 65.4
	50 bar H2; batch reactor 4%Ru/AC + AMT 59,i Cellulose; 240°C; 40 min; these species are selective for glucose retro-aldol condensation.	100	46.7
		4%Ru/AC + AMT 59,i	Glucose; 240°C; 40 min; 50 bar H2; batch reactor	100	7.0
			Glucose; 240°C; 40 min;		
		4%Ru/AC + AMT 59,i	50 bar H2; semi-	100	50.2
			continuous reactor		
		H3PMo12O40 91,j	Cellulose; 180°C; 1 h; 60	90.5	49.3 m
		H3PW12O40 91,j	bar O2; batch reactor	88.3	6.2 m
			Glucose; 125°C; 1 h;		
		H3PMo12O40 92,j	autogenous pressure; batch	55.7	16.6 m
			reactor		
		85,a,c H3PMo12O40 92,j H3PMo12O40 92,j	Glucose; 125°C; 1 h; 60 bar O2; batch reactor Glucose; 245°C; 3 h; 60 bar H2; fed-batch reactor Mannose; 125°C; 1 h; 60 bar O2; batch reactor	76.8 100 72.2	30.1 m 47.0 33.8 m
			40		

Table I .4. Structure-performance correlation of the EG yield with the surface W 5+ /W 6+ ratio of the catalyst as depicted by Fan et al. 103

 I 

Liu et al. 105 conducted a series of experiments for glucose conversion to lower diols in a continuous-flow fixed-bed reactor over Ru-W bimetallic catalyst. They used a variety of different supports among which mesoporous silica (SiO2) and bulk WO3 were shown to be

  6+ of the fresh catalyst have disappeared (FigureI

	and those of W
	highly effective for glucose conversion to C2 diols. The surface chemical state Ru-W/SiO2 and
	Ru-WO3 catalysts analysis in the real conditions of the reaction was carried out by means of in-
	situ XPS spectra. A Ru-W/SiO2 catalyst was reduced in-situ and carry low valence W 4+ species
	with a relative abundance of 16,1% that arises from the reduction of WO3 by H2. Hence, they
	considered that W 4+ are active catalytic sites for RAC reaction with a synergic effect of noble
	metal Ru° particles. For instance, over Ru-W/SiO2 catalyst at 100% cellulose conversion, yields
	of 33.8% and 29.2% of respectively EG and 1,2-PG were obtained. Moreover, a Ru/WO3
	catalyst was more advantageous for EG production, since at 87.5% cellulose conversion an
	yield of 55.9% was reached with lower yield of 1,2-PG. After reduction and in-situ
	characterization signal characterizing W 5+ and W° species were obtained with intense peaks

.28). The

  percentage of W 5+ sites was as high as 82% which indicates according to them that W 5+ are active catalytic sites that plays vital role in EG production. The latter result was actually in agreement with what was reported by Fan et al. and Zhou et al. 102,

103 Figure I.28. Ex

  

	yield of 71 wt% was reached. 106 The catalyst surface is covered by Cu° nanoparticles and
	oxygen-deficient WOx species obtained by the reduction of CuWO4 precursor. By means of
	XPS spectroscopy, they found that as the W 5+ to W 6+ ratio gradually increases with increasing
	Cu loading. Figure I.29 shows the performance correlation of the EG yield to the surface
	W 5+ /W 6+ ratio of the catalyst. Therefore, it was also suggested that W 5+ are the genuinely
	catalytically active species for RAC reaction. Moreover, Zhao et al. suggested that Lewis acid
	sites from the framework of W 5+ species as active sites to promote the retro-aldol condensation
	of glucose. 99

-situ XPS spectrum in W 4f region from fresh Ru/WO3 catalyst (to the left) and in-situ XPS spectrum of W 4f core level recorded from Ru/WO3 catalyst after reduction (to the right).

105 

In a recent study, a Cu doped WO3 catalyst was investigated in direct cellulose conversion to ethylene glycol coupled by a Ni/AC hydrogenation catalyst, over which an EG

Table I .5.

 I 

	Carbon atom	C1	C2	C3	C4	C5	C6
			Molybdate complexes			
	Mannose type L,𝜹 150	112.2*	84.1*	88.3*	79.7	79.3*	64.8
	Mannose type A,𝜹 148	94.6*	93.6*	81.6*	80.5*	71.5	64.1
	Glucose, A type 130	99.7*	86.8*	80.8*	85.1*	71.2	64.4
	Erythrose, A type 151	95.3*	94.1*	81.6*	72.5*	-	-
	Threose, A type 151	99.7*	86.0*	81.1*	76.2*	-	-
			Tungstate complexes			
	Mannose type L,𝜹 152	112.7*	84.0*	88.0*	79.7	79.7*	65.2
	Mannose type M,𝜹 152	103.6	89.7*	79.5*	77.5	82.6*	74.3*

[START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] 

C NMR chemical shifts (in ppm) for molybdate and tungstate complexes of D-mannose, D-glucose, D-erythrose and D-threose.* Refers to chelation sites. S. Chapelle et al. conducted a multinuclear ( 13 C, 1 H and 95

Table II .

 II 1.[START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C NMR chemical shifts (in ppm) of tungstate-D-mannose complexes.

	Carbon atom	C1	C2	C3	C4	C5	C6
	Complex L 152	112.7	84.0	88.0	79.7	79.7	65.2
	Complex M 152	103.6	89.7	79.5	77.5	82.6	74.3
	Complex A	111.7	83.2	87.1	78.8	78.7	64.3
	Complex B	93.6	92.6	80.5	79.5	71.0	63.1
	Complex C	102.6	88.6	78.5	76.6	81.9	73.4
	Complex D	103.5	83.7	76.7	78.1	73.5	63.6

Table A4 ,

 A4 are obtained at the C1,2,3,5,6 positions, suggesting a possibility of chelation through O1,2,3,5,6 sites. Moreover, by supposing hydrated mannose as a ligand, five high CIS values were obtained at the C1,2,3,5,6 positions, thus revealing one more additional Appendix), following a similar reasoning as before, we find out that if the sugar is complexed in its α-pyranose form, four high CIS values at C1,2,3,4 site are obtained, though this includes hydroxyl groups that are trans-oriented which eliminates its possibility to be considered as the proper ligand. Similarly in the case of β-pyranose, three high CIS values exist at the C1,2,4 positions, however, the corresponding hydroxyl groups are trans

	complexation possibility.
	For complex D (

, Appendix). With β-furanose, five high induced chemical shifts oriented, which discards this possibility. By considering α-furanose as a ligand, a single downfield shift (higher than 5 ppm) is detected at the second carbon atom C2, prompting the presence of a possible monodentate complexation. With the β-furanose hypothesis, three deshielded carbon atoms were detected through the tridentate C1,2,3 site. Considering the hydrate form, four high chemical shifts manifested at the C1,2,3,4 site, thus suggesting the presence of a tetradentate chelation site.

Table II . 2 .

 II2 Fitting parameters of Fourier transform of W L3-edge EXAFS oscillations of free-tungstate and mannose-tungstate aqueous solutions at tungsten concentration of 0.1 mol.L -1 .

a Bond distance. b Coordination number.

c 

Total coordination number at each coordination sphere. e Debye-Waller factor. f Shift of edge energy. g So-called R factor. Amplitude

S0 2 = 0.818.* Na2WO4 was used as reference to determine the corresponding amplitude of the experiments, the number of oxygens neighboring the absorber atom was set to 4 during the fit.

  

	Sample	path	r a (Å)	N b	Error(%)	Ntot c	𝝈 𝟐e	∆E0 f (eV)	R g
	Na2WO4	W-O	1.78	4.0	*	4.0	0.00143	11.0	0.0192
		W-O	1.74	2.2	+/-5				
						6.0	0.00536		
	AMT	W-O	1.90	3.8	+/-5			4.3	0.1332
		W-W	3.69	4.0	+/-20	4.0	0.00519		
	Solution pH 11	W-O	1.77	3.3	+/-5	3.3	0.00064	9.5	0.0125
		W-O	1.73	1.9	+/-7		0.00162		
	Solution pH 7	W-O W-O	1.91 2.18	1.7 1.4	+/-11 +/-28	5.0	0.00355 0.00781	5.6	0.1121
		W-W	3.08	2.0	+/-35	2.0	0.00904		
		W-O	1.75	1.9	+/-10		0.00171		
	Solution pH 4	W-O W-O	1.93 2.16	1.8 1.6	+/-11 +/-30	5.3	0.00167 0.00993	11.6	0.1667
		W-W	3.38	3.5	+/-35	3.5	0.00900		

Table II . 3 .

 II3 Experimental[START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C NMR chemical shifts of complexes A, B, C and D in addition to the calculated[START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C NMR chemical shifts of the possible models of complexes suggested according to the experimental CIS values calculated and depicted in Asterisk indicates a chelation site through the corresponding oxygen atom. ∆𝛿 𝑒𝑥𝑝,𝑡ℎ = 𝛿 𝑒𝑥𝑝 -𝛿 𝑡ℎ .

	Complex C		102.6	88.6	78.5	76.6	81.9	73.4
	Complex 7		107.4	92.2*	83.6*	81.7	86.2*	78.0*
		d						
	∆𝜹 𝒆𝒙𝒑,𝒕𝒉		-4.8	-3.6	-5.1	-5.1	-4.3	-4.6
		Complex type						
	Carbon atom Complex 7 (gas phase)	(aligning with	C1 106.3	C2 91.5*	C3 83.0*	C4 80.6	C5 85.8*	C6 74.9*
		Figure II.4) d						
	∆𝜹 𝒆𝒙𝒑,𝒕𝒉		-3.7	-2.9	-4.5	-4.0	-3.9	-1.5
	Complex A		111.7	83.2	87.1	78.8	78.7	64.3
	Complex 8		102.8	84.2*	87.1*	83.2	78.4*	69.8*
	Complex 1	d	111.2*	82.0*	89.1*	80.2	77.1*	62.9
	∆𝜹 𝒆𝒙𝒑,𝒕𝒉 ∆𝜹 𝒆𝒙𝒑,𝒕𝒉	d	+0.5 -0.2	+1.2 +4.4	-2.0 -8.6	-1.4 -6.6	+1.6 +3.5	+1.4 +3.6
	Complex 9		104.7	87.2	76.6	83.4	81.2	70.7
	Complex 1 (gas phase)	e	111.2*	81.7*	86.9*	80.2	75.9*	62.0
	∆𝜹 𝒆𝒙𝒑,𝒕𝒉 ∆𝜹 𝒆𝒙𝒑,𝒕𝒉	d	+0.5 -2.1	+1.5 +1.4	+0.2 +1.9	-1.4 -6.8	+2.8 +0.7	+2.3 +2.7
	Complex 10		104.5	89.4	78.8	87.5	83.5	70.4
	Complex 2	e	106.8*	86.8*	74.0*	76.3	79.7*	64.7
	∆𝜹 𝒆𝒙𝒑,𝒕𝒉 ∆𝜹 𝒆𝒙𝒑,𝒕𝒉	d	+4.9 -1.9	-3.6 -0.8	+13.1 -0.3	+2.5 -10.9	-1.0 -1.6	-0.4 +3.0
	Complex 15 (gas phase)		104.2	82.1*	87.3*	75.8	88.1*	69.8*
	Complex 3	f	97.2*	93.1*	82.3*	78.2*	72.6	65.2
	∆𝜹 𝒆𝒙𝒑,𝒕𝒉 ∆𝜹 𝒆𝒙𝒑,𝒕𝒉	d	+14.5 -1.6	-9.9 +6.5	+4.8 -8.8	+0.6 +0.8	+6.1 -6.2	-0.9 +3.6
	Complex D		103.5	83.7	76.7	78.1	73.5	63.6
	Complex 4		101.6*	79.0*	75.5*	84.5*	76.5	65.2
	Complex 3	d	97.2*	93.1*	82.3*	78.2*	72.6	65.2
	∆𝜹 𝒆𝒙𝒑,𝒕𝒉	d	+10.1	+4.2	+11.6	-5.7	+2.2	-0.9
	∆𝜹 𝒆𝒙𝒑,𝒕𝒉		+6.3	-9.4	-5.6	-0.1	+0.9	-1.6
	Complex 13 (gas phase)		111.7*	83.1*	82.9*	79.9	81.1*	63.1
	Complex 4	f	101.6*	79.0*	75.5*	84.5*	76.5	65.2
	∆𝜹 𝒆𝒙𝒑,𝒕𝒉	d	0.0	+0.1	+4.2	-1.1	-2.4	+1.2
	∆𝜹 𝒆𝒙𝒑,𝒕𝒉		+2.0	+4.7	+1.2	-6.4	-3.0	-1.6
	Complex B		93.6	92.6	80.5	79.5	71.0	63.1
	Complex 11		103.5	81.3*	74.2	76.7	73.2	65.2
	Complex 3	a	97.2*	93.1*	82.3*	78.2*	72.6	65.2
	∆𝜹 𝒆𝒙𝒑,𝒕𝒉 ∆𝜹 𝒆𝒙𝒑,𝒕𝒉	d	-3.6 0.0	-0.5 +2.4	-1.8 +2.5	+1.3 +1.4	-1.6 +0.3	-2.1 -1.6
	Complex 12		118.7*	98.0*	103.3*	91.8	70.2	65.0
	Complex 3 (gas phase)	c	96.3*	90.6*	79.7*	76.8*	74.1	66.7
	∆𝜹 𝒆𝒙𝒑,𝒕𝒉 ∆𝜹 𝒆𝒙𝒑,𝒕𝒉	d	-2.7 -15.2	+2.0 -14.3	-0.8 -26.6	+2.7 -13.7	-3.1 +3.3	-3.6 -1.4
	Complex 4		101.6*	79.0*	75.5*	84.5*	76.5	65.2
		d						
	∆𝜹 𝒆𝒙𝒑,𝒕𝒉		-8.0	+13.6	+5.0	-5.0	-5.5	-2.1
	Complex 5		105.8	107.0*	102.5*	81.8	69.2	65.5
		b						
	∆𝜹 𝒆𝒙𝒑,𝒕𝒉		-12.2	-14.4	-22.0	-2.3	+1.8	-2.4
	Complex 6		97.9	96.3*	95.3*	82.1	70.9	65.9
		b						
	∆𝜹 𝒆𝒙𝒑,𝒕𝒉		4.3	3.7	14.8	2.6	0.1	2.8
	Complex 14 (gas phase)		98.4*	86.5*	90.7*	79.8*	71.9	65.3
		f						
	∆𝜹 𝒆𝒙𝒑,𝒕𝒉		-4.8	+6.1	-10.2	-0.3	-0.9	-2.2

Tables A.1, A.2, A.3 and A.4. The structures of the proposed complexes are illustrated in Figures A.5, A.6, A.7 and A.8. *

Table III .

 III 1.[START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C NMR chemical shifts (in ppm) of metal-sugars complexes. * Values taken from labeled glucose experiments with sodium tungstate at pH around 7 (Figures A.9 and A.10, Appendix).Previous results from the literature are also reported when available.

	Carbon atom	C1	C2	C3	C4	C5	C6
			Tungstate-Mannose Complexes		
	L Type 152	112.7	84.0	88.0	79.7	79.7	65.2
	M Type 152	103.6	89.7	79.5	77.5	82.6	74.3
	Complex A	111.7	83.2	87.1	78.8	78.7	64.3
	Complex B	93.6	92.6	80.5	79.5	71.0	63.1
	Complex C	102.6	88.6	78.5	76.6	81.9	73.4
	Complex D	103.5	83.7	76.7	78.1	73.5	63.6
			Molybdate-Mannose Complexes		
	L Type 150	112.2	84.1	88.3	79.7	79.3	64.8
	A Type 148	94.6	93.6	81.6	80.5	71.5	64.1
	Complex E	111.6	83.5	87.7	79.2	78.7	64.3
	Complex F	94.5	93.4	81.0	80.5	71.1	63.4
			Tungstate-Glucose Complexes		
	Complex P1	101.8*	nd	83.1*	nd	nd	nd
	Complex P2	88.6*	nd	79.7*	nd	nd	nd
			Molybdate-Glucose Complexes		
	A Type 130	99.7	86.8	80.8	85.1	71.2	64.4
	Complex G	98.7	85.7	79.9	84.1	70.3	63.1
			Tungstate-Erythrose Complexes		
	Complex H	93.5	92.6	80.2	71.3	-	-
			Molybdate-Erythrose Complexes		
	A Type 151	95.3	94.1	81.6	72.5	-	-
	Complex I	94.3	93.2	80.6	71.8	-	-

12, A.13, A.14, A.15, A.16 and A.17 in the Appendix. The corresponding chemical shifts are given in Table III.1.

  Complexes13, 14 and 15 constitute tungstate-mannose clusters that are only reported in the previous chapter. For each species E, F, G, H, and I, based on the experimental data, at least 4 possible structures are proposed. The most likely cannot be directly determined from experiments alone.

	The chemical shifts computed by DFT for the different models and compared to the
	experimental values displayed for the different complexes E, F, G, H, and I are given in Tables
	A.16, A.17 and A.18 in the Appendix. Note that complexes A to D having already been
	elucidating this way before, Chapter II, Table II.3. The models, shown in Figure III.4, are
	chosen according to the best comparison with the experimental chemical shifts.
	A.22, A.23 illustrate the proposed structures for complexes E, F, G, H, and I respectively. It
	should be mentioned that the enumeration of complexes (for example: complex 1, 2, 3 and so
	on) was made according to the structure independently of the nature of the metal involved in,
	thus for each model two complexes are optimized, one with W and the other with Mo. The

.4). The models consist in W 6+ and Mo 6+ monomeric and dimeric species in which we consider that the oxygen sites involved in the coordination and the terminal oxo sites of the metal oxyanions are deprotonated. Bigger polymers were not investigated in this section since the results presented in the case of tungstate-mannose complexes for such type of species were not satisfying. Figures A.20, A.21, carbon NMR shifts were then computed with both metals for each model. Complex models from 7 to 12 that are not present in this chapter were attributed to special complexes formed exclusively in the case of tungsten-mannose (complexes C and D, see Chapter II).

Table IV . 1 .

 IV1 Formation rates of GA and epimers of sugars with tungsten and molybdenum-based catalysts. rf: initial formation rate (mmol L -1 min -1 ), t1: time at which the maximum amount the product is reached (min), and ymax: the corresponding maximum yield percentage, see equation (IV.1). These results are obtained from sugars conversion at 150°C, under 40 bar of N2 at sugars and metals concentrations of respectively 5.0 and 1.3 mmol L -1 .

			Glucose			Mannose			Erythrose
					RAC					
	Catalyst	rf (±9%)	t1	𝒚 𝒎𝒂𝒙 (±5%)	rf (±9%)	t1	𝒚 𝒎𝒂𝒙 (±5%) rf (±9%)	t1	𝒚 𝒎𝒂𝒙 (±5%)
	AMT (pH 5)	0.048	75	13.1	0.086	45	14.5	0.430	10	19.2
	HMA (pH 4)	0.026	120	8.3	0.019	75	6.7	0.156	25	18.0
	Na2WO4 (pH 7)	0.073	45	12.9	0.124	30	14.7	nd	nd	nd
	Na2MoO4 (pH 6)	0.023	75	4.1	0.025	105	5.3	nd	nd	nd
	AMT + NaOH (pH 11)	0.094	45	13.5	0.123	30	14.6	0.551	10	18.3
	HMA + NaOH (pH 10)	0.015	45	4.4	0.020	65	4.9	0.284	2	5.6
					EPI					
	Catalyst	rf (±8%)	t1	𝒚 𝒎𝒂𝒙 (±6%)	rf (±8%)	t1	𝒚 𝒎𝒂𝒙 (±6%) rf (±8%)	t1	𝒚 𝒎𝒂𝒙 (±6%)
	AMT (pH 5)	0.041	30	14.6	0.065	30	31.8	0.237	10	11.6
	HMA (pH 4)	0.678	5	29.2	1.387	2	55.4	0.853	2	34.0
	Na2WO4 (pH 7)	0.029	30	10.2	0.035	30	17.2	nd	nd	nd
	Na2MoO4 (pH 6)	0.016	75	12.0	0.032	75	26	nd	nd	nd
	AMT + NaOH (pH 11)	0.024	30	8.2	0.029	30	17.0	0.110	5	6.6
	HMA + NaOH (pH 10)	0.005	75	6.6	0.020	65	24.8	0.027	5	1.1

Table IV . 2 .

 IV2 The energy gap (eV) of the split detected in the second derivative of the different experiments. Standard (Std) experiment performed at sugar and tungsten concentration of 5.0 and 1.3 mmol L -1 respectively, 150°C under 40 bar of He. The parameters indicated in the legend represent the difference from the standard (Std) experiment. non determined (nd) values of split due to high noise/signal ratio.

	tr (min)			Glucose			Mannose
		Std	180°C	pH 8	[W] = 0.44 mmol L -1	Std	180°C	pH 8	[W] = 0.44 mmol L -1
	Tamb0	3.5	3.0	3.0	nd	nd	3.0	nd	3.5
	4 min	3.4	3.0	2.0	2.4	nd	4.0	3.4	2.6
	12 min	3.4	2.6	2.1	2.4	nd	nd	3.0	nd
	20 min	3.5	nd	2.9	3.0	3.3	nd	nd	nd
	28 min	3.5	2.5	2.5	2.0	nd	nd	nd	nd
	36 min	3.0	nd	2.0	2.5	2.9	2.4	nd	nd
	44 min	3.2	2.7	nd	nd	2.8	2.9	2.5	nd
	52 min	3.5	nd	3.0	nd	nd	2.9	3.3	nd
	60 min	3.7	-	2.9	2.4	nd	-	2.4	nd
	76 min	3.6	-	2.5	2.0	2.6	-	nd	nd

  are of 57, 82 and 40° respectively. Note that it was not possible to optimize a transition state featuring the OH -group bound to the C1 carbon atom that is part of the hydration of the aldehyde group, required to stabilize the initial complex (Figure V.3, a). This moiety was indeed released in gas phase during optimization during all our attempts. Thus, the Gibbs free energy change does include removal from this OH -group, which we did not explicitly model. The product of this reaction (a.III, Figure V.2) is the epimer (mannose) coordinated to the dinuclear species as a linear hydrate in the "sickle" arrangement. A HO -group required to stabilize this species is transferred back to the complex (complexes B and F, see Chapters II and III). Mannose is susceptible to form a more stable complexes with both metals that is species a,IV in Figure V.2 (complexes A and E) including its β-furanose form. The Gibbs free energy spans for glucose epimerization are of 110 and 127 kJ mol -1 with molybdate and tungstate, respectively, and the associated changes in enthalpy are of 82 and 138 kJ mol -1 , respectively. Qualitatively, this is in line with the experimental activation energy recorded herein for this reaction path, respectively 76 and 165 kJ mol -1 . Entropy change is of -93.8 and

	Starting from the
	initial state, a transition state is formed leading to the creation of a new C1-C3 bond while the
	C2-C3 bond is simultaneously disrupted (a.II, Figure V.2). The transition state structure
	features a trigonal structure between C1, C2 and C3 according to earlier proposals, with C1-C3
	and C2-C3 distances of around 2.2 and 1.8 Å respectively with both metals. The angles at C1,
	C2 and C3

.1.Table V . 1 .

 V1 ∆𝐺 ‡ (kJ mol -1 ) for glucose, mannose and erythrose retro-aldol condensation and isomerization catalyzed by different structures of mononuclear active species.

	Coordination site		O1,2				O1,3		
		RAC		ISO		RAC		ISO	
		Mo	W	Mo	W	Mo	W	Mo	W
	Glucose	nd	nd	92	140	82	123	90	128
	Mannose	nd	nd	91	103	84	106	100	115
	Erythrose	127	136	nd	nd	93	106	nd	nd

Table A . 1 .

 A1 Experimental[START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C NMR Chemical shifts (in ppm) for complex A and the corresponding experimental CIS value patterns of the assumed ligands. * Asterisk indicates a possible chelation site through an oxygen atom.

	Carbon atom	C1	C2	C3	C4	C5	C6
	13 C𝜹 (Complex A)	111.7	83.2	87.1	78.8	78.7	64.3
	13 C𝛿 α-pyranose 1	95.4	72.0	71.5	68.1	73.7	62.3
	CIS value	16.3	11.2	15.6	10.7	5.0	2.0
	13 C𝛿 β-pyranose 1	95.0	72.6	74.3	68.0	77.4	62.4
	CIS value	16.7	10.6	12.8	10.8	1.3	1.9
	13 C𝛿 α-furanose 2	102.7	77.9	72.5	80.5	70.6	64.5
	CIS value	9.0	5.3	14.6	-1.7	8.1	-0.2
	13 C𝛿 β-furanose 2	96.6	73.1	71.2	80.7	71.0	64.4
	CIS value	15.1*	10.1*	15.9*	-1.9	7.7*	-0.1
	13 C𝛿 Hydrate form 3,4	90.6	74.2	71.6	71.6	74.2	65.8
	CIS value	21.1*	9.0*	15.5*	7.2*	4.5	-1.5

Table A . 2 .

 A2 Experimental[START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C NMR Chemical shifts (in ppm) for complex B and the corresponding experimental CIS value patterns of the assumed ligands. * Asterisk indicates a possible chelation site through an oxygen atom.

	Carbon atom	C1	C2	C3	C4	C5	C6
	13 C𝜹 Complex B	93.6	92.6	80.5	79.5	71.0	63.1
	13 C𝛿 α-pyranose 1	95.4	72.0	71.5	68.1	73.7	62.3
	CIS value	-1.8	20.6	9.0	11.4	-2.7	0.8
	13 C𝛿 β-pyranose 1	95.0	72.6	74.3	68.0	77.4	62.4
	CIS value	-1.4	20.0	6.2	11.5	-6.4	0.7
	13 C𝛿 α-furanose 2	102.7	77.9	72.5	80.5	70.6	64.5
	CIS value	-9.1	14.7*	8.0*	-1.0	0.4	-1.4
	13 C𝛿 β-furanose 2	96.6	73.1	71.2	80.7	71.0	64.4
	CIS value	-3.0	19.5*	9.3*	-1.2	0.0	-1.3
	13 C𝛿 Hydrate form 3,4	90.6	74.2	71.6	71.6	74.2	65.8
	CIS value	3.0*	18.0*	8.9*	7.9*	-3.2	-2.7

Table A .

 A 

	Carbon atom	C1	C2	C3	C4	C5	C6
	13 C𝜹 Complex C	102.6	88.6	78.5	76.6	81.9	73.4
	13 C𝛿 α-pyranose 1	95.4	72.0	71.5	68.1	73.7	62.3
	CIS value	7.2	16.6	7.0	8.5	8.2	11.3
	13 C𝛿 β-pyranose 1	95.0	72.6	74.3	68.0	77.4	62.4
	CIS value	7.6	16.0	4.2	8.6	4.5	11.0
	13 C𝛿 α-furanose 2	102.7	77.9	72.5	80.5	70.6	64.5
	CIS value	-0.1	10.7*	6.0*	-3.9	11.3*	8.9*
	13 C𝛿 β-furanose 2	96.6	73.1	71.2	80.7	71.0	64.4
	CIS value	6.0*	15.5*	7.3*	-4.1	10.9*	9.0*
	13 C𝛿 Hydrate form 3,4	90.6	74.2	71.6	71.6	74.2	65.8
	CIS value	12.0*	14.4*	6.9*	5.0	7.7*	7.6*

3. Experimental

[START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] 

C NMR Chemical shifts (in ppm) for complex C and the corresponding experimental CIS value patterns of the assumed ligands. * Asterisk indicates a possible chelation site through an oxygen atom.

Table A . 4 .

 A4 Experimental[START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C NMR Chemical shifts (in ppm) for the complex D and the corresponding experimental CIS value patterns of the assumed ligands. * Asterisk indicates a possible chelation site through an oxygen atom.

	Carbon atom	C1	C2	C3	C4	C5	C6
	13 C𝜹 Complex D	103.5	83.7	76.7	78.1	73.5	63.6
	13 C𝛿 α-pyranose 1	95.4	72.0	71.5	68.1	73.7	62.3
	CIS value	8.1	11.7	5.2	10.0	-0.2	1.3
	13 C𝛿 β-pyranose 1	95.0	72.6	74.3	68.0	77.4	62.4
	CIS value	8.5	11.1	2.4	10.1	-3.9	1.2
	13 C𝛿 α-furanose 2	102.7	77.9	72.5	80.5	70.6	64.5
	CIS value	0.8	5.8*	4.2	-2.4	2.9	-0.9
	13 C𝛿 β-furanose 2	96.6	73.1	71.2	80.7	71.0	64.4
	CIS value	6.9*	10.6*	5.5*	-2.6	2.5	-0.8
	13 C𝛿 Hydrate form 3,4	90.6	74.2	71.6	71.6	74.2	65.8
	CIS value	12.9*	9.5*	5.1*	6.5*	-0.7	-2.2

Table A . 8 .

 A8 Percentages of complexes A,B, C, D, and the metal involved in the complexation process estimated according to equations (A.1), (A.2) and (A.3). The values illustrated in this table are the results of the experiments realized at tungsten and mannose concentrations of respectively 1 and 1 mol.L -1 (for the mother solution).

	Sample	Complex A	Complex B	Complex C Complex D	Free Mannose	Metal complexed
	Mother solution (pH 7.1)	35	3	0	0	62	77
	Two-fold dilution	37	3	0	0	60	80
	Five-fold dilution	37	3	0	0	60	81
	Ten-fold dilution	35	0	0	0	65	70

Table A . 9 .

 A9 Experimental[START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C NMR Chemical shifts (in ppm) of complex E and the corresponding experimental CIS value patterns of the assumed ligands. * Asterisk indicates a possible chelation site through an oxygen atom.

	a				b		
				1 H			1 H
						1 H	
			13 C				
	Carbon atom	C1	C2	C3	C4	C5	C6
	13 C𝜹 (Complex E)	111.6	83.5	87.5	79.2	78.7	64.3
	13 C𝛿 α-pyranose 1	95.4	72.0	71.5	68.1	73.7	62.3
	CIS value	16.2	11.5	16.0	11.1	5.0	2.0
	13 C𝛿 β-pyranose 1	95.0	72.6	74.3	68.0	77.4	62.4
	CIS value	16.6	10.9	13.2	11.2	1.3	1.9
	13 C𝛿 α-furanose 2	102.7	77.9	72.5	80.5	70.6	64.5
	CIS value	8.9	5.6	15.0	-1.3	8.1	-0.2
	13 C𝛿 β-furanose 2	96.6	73.1	71.2	80.7	71.0	64.4
	CIS value	15.0*	10.4*	16.3*	-1.5	7.7*	-0.1
	13 C𝛿 Hydrate form 3,4	90.6	74.2	71.6	71.6	74.2	65.8
	CIS value	21.0*	9.3*	15.9*	7.6*	4.5	-1.5

Table A .

 A 10. Experimental[START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C NMR Chemical shifts (in ppm) of complex F and the corresponding experimental CIS value patterns of the assumed ligands. * Asterisk indicates a possible chelation site through an oxygen atom.

	Carbon atom	C1	C2	C3	C4	C5	C6
	13 C𝜹 (Complex F)	94.5	93.4	81.0	80.5	71.1	63.4
	13 C𝛿 α-pyranose 1	95.4	72.0	71.5	68.1	73.7	62.3
	CIS value	-0.9	21.4	9.5	12.4	-2.6	1.1
	13 C𝛿 β-pyranose 1	95.0	72.6	74.3	68.0	77.4	62.4
	CIS value	-0.5	20.8	6.7	12.5	-6.3	1.0
	13 C𝛿 α-furanose 2	102.7	77.9	72.5	80.5	70.6	64.5
	CIS value	-8.2	15.5*	8.5*	0.0	0.5	-1.1
	13 C𝛿 β-furanose 2	96.6	73.1	71.2	80.7	71.0	64.4
	CIS value	-2.1	20.3*	9.8*	-0.2	0.1	-1.0
	13 C𝛿 Hydrate form 3,4	90.6	74.2	71.6	71.6	74.2	65.8
	CIS value	3.9*	19.2*	9.4*	8.9*	-3.1	-2.4

Table A .

 A 11. Experimental[START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C NMR Chemical shifts (in ppm) of complex G and the corresponding experimental CIS value patterns of the assumed ligands. * Asterisk indicates a possible chelation site through an oxygen atom. a our own experimental data.

	Carbon atom	C1	C2	C3	C4	C5	C6
	13 C𝜹 (Complex G)	98.7	85.7	79.9	84.1	70.3	63.1
	13 C𝛿 α-pyranose a	92.2	71.4	72.8	69.7	71.5	60.7
	CIS value	6.5	14.3	7.1	14.4	-1.2	2.4
	13 C𝛿 β-pyranose a	96.0	74.2	76.0	69.7	75.8	60.8
	CIS value	2.7	11.5*	3.9	14.4*	-5.5	2.3
	13 C𝛿 α-furanose 5	97.6	76.7	76.3	78.7	70.1	64.1
	CIS value	1.1	9.0*	3.6	5.4	0.2	-1.0
	13 C𝛿 β-furanose 5	103.2	81.2	75.6	81.6	70.5	64.3
	CIS value	-4.5	4.5	4.3	2.5	-0.2	-1.2
	13 C𝛿 Hydrate form 4,6	90.3	74.3	71.0	72.6	72.5	64.2
	CIS value	8.4*	11.4*	8.9*	11.5*	-2.2	-1.1

Table A .

 A 12. Experimental[START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C NMR Chemical shifts (in ppm) of complex H and the corresponding experimental CIS value patterns of the assumed ligands. * Asterisk indicates a possible chelation site through an oxygen atom. a from theoretical calculations. b the chemical shift of the first carbon atoms is attributed by analogy with hydrated mannose.

	Carbon atom	C1	C2	C3	C4
	13 C𝜹 (Complex H)	93.5	92.6	80.2	71.3
	α-furanose a	96.7	73.7	71.1	72.1
	CIS value	-3.2	18.9*	9.1*	-0.8
	β-furanose a	104.6	81.6	74.2	71.3
	CIS value	-11.1	11.0*	6.0*	0.0
	Hydrate form b	90.6	73.2	73.2	63.9
	CIS value	2.9*	19.4*	7.0*	7.4*

Table A .

 A 13. Experimental[START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C NMR Chemical shifts (in ppm) of complex I and the corresponding experimental CIS value patterns of the assumed ligands. * Asterisk indicates a possible chelation site through an oxygen atom. a from theoretical calculations. b the chemical shift of the first carbon atoms is attributed by analogy with hydrated mannose.

	Carbon atom	C1	C2	C3	C4
	13 C𝜹 (Complex I)	94.3	93.2	80.6	71.8
	α-furanose a	96.7	73.7	71.1	72.1
	CIS value	-2.4	19.5*	9.5*	0.6
	β-furanose a	104.6	81.6	74.2	71.3
	CIS value	-10.3	11.6*	9.5*	0.5
	Hydrate form b	90.6	73.2	73.2	63.9
	CIS value	3.7*	20.0*	7.4*	7.9

* Figure A.19. Second derivative of W-L3 edge spectra of tungstate precursors and tungstate-sugars mixtures. Metal-sugars solutions were prepared at 2/1 metal/sugar ratio.

Table A .

 A 18. Experimental[START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C NMR chemical shifts of complexes H and I in addition to the calculated[START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C NMR chemical shifts of the possible models of complexes suggested according to the experimental CIS values calculated and depicted in Tables A.12 and A.13. The structures of the proposed complexes are illustrated inFigure A.23. *Asterisk indicates a chelation site through the corresponding oxygen atom. ∆𝛿 𝑒𝑥𝑝,𝑡ℎ = 𝛿 𝑒𝑥𝑝 -𝛿 𝑡ℎ .

	Carbon atom	C1	C2	C3	C4
	Complex H	93.5	92.6	80.2	71.3
	Complex 20	97.9*	94.5*	79.0*	68.4*
	∆𝜹 𝒆𝒙𝒑,𝒕𝒉	-4.4	-1.9	+1.2	+2.9
	Complex 21	97.6*	77.9*	88.0*	63.4*
	∆𝜹 𝒆𝒙𝒑,𝒕𝒉	-4.1	+14.7	-7.8	+7.9
	Complex 22	97.5	94.0*	96.2*	72.5
	∆𝜹 𝒆𝒙𝒑,𝒕𝒉	-4.0	-1.4	-16.0	-1.2
	Complex 23	105.8	106.1*	100.4*	73.1
	∆𝜹 𝒆𝒙𝒑,𝒕𝒉	-12.3	-13.5	-20.2	-1.8
	Complex I	94.3	93.2	80.6	71.8
	Complex 20	98.5*	99.9*	81.1*	70.2*
	∆𝜹 𝒆𝒙𝒑,𝒕𝒉	-4.2	-6.7	-0.5	+1.6
	Complex 21	97.9*	81.3*	91.1*	63.1*
	∆𝜹 𝒆𝒙𝒑,𝒕𝒉	-3.6	+11.9	-10.5	+8.7
	Complex 22	97.7	101.1*	100.7*	72.6
	∆𝜹 𝒆𝒙𝒑,𝒕𝒉	-3.4	-7.9	-20.1	-0.8
	Complex 23	106.3	114.1*	107.1*	73.5
	∆𝜹 𝒆𝒙𝒑,𝒕𝒉	-			
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Table A .

 A 19.Error estimation of GA concentration. Glucose conversion over AMT catalyst was conducted at 150°C, at sugar and tungstate concentrations of 5.0 and 1.3 mmol L -1 . Stdv is the standard deviation that allows measuring the amount of variation of a set of values.

	Time (min)	Experiment N° 1	Experiment N° 2	Experiment N° 3	Experiment N° 4	stdv	Absolute error	Relative error(%)
	2	0.07	0.06	0.05	0.04	0.012	0.0059	11
	15	0.72	0.71	1.07	0.89	0.169	0.0846	10
	30	1.46	1.38	2.01	1.75	0.285	0.1427	9
	45	1.78	1.76	2.38	2.20	0.310	0.1548	8
	75	1.88	1.96	2.30	2.35	0.234	0.1171	6
	105	1.59	1.88	1.73	2.06	0.200	0.1002	6

Table A .

 A 20. Error estimation of mannose concentration. Glucose conversion over AMT catalyst was conducted at 150°C, at sugar and tungstate concentrations of 5.0 and 1.3 mmol L -1 . Stdv is the standard deviation that allows measuring the amount of variation of a set of values.

	Time (min)	Experiment N° 1	Experiment N° 2	Experiment N° 3	Experiment N° 4	stdv	Absolute error	Relative error(%)
	2	0.19	0.05	0.23	0.19	0.078	0.0391	23
	15	0.83	0.58	0.84	0.90	0.141	0.0707	18
	30	0.89	0.74	0.78	0.96	0.104	0.0519	3
	45	0.80	0.69	0.67	0.89	0.105	0.0527	13
	75	0.59	0.51	0.47	0.73	0.114	0.0527	19
	105	0.40	0.37	0.31	0.54	0.099	0.0493	12

Table A .

 A 21. Error estimation of retro-aldol condensation (RAC) and epimerization (EPI) rates. Glucose conversion over AMTcatalyst was conducted at 150°C, at sugar and tungstate concentrations of 5.0 and 1.3 mmol L -1 . Stdv is the standard deviation that allows measuring the amount of variation of a set of values.

	Reaction	Experiment N° 1	Experiment N° 2	Experiment N° 3	Experiment N° 4			stdv	error	Relative error (%)
	RAC	0.04921	0.04683		0.06876	0.05970			0.010	0.005	9
	EPI	0.05290	0.03936		0.04661	0.05810			0.008	0.004	8
	Deoxy glucose								
		HO	H	H	OH	O	HO	H			O
		HO					HO			
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		HO	H	H	OH	O	HO	H		H	OH	O
		HO				H					H
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Table A .

 A 24. Formation Gibbs free energies for mononuclear complexes of D-glucose with molybdate and tungstate.

	Model	Sugar ligand	Specifications	∆ 𝒓 G(Mo species,	∆ 𝒓 G(W species,
	numb.			KJ/mol)	KJ/mol)
			-Bidentate		
	1b	α-Glucofuranose		-66.9	-64.4
			-O1,2 site of chelation		

Table A .

 A 27. Formation Gibbs free energies for dinuclear complexes of D-mannose with molybdate and tungstate.

	Num.	Sugar ligand	Specifications	∆ 𝒓 G(Mo species,	∆ 𝒓 G(W species,
	Complex			KJ/mol)	KJ/mol)
	48b		-Tetradentate		
			-Zigzag arrangement		
		Acyclic hydrate			

dGlucose, HMA

Figure A. 49. Gibbs free energy diagram of W 6+ and Mo 6+ catalyzed isomerization of glucose with mononuclear complexes (O1,3 as coordination sites) as active species.

-O1,3,6 site of chelation -O3 bridging atom
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As a general observation with both catalysts, mainly products of retro-aldol condensation (GA, erythrose) and epimerization are obtained. The catalytic activity of both metals for the different transformations are evaluated by the estimation of the initial reaction rates. The initial rate of retro-aldol condensation and epimerization are evaluated as the initial formation rate of GA and the corresponding epimer respectively obtained by fitting the experimental data with linear trend curves and measuring their slope. The initial formation rates of these different products at different reaction conditions for the three aldoses are given in Table IV.1.

75 min of reaction time sorbitol was stable without generating any C2 product of cleavage reaction (Figure A.37, Appendix). This confirms that the carbonyl group is mandatory to ensure the reactivity and conversion to fragmentation products.

IV.3.5.3. Influence of hydroxy groups

The conversion of 5.0 mmol L -1 of 2, 3, 4 and 6-deoxy glucose were conducted over AMT catalyst at tungsten concentration of 1.3 mmol.L -1 at 180°C and pH around 5 since these conditions afforded the highest rates of RAC. a). We observe that the formation for GA occurs with all deoxy sugars except 3-deoxy-glucose, which is in line with the scheme on Figure IV. 22. showing the irrelevance of this reaction path for this substrate. We note additionally that in the case of 2-deoxy-glucose, the production of GA is delayed in time, thus GA appears as a secondary product, while it appears without delay for 4-and 6-deoxyglucose with similar rates than with glucose itself. This is also in line with the schemes presented on Figure IV. 22. where a primary RAC with 2-deoxyglucose yields acetaldehyde (that we could not track unambiguously so far) and erythrose, the RAC of which yields eventually GA. Overall, this set of experiments points toward the conclusion that only the aldehyde and the third hydroxyl groups are required to promote the RAC of glucose. This suggests that the other hydroxyl groups (2, 4 and 6) should not be involved in the active species, and thus towards a bidentate complex between O1 and O3. Such species were not observed in our ex-situ study, but their existence as transient species could occur. the oxidation state that is a crucial parameter controlling a chemical reaction was found to be +VI for both metals. The current conclusions constitute a starting point to propose proper models of activated complexes for the theoretical study of the activity of both metals in the different reaction pathways, results that are presented in the upcoming chapter.

Chapter V. Reactivity of Sugars in Retro-aldol Condensation, Epimerization, and Isomerization Pathways

Computed at the DFT Level

V.1. Introduction

In the present chapter we report a theoretical study of the main reactions pathways of sugars, namely retro-aldol condensation (RAC), epimerization (EPI) and isomerization (ISO), using density functional theory (DFT) computational tools. Two models of active species were considered: i) complexes comprising binuclear metallic cores as they were described in the literature and observed in our own study (Chapters II and III), ii) complexes of mononuclear metallic cores, that were observed in basic solutions for tungstate-mannose system, and that we hypothesize as potential reaction intermediates under reaction conditions (see Chapter III and IV). All models feature tungsten and molybdenum in their +VI oxidation state, in agreement with our previous observations showing no significant reduction of the metals and no significant effect of a reducing atmosphere on the catalytic activity.

V.2. Computational method

Ab initio calculations were performed using density functional theory (DFT) by employing the B3LYP hybrid exchange-correlation functional with Gaussian 09 software suite. 164,165 Geometry optimization have been done using def2-tzvp effective core potential for Mo and W atoms and tzvp basis set for C, H and O atoms. 166,168 All the calculations were carried out using an implicit solvent (water) model in the frame of SMD solvation model. 169 The SMD solvation model employs the full solute electron density without defining a partial atomic charge while the solvent is implicitly represented as a dielectric medium with a surface tension at the solute.

The complex models (where L depicts the sugar ligand) were formed according to equation (V.1). The present work focuses on mononuclear and dinuclear species (x = 1 or 2).

Enthalpies (H) and Gibbs free energies (G) were obtained by performing a frequency calculation on the optimized models and calculated as implemented in the Gaussian 09 software suite (equations (A.7) to (A.13), Appendix). Enthalpies and Gibbs free energies of the proton the water molecule and the hydroxide ion that are reported in Table A. 23 in the Appendix were obtained by correcting the theoretical energies extracted from gas phase optimization with their experimental solvation free energies. 183 The requested convergence criteria applied for geometry optimization for the force on all atoms in all directions is < 3 10 -4 Ha Bohr -1 and of < 10 -6 Ha for finding energy minima.

Formation Gibbs free energies and enthalpies (∆ 𝑟 𝐺 and ∆ 𝑟 𝐻) for the formation of complexes and the transition states are calculated according to equation (V.2). All values are given in kJ mol -1 for a standard state of 1 M at 298.15 K.

The optimized structures of carbohydrate tungstate and molybdate complexes as described in the previous chapters were used as starting points for the calculation of the corresponding transition states for glucose, mannose and erythrose transformations (retro-aldol, epimerization, and isomerization). The prediction of transition states potential structures was carried out by means of relaxed potential energy surface (PES) scan performed in redundant internal coordinate system. The structure scanned with the maximum energy was used as a starting model for the optimization of transition states (TS). TS structures were optimized using Berny algorithm and identified with a single imaginary frequency. The occurrence of a transition state (saddle point) was verified by using the Intrinsic Reaction Coordinates (IRC) method.

Finally, we will discuss the results using the energy span concept, 184,185 considered kinetically relevant without taking into consideration the reverse reaction. That is, for each reaction pathway, the difference of Gibbs free energy between the lowest (which can be either the free sugar or the most stable complex formed with the metal) and the highest intermediate (usually the highest transition state on the way).

V.3. Reaction pathways catalyzed by binuclear complexes

In this section we report the reactivity of glucose and mannose for tungstate and molybdate catalyzed epimerization (EPI), retro-aldol condensation (RAC), and isomerization (ISO) reactions. We consider binuclear complexes of hydrated sugars (for glucose, complexes P1 and G; for mannose complexes B and E) as active species. With molybdenum, the Gibbs free energy for the formation of this complex is of +7 kJ mol -1 with respect to the free sugar, which is consistent with our experimental results showing only minor amounts of this complex in aqueous solution.

Thus, for molybdenum, the free sugar will be used as most abundant species for calculating the Gibbs free energy spans. However, in the case of tungsten, binuclear complex is more stable than the free sugar by -39 kJ mol -1 , which is in disagreement with the experimental results in which W-glucose complexes are not easily detected. We tentatively assign this discrepancy to the calculation of the Gibbs free energy of the proton and water molecule that may entail significant error, essentially due to the estimation of their solvation energy discussed above.

For the sake of self-consistency within our own calculations, we nevertheless use this complex as a reference state for the calculation of the energetic span.

Note finally that the energetic data reported herein is formally calculated at pH = 0. It would be susceptible to change by taking into account the effects of pH and metal concentrations that we did not consider herein so far. 

V.4.2. Isomerization

The isomerization of glucose and mannose was investigated over different activated complexes through 1,2 hydride shift as described in the literature. The models of the active species and the corresponding transition states are illustrated in for the 1,2-hydride shift of both aldoses are higher for tungstate than molybdate catalyzed isomerization. In the case of glucose-molybdate system, the Gibbs free energy activation barrier is of around 90 kJ mol -1 with the two proposed coordination modes. With tungstate, the lower energies are obtained with an O1,3 with a free energy span of around 127 kJ mol -1 . For mannose, with both metals an O1,2 coordination between the metal and the sugars is found to be the most favorable with Gibbs free energy activation barriers of 91 and 103 kJ mol -1 with molybdate and tungstate respectively. According to these calculations, isomerization should be less favorable than RAC with molybdenum, while it should be more favorable or competitive with tungsten. Since little-to-no activity towards isomerization was observed in the course of our experimental study, especially with W as a catalyst, the relevance of such active species may be questioned.

V.5. Discussion/Conclusion

In this chapter we explored the reactivity of sugars (glucose, mannose and erythrose) over Mo 6+ and W 6+ catalysts. We proposed several models of active species including binuclear and mononuclear species.

The results regarding the reaction of epimerization of glucose into mannose with binuclear complexes that were experimentally observed (namely linear hydrate species) provide some qualitative agreement with our experimental results. We find activation enthalpies in satisfying agreement with the experimental values and predict a faster reaction with molybdenum than with tungsten (in the case of glucose transformation, though, in the reverse reaction from mannose the values are competitive with both metals). -In most of our calculations, we note that the energetic position of the transition states for a given reaction path does not depend much on the nature of the metal (differences are typically in the order of ± 10 kJ mol -1 ). The most noticeable differences lie actually in the position of the initial state. This suggest that the reactivity will be mainly controlled by the stability of the complexes, ie their abundance. This echoes experimental results showing higher RAC rates with tungstate despite a higher apparent activation energy. The different apparent reaction orders with respect to the catalyst with Mo and W-based catalysts also point toward this conclusion. The stability of the complexes, however, might depend largely on the pH conditions that we did not take into account explicitly in the modeling process. Some discrepancy with the experiments are observed in this regard, despite our efforts to assess the energetic components in the best affordable way (especially H + and H2O) indicating the limitation of the chosen model to compute the energetic parameter. This was observed by calculating the formation Gibbs free energy of a series of tungstate and molybdate complex models with glucose and mannose according to equation (V.2). The results are given in Tables A. 24, A.25, A. 26 and A.27. Some of the optimized models featuring the lowest formation Gibbs free energies are not detected in our experiments according to chemical shift analysis.

of the error that might exist in the calculation of energies in this work would be attributed to the energies of proton and water molecules. Thus, a more accurate simulation should be conducted to calculate their exact values. A preliminary model (with 28 water molecules)

was developed for this subject, good results were somehow obtained for enthalpies of H2O, H+ and HO -, however, the calculated solvation free energies of these molecules did not match with the experimental ones since this parameter depends on the distribution of the water molecules in space thus constrained by the entropy. 

.5. Percentages of complexes A,B, C, D, and the metal involved in the complexation process estimated according to equations (A.1), (A.2) and (A.3). The values illustrated in this table are the results of the experiments realized at constant mannose concentration of 1 mol.L -1 at pH around 7.5.

[W] mol.L - 

Estimation of Complexes Concentrations (molybdate-mannose system)

The percentage of complexes afforded was calculated with respect to the total organic matter existing in solution by the relative area (A) of the anomeric carbon signal for each species. The percentages were estimated according to the following equations (A.4) and (A.5).

The percentage of complexed metal was estimated by presuming an oligomeric structure of complexes E and F appearing in neutral and acidic solutions by assuming the lowest nuclearity of two molybdenum centers configuring in the complex. The values were predicted according to equation (A.6).

The estimated values of the several experiments are illustrated in the tables below.

Table A.14. Percentages of complexes E and F, and the molybdenum involved in the complexation process estimated respectively according to equations (A.4), (A.5) and (A.6). The values illustrated in this table are the result of the experiments realized at constant mannose concentration of 1 mol.L -1 at pH around 6.

[Mo] mol.L - [START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C NMR chemical shifts of complexes E and F in addition to the calculated [START_REF] Shafer | Tropsch: Product Selectivity-The Fingerprint of Synthetic Fuels[END_REF] C NMR chemical shifts of the possible models of complexes suggested according to the experimental CIS values calculated and depicted in Tables A. 9 and A.10. The structures of the proposed complexes are illustrated in Figures A. 20 

Comparison of experimental and theoretical chemical shifts

XANES follow-up for erythrose conversion over HMA

XANES of HMA aqueous solution

A.3. Theoretical study of reaction pathways Statistical Thermodynamics

Gibbs free energy (G) is a function of enthalpy (H), entropy (S) and Temperature (T). At a molar base Gm is obtained by the following equation:

The molar enthalpy is expressed as the sum of internal energy (Um) and the product of the pressure (P)

and the molar volume (Vm):

Internal energy is the sum of several components including electronic (Uelec,m), vibrational (Uvib,m), translational (Utrans,m) and rotational (Urot,m) energies. The electronic energy is the result of DFT calculations while the other terms are computed using statistical thermodynamics. Assuming an ideal gas case for non-linear molecules, translational and rotational energies are calculated according to equation (A.9):

Where R is the ideal gas constant defined as the product of Avogadro constant (NA in mol -1 ) and Boltzmann constant (kB in J.K -1 ). T is the temperature of the system.

The vibrational energy of a molecule is due to a periodic motion of its atoms. Different types of vibration exist each has its proper wavenumber (𝑣 𝑖 ) that is finally used to calculate the value of Uvib,m according to the below formula (A.10), Where h (J.s) is Plank's constant. Hence, a frequency calculation is mandatory in order to make an estimation of molecule's Gibbs free energy. 

Water, proton, and hydroxide ions energies

Reaction pathways catalyzed by dinuclear mannose complexes

Alternative epimerization pathway catalyzed by dinuclear glucose complex

Retro-aldol condensation pathway catalyzed by mononuclear mannose complexes

Isomerization pathway catalyzed by mononuclear glucose complexes