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Pivotal role of H 2 in the isomerisation of isosorbide over Ru/C catalyst

Isosorbide isomerisation is a known reaction that can proceed over Ru and Ni-based heterogeneous catalysts. As a rule, an exogenous H2 pressure (40-100 bar) is required, even though H2 does not participate stoichiometrically to the reaction. By marrying experiments with DFT computations, we ascribe the role of H2 in isosorbide isomerisation to a coverage effect at the catalyst surface. We demonstrate the possibility of conducting the reaction at low H2 pressure either in the presence of an inert gas to increase H2 solubility in the underlying solvent, or using 2-propanol as hydrogen donor. This might benefit the economy and safety of a potential industrial process.

Introduction

Isosorbide (IS) along with its isomers isomannide (IM) and isoidide (II), collectively referred to as isohexides, makes a group of biobased platform chemicals that have gained considerable interest over the past two decades as potential replacement to fossil-fuel based products. 1 In particular, isosorbide and its monoamine and diamine derivatives have attracted great interest in the manufacture of biobased polymers such as polyurethanes, polymethacrylates and polyamides, with a possible better environmental footprint compared to fossil-based counterparts. 1b,2 Isohexides are obtained from acid-catalysed hydration of hexitols D-Sorbitol (IS), D-Mannitol (IM) and L-iditol (II) which in turn can be produced through hydrogenation of monosaccharides, i.e. glucose and fructose. 1 Structurally, isohexides consist in two tetrahydrofuran rings cis-connected resulting in a rigid Vshaped structure (Scheme 1). 1,3 The three isomers differ in the relative configuration of the two secondary OH groups: IS has OH groups in opposite (endo-exo) orientation relative to the ring skeleton, while IM (endo-endo) and II (exo-exo) have OH groups pointing in the same direction relative the ring skeleton. Unlike exo-OH groups, endo-OH groups are better positioned to engage in intermolecular hydrogen bonding with the oxygen atoms of the adjoining furan ring. 3,4 These structural differences lead to differences in the physicochemical properties and reactivity of isohexides. 4,5 The catalytic isomerisation of IS was first described by Fletcher and Goepp in 1946 using Raney nickel for its dehydrogenating properties. 3c Wright and Brandner performed the isomerisation in 1964 over Ni-Kieselguhr catalysts and pointed out an equilibrium distribution between the three isomers at ca. 55% II, 39% IS and 6% IM. 6 Such thermodynamics-driven equilibrium distribution is at display in the synthesis of functional bio-based chemicals derived from isohexides. [START_REF] Lemieux | [END_REF] In this view, understanding the isomerisation mechanism of the three isomers is essential. In addition, the isomerisation presents a viable route to obtain isoidide which has less abundant sugar precursor. 6a The isomerisation of isohexides is believed to proceed via a dehydrogenation-rehydrogenation pathway (H2-borrowing) (Scheme 1). 1,[3][4][5][6][START_REF] Lemieux | [END_REF][8] When using a heterogeneous catalyst, since the intermediate (mono, di)ketones are not observed, dehydrogenation is often regarded as the rate-determining step. 8 An alternative route is the dehydration-rehydration pathway, but it was dismissed by van Es and co-workers since the expected by-products such as unsaturated isohexides or isohexides with OH group in 1-, 3-, 4-or 6-positions were absent in the reaction mixture obtained during the isomerisation of IS using Ru/C in water. 8 Recently, Rose and coworkers studied in detail the mechanism for IM isomerisation. 9 Supported by D-exchange experiments, they validated the dehydrogenation-hydrogenation mechanism at 120 °C. Above that temperature, and at a basic pH, full H-D exchange of all protons in IM was observed which they ascribed to a keto-enol equilibrium, thereby hinting at a potential dehydrationrehydration mechanism. Considering that dimethyl isosorbide is also isomerised at similar conditions, the authors proposed an alternative direct hydride exchange pathway. The authors hypothesized that α-C-H bond scission results in the formation of a carbenium ion and a surface hydride. The carbenium ion rotates around the C-O bond to facilitate the inversion of the chiral centre before being hydrogenated back. When it comes Very high H2 pressures (40-100 bar) were necessary to reach equilibrium when using Ni-Kieselguhr to isomerise IS, even if H2 does participate stoichiometrically to the reaction. 6 The II yield increased linearly with the pH (8-11) of the initial solution. At pH>11, poor selectivity was observed due to side reactions, which were not described. Wright and Hartmann reported a similar type of behaviour using the same catalyst to isomerise hexitols, that is D-glucitol (sorbitol), D-mannitol and L-iditol, which are the biogenic precursors of IS, IM and II, respectively. 10 Starting from a solution of D-glucitol under H2 (>100 bar) and a base, a final 41 : 32 : 27 equilibrium mixture of D-glucitol, D-mannitol and L-iditol was achieved. More recently, van Es and co-workers reported the synthesis of II by IS isomerisation over Ru/C, leading to the same equilibrium distribution of the three isomers. 8 Again, high H2 pressure (40 bar) and temperature (220 °C) were necessary to reach equilibrium, and increasing the initial pH from 7 to 10 was key to improve the yield: the mass loss decreased from 25% to 6.4%. The observed by-products such as linear diols or volatile alcohols were ascribed to hydrodeoxygenation of IS, which could be based on acid-catalysed dehydration. Pd/C, Pt/C, Rh/C and Au/C were not active, while Ru/Al2O3 and Ni/SiO2 showed slightly lower activity compared to Ru/C. Isohexide isomerisation was also investigated using a homogenous catalyst (ruthenium complexes with pincer-type phosphine ligands) in t-amyl alcohol. 11 Here also, the presence of a base ( t BuOK) enhanced the homogeneous reaction until thermodynamic equilibrium. 11b Nonetheless, in stark contrast to heterogeneous catalysis conditions, the reaction could be conducted without exogenous H2.

Herein, we present a combined experimental and computational study to rationalize the role of H2 on the isomerisation of IS over Ru/C. Particularly, we demonstrate the possibility of conducting the reaction at low H2 pressure either in the presence of an inert gas, or using 2-propanol as hydrogen donor.

Results and Discussion

Catalytic performance

The kinetic profiles for the isomerisation of IS, IM and II at 200 °C are shown in Fig S1 . Regardless of the starting isohexide, the same equilibrium distribution was reached with 59% II, 35% IS and 6% IM. Endo-OH groups and exo-OH groups could be interconverted, showing no obvious difference of reactivity. By adjusting the starting pH from 7 to 10 with 0.5 M NaOH solution at 200 °C for 1 h, the carbon balance was considerably improved, because undesired by-products were avoided (Fig S2). Increasing the reaction temperature accelerated the isomerisation towards equilibrium, but at the expense of the carbon balance (Fig S3). Notably, an external H2 pressure was required to enable the transformation, resulting in a higher IS conversion until equilibrium (Fig 1). However, isomerisation did not require a H2 pressure as high as reported earlier on Ni-Kieselguhr and Ru/C at comparable pH and temperature, but different types of reactors. [START_REF] Lemieux | [END_REF]9 This observation suggests that either the catalyst surface or reactor design can condition the reaction kinetics.

Ketones were found in trace amount in the reaction mixture (Table S1), in agreement with a dehydrogenationrehydrogenation mechanism being regarded as responsible for isomerisation. To investigate in more detail the hydrogenation of the ketones that can participate as intermediates, two different isohexide ketone derivatives, i.e. exo-OH monoketone and isohexide di-ketone, were synthesized by oxidation of IS over a Pt-Bi/C catalyst (see ESI for details). The hydrogenation of the exo-OH mono-ketone preferentially formed IS as main product over Ru/C at 100 °C and 10 bar H2 for 1 h (Fig S4a). In other words, the hydrogenation of the mono-ketone yields mainly endo-OH. However, partial isomerisation occurred during hydrogenation, so the other two isomers were also formed. The di-ketone could be fast converted at room temperature into a small amount of IM and a wide range of unidentified products, pointing out a high reactivity (Fig S4b).
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Mechanistic investigation by periodic DFT

To understand why a high H2 pressure is required for IS isomerisation, a computational mechanistic study was carried out. Relying on the experimental observation of ketone traces after the reaction, IS isomerisation is assumed to proceed via a sequential dehydrogenation-rehydrogenation mechanism, i.e. at any given time only one of both OH groups is dehydrogenated leading to the corresponding mono-ketone (MK) which is immediately rehydrogenated to give the (non-)isomerised product. This assumption precludes formation of the isosorbide di-ketone on the surface. We further restricted our analysis to a reaction path starting from O-H scission, followed by C-H scission, to form the chemisorbed MK (so called alkoxy pathway). The alternative route starting from C-H bond breaking followed by O-H scission (alkyl pathway) was dis-missed based on previous studies of ketone hydrogenation, 12 and alcohol dehydrogenation, 13 including IS. [START_REF] Dumon | Selective Alcohol Amination: Theoretical Study for the Design of Innovative Heterogeneous Catalysts[END_REF] Assuming an alkoxy pathway, the rehydrogenation of the MK species was investigated starting exclusively at the α-C of the carbonyl group, giving alkoxy intermediates which are further hydrogenated to complete the catalytic cycle. However, the MK species have to be re-hydrogenated first on its other face to invert the configuration at the α-C leading to the isomerised product. The calculations of the isomerisation pathways were performed both with and without the presence of co-adsorbed H atoms. The Ru catalyst was modelled by a 4layered thick p(4 × 4) slab of Ru(0001) surface and the Gibbs free energies were computed using Density Functional Theory (DFT) at the PBE-dDsC level (see ESI for details).

Adsorption of isohexides

Adsorption of IS on the catalyst surface is the branching point towards the formation of II (hereby referred to as Endo2Exo pathway) or IM (Exo2Endo pathway). For reference, the most stable gas phase geometries of the three isomers are given in Fig S5 . IS manifests different adsorption modes depending on whether adsorption takes place mainly via the endoor exo-OH. In its most stable adsorption mode, IS lies parallel to the surface with the O atom of the endo-OH and the ether-O of the adjoining ring interacting with two neighbouring Ru atoms (Fig 2 ,ISEndo). This adsorption mode was found to be much more stable (Gads = -26 kJ.mol -1 ) than a perpendicular adsorption mode where only interaction with the surface is through the endo-OH (Gads= +6 kJ.mol -1 , Fig S5 ), indicating that the ether contributes a large part of the adsorption energy. Indeed, the corresponding distances show that the ether-O atom is closer (2.28 Å) to the surface than the O of the endo-OH group (2.32 Å). This slight tilt towards the ether also favours a weak agostic interaction between the H of the unbound exo-OH and the Ru surface; [START_REF] Brookhart | Proc. Nat. Acad. Sci[END_REF] Unlike ISEndo, this adsorption mode is rather constrained and requires a distortion of the exo-OH from its most stable gas phase orientation which makes ISExo 14 kJ.mol -1 less stable than ISEndo. A slight distortion from the gas phase orientation is also observed in the H atom of the unbound endo-OH which points away from the corresponding ring ether to better point towards the surface, thus generating a slightly favourable, albeit weaker than that in ISEndo, agostic interaction (3.01 Å). We emphasize here that the adsorption through ether-O, be it of the same ring or the adjoining ring, is characteristic to all the reaction species involved; and a comparison of the ISEndo and ISExo adsorption modes clearly demonstrates that better interaction is achieved when ether of the adjoining ring is involved in bonding with the surface.

II has both OH groups in exo position and thus exhibits an adsorption mode similar to ISexo (Fig 2 ,II). Likewise, IM has both OH groups in endo position and thus exhibits adsorption mode similar to ISEndo (Fig 2 ,IM). Notably, the unbound endo-OH group lies farther away from the surface in a H-bondinglike interaction with the ether-O of the adjoining ring, precluding any agostic interaction with the surface.

Free energy profile in the limit of a low H surface concentration

To investigate the free energy profile in the limit of low H surface concentration. The chemisorbed H atoms resulting This journal is © The Royal Society of Chemistry 2021

Please do not adjust margins Please do not adjust margins from initial dehydrogenation were allowed to relax on separate slabs thereby making it zero co-adsorption case. The optimized geometries for all the relevant reaction intermediates (RI) and transition states (TS) are provided in Fig. 4, whereas Fig. 3 gives a plot of the free energy profiles computed for the two reaction pathways, Endo2Exo and Exo2Endo.

The two pathways follow the same sequence of steps, and differ only from the nature of the OH group that is isomerised. 
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The Alkoxy1 intermediates further undergo C-H scission via TS1(CH) to produce MK intermediates (Ketone1). To reach this TS and the corresponding MK, a strong distortion is necessary to shift the alkoxy oxygen from the 3-fold hollowsite to atop a Ru atom, so that the -C=O group can lie on a bridge site in a di-sigma fashion either in front (Endo2Exo) or back (Exo2Endo) of the ring skeleton. This adsorption mode allows the α-carbon to be close enough to the surface to lose its H atom in TS1(CH). This results in turn in higher barriers for CH scission compared to OH scission. We notice at this point that to isomerise the respective OH group, the rehydrogenation of MK must happen on the opposite side compared to the first C-H scission TS. Thus, Ketone1 has to turn into MK RI, Ketone2 that is chemisorbed through the ketone oxygen only and then into Ketone3, which is chemisorbed through the right face of the C=O bond, leading to the isomerised product by subsequent rehydrogenation. The MK intermediates are highlighted in red rectangle in Fig 4 .  In the second half of the catalytic cycle, Ketone3 RIs undergo rehydrogenation preferentially at the α-carbon to produce Alkoxy2 intermediates, which feature an inverted symmetry at the α-carbon compared to Alkoxy1. This transformation involves the C-H bond-making TS, labelled as TS2(CH) in Fig 3 and Overall, both pathways feature similar free energy profiles with the highest lying TS corresponding to the exo-O-H scission/formation, i.e. TS1(OH) in Exo2Endo and TS2(OH) in Endo2Exo, and the most stable RI being the chemisorbed (exo-)MK (Ketone1 in Exo2Endo, Ketone3 in Endo2Exo). Assuming that isomerisation of IS into II or IM is an athermic process, the energy span can be calculated as the difference of the free energy of TOF determining transition state (TDTS) and TOF determining intermediate (TDI), 16 both of which are indicated on the profiles in Fig 3 . The similar energy span for Exo2Endo and Exo2Endo pathways, 142 and 146 kJ.mol -1 , respectively, agree well with the experimental observation that there is no prominent difference in the reactivity of endo (exo)-OH groups in IS (Fig S1 ).

Role of ring ethers

The adsorption of MKs is discussed here in detail owing to their pivotal role in the isomerisation process. All MK RI adsorb on the surface through their carbonyl group in a top or disigma fashion and the ether-O of the adjoining ring. We suspect that this adjoining-ring ether O, which is uniquely present due to the bicyclic nature of IS and its isomers, is suitably positioned relative to the carbonyl group to stabilize the MK chemisorption. To confirm this hypothesis, we looked at the dehydrogenation-rehydrogenation profile of a simpler molecule, 3-hydroxytetrahydrofuran (3-OH-THF), which is just one 5-membered ring of IS. Although 3-OH-THF has a ring ether, its position relative to the OH group does not stabilize the ketone intermediates since it points away from the surface (Fig 5). In contrast, the mono-ketone intermediates of IS are more strongly adsorbed compared to those of 3-OH-THF by >30 kJ.mol -1 (Fig S6). Owing to this strong adsorption, monoketones probably act as a bottleneck along the isomerisation pathway in absence of H2. This was further confirmed experimentally by a catalytic test performed in the absence of H2 using IS and 3-OH-THF as substrates (Table S2). While IS was found to be unreactive (no isomerisation, no production of ketones), 3-OH-THF was reactive and a significant amount of ketone was detected after 2 h. In light of these results, we understand that IS is a unique substrate whose bicyclic nature combined with the presence of ethers in each ring contributes to the too-strong adsorption of the corresponding ketone that hinders catalytic transformation in the absence of H2. 

Free energy profile in presence of a high H2 pressure

The pristine catalyst surface considered above can be regarded as a low-H2 ideal scenario. Under an external H2 pressure, the catalyst surface can be covered by H species to varying extent. In presence of water, a competition with OH, O and H2O is expected. Please do not adjust margins Please do not adjust margins coverage levels of H were considered, 𝜃 ! = 0.5 ML (8 H atoms on 4x4 slab) and 𝜃 ! = 0.75ML (12 H atoms on 4x4 slab). We discarded the possibility of a fully coverage (𝜃 ! = 1ML), since in that case, the catalyst surface cannot catalyse the C-H scission that is necessary to isomerize IS. The catalyst surface model was the same pristine surface considered in the last section, but covered with most stable distribution of H at each level of coverage. Starting from the adsorption geometries on the pristine surface (Fig 4, 𝜃 ! = 0 ML), all the RS were reoptimized at the same level of theory in the presence of 8 or 12 H atoms, and a systematic approach was employed to find the most suitable adsorption sites for the co-adsorbed H atoms around RS (see ESI for details).

In general, at each 𝜃 ! coverage, H atoms prefer adsorption sites that maximize their distance from the co-adsorbed RS. At 𝜃 ! = 0.5 ML, enough sites are available for H atoms to adsorb far enough from the RS to cause little to no effect on the adsorption geometry of RS. At 𝜃 ! = 0.75ML, however, H atoms have to adsorb closer to RS due to lack of space, thus inducing slight changes in the adsorption geometry. For instance, the Alkoxy2 intermediate of the Endo2Exo pathway moves from a 3-fold fcc site to a 2-fold bridge site. Another effect observed at each H-coverage is the elongation of the Ru-Oether distance for all species, signifying that RS, when coadsorbed with H, lacks the stabilizing effect of ring ethers observed on the pristine surface. Coordinates for all the optimized structures both with and without co-adsorbed H are provided in the ESI.

The resulting free energy profile for Endo2Exo and Exo2Endo pathways are provided in Overall, the co-adsorption of H results in an upward shift of the free energy profile. However, the effect is not proportional for the different intermediates and transition states. The most drastic destabilizing effect is observed for the ketone inter-mediates: compared to the situation at 0 ML H coverage, Ketone3 is destabilized by 38 kJ.mol -1 at 0.5 ML and by 75 kJ.mol -1 at 0.75 ML. At 0.75 ML, ketones are no longer the most stable intermediates and are replaced by Alkoxy1. In contrast, the highest lying TS2(OH) is destabilized by 24 kJ.mol - 1 and 45 kJ.mol -1 at 0.5 ML and 0.75 ML, respectively. To better understand the source of this high increase in the free energy of key RS, we performed a deformation-interaction analysis described in Scheme S1. Based on this analysis, TS2(OH) destabilization is the result of a sum of different small subtle effects. The high increase in the free energy of TDTS (TS2(OH)) and TDI (Ketone 3) leads to an overall decrease in the reaction span by 14 and 19 kJ.mol -1 at 0.5 ML and 0.75 ML, respectively (Fig S10). This corresponds to an increase in TOF by a factor of al least 50. These findings clearly confirm the pivotal role of an external pressure of H2 in facilitating the isomerisation of IS as observed experimentally (Fig 1). The driving phenomenon is to limit catalyst poisoning by strongly chemisorbed MKs. At high coverage, MKs even become less stable than Alkoxy1. Remarkably, the limiting transition is TS2(OH) that corresponds to the re-hydrogenation process.

Effect of an inert gas

The experiments and calculations above point out a relevant role of H2 in the IS isomerisation kinetics over Ru/C. To further ascertain how the H2 partial pressure influences the reaction, an inert gas (i.e. N2 or He) was added to the reactor at different pressures (Table 1). Surprisingly, a clear promoting effect is observed. When the starting H2 pressure is 6 bar, the IS conversion is only 16% after 2 h (entry 1). However, when additional N2 or He (30 bar) is charged into the reactor, equilibrium is attained under otherwise identical conditions (entries 2 and 3). A similar effect is observed when a lower H2 pressure (2 bar) is applied (entries 4-6). For comparison, control experiments with either pure N2 or He (about 30 bar) did not show appreciable activity (entries 7 and 8). Free energy profiles for the Endo2Exo pathway at different surface concentrations of co-adsorbed H. The first and last points represent IS and II in the gas phase along with the Ru(0001) at different H coverage: 0 ML in black, 0.5 ML (8 H/supercell) in blue, 0.75 ML (12 H/supercell) in red. The two H atoms resulting from initial dehydrogenation were allowed to relax each on a separate H covered surface with 0, 8 or 12 H atoms. The energy spans are indicated by dotted lines. The entropic and enthalpic contributions for the adsorbates were calculated using an ideal gas approximation at 160 °C and 1 bar pressure.
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Please do not adjust margins Please do not adjust margins Reaction conditions: 1 g IS, 15 mL solvent, 0.05 g Ru/C, 200 °C, 2 h; [a] in absence of substrate, [b] 4 h. The promoting role of N2 on IS isomerisation can be rationalised at first sight by the formation of N2H and N2H2 species on metal Ru. Such a mechanism has been proposed to explain the 4.3-fold increase of activity in the hydrodeoxygenation of p-cresol to toluene over Ru/TiO2 by introducing 6 bar N2 in batch conditions at 160 °C and 1 bar H2. 17 While this mechanism could occur during IS isomerisation in the presence of N2, the promoting effect also observed under He, which is a fully inert gas, discourages this option. It is known that the gasliquid interfacial tension decreases with the total gas pressure, resulting in larger interfacial areas, and in turn into an enhanced H2 transfer from the gas to the liquid phase. 18 Also, the presence of a second gas can enhance the H2 solubility as suggested by Maxwell-Stefan equations for multicomponent diffusion (see ESI). To assess how the H2 solubility is affected by an inert gas, a series of H2 solubility tests was carried out in a pressurized NMR tube in D2O with/without N2, using DMSO (100 ppm) as internal standard (see ESI). The relative H2 solubility was measured at 20 °C / 2 bar H2 and 50 °C / 5 bar H2 and the standard deviation for a sample set of data is given in Although the enhancement of H2 solubility promoted by N2 is moderate, this higher H2 solubility is expected to facilitate the equilibrium between the H-surface species and H2 in the gas phase, yielding possibly an effective increase of the H-coverage on Ru, and accelerating in turn the isomerisation kinetics according to the mechanistic investigation above.

Isopropanol as solvent and H-donor

The effect of the solvent on IS isomerisation was also investigated (Fig 8). First, pure IS can be isomerised without any solvent with excellent carbon balance. Second, to afford a good IS solubility, several solvents with high polarity were tested. Primary alcohols or ethanol-water mixture inhibit the reaction, most likely due to competitive adsorption between the solvent and IS, 19 which results in Ru/C deactivation. In contrast, isopropanol (IPA) and t-amyl alcohol promote the reactivity and the carbon balance. Notably, in the presence of IPA, a pressure increase in the autoclave was observed after reaction due to H2 generation ascribed to IPA dehydrogenation. This observation points out that, despite H2 generation, is it possible that IPA could contribute to isomerisation as a hydrogen transfer agent. The isomerisation of IS in IPA was further performed at variable H2 pressures (Table 2, entries 1-3). Clearly, an external H2 pressure still exerts a positive effect on the IS conversion. However, the kinetics of isomerisation in IPA is slightly slower than in water, probably due to competitive adsorption between IPA and IS. Hence, the use of IPA/H2O mixtures as solvent might be a promising strategy to combine the advantages of IPA as H source and H2O as solvent for isomerisation. We conducted IS isomerisation with IPA/H2O solutions under 2 bar N2 without H2 (entries 5-11). By decreasing the IPA ratio to less than 50%, higher IS conversion is observed with a minimum ratio of 20% to activate the reaction. Keeping the IPA ratio at 40%, the N2 pressure was increased (entries 12-14). The IS conversion increases proportionally with the N2 pressure, but the promoting effect is not significant when the pressure exceeds 30 bar. Final equilibrium with good carbon balance was obtained under 31 bar N2 after 4 h (entry 15). One can mention a slight increase of the total pressure during the reaction which is ascribed to the generation of H2 from IPA dehydrogenation (entries 12-14). To confirm this hypothesis, the IS isomerisation reaction was carried out at variable temperature and time combinations using 40 % IPA and 60 % H2O (Table S3). The final reaction mixtures were analysed by ATR-IR, and acetone was detected as dehydrogenation product (Fig S18). In summary, IS isomerisation can occur with IPA as a H-donor and N2 as a promoter without adding external H2.

Conclusions

The kinetics of isosorbide isomerisation is very sensitive to the H2 pressure. This effect can be primarily ascribed to lateral interactions between the transition states, the intermediate ketones and the adsorbed H species over metal Ru, especially at full H-coverage, as inferred from DFT calculations. In the absence of co-adsorbed H, chemisorbed mono-ketones are strongly bonded to the Ru surface because of the stabilizing interaction with the ether of the adjoining cycle. As a result, mono-ketones poison the Ru catalyst in the absence of H2, the re-hydrogenation being the limiting process. In presence of H2, mono-ketones are less strongly adsorbed and are more easily re-hydrogenated, producing IS, IM or II depending on the adsorption mode. Another possible effect of the H2 pressure is to protect the Ru surface, limiting partial oxidation by water. The addition of an inert gas (i.e. N2 or He) or the use of isopropanol as co-solvent can promote the reactivity by enhancing the kinetics of H2 solubilisation, and hence the Htransfer on metal Ru, respectively, with excellent carbon balance. The results presented in this study open up promising perspectives for engineering cheaper and safer processes for reactions encompassing isohexides.

This journal is © The Royal Society of Chemistry 2021
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Fig 1 .

 1 Fig 1. Product distribution and mass loss under different H2 pressures. Reaction conditions: 1 g IS, 15 mL H2O, pH 10, 0.05 g Ru/C (5wt %), 200 o C, 1 h.

Fig 2 .

 2 Fig 2. Adsorption modes of isohexides on Ru(0001) surface. Blue dashed lines indicate favourable agostic interaction with the surface; red dashed line represents H-bonding. Main distances are provided in Å; the numbers in parentheses are the free energy of adsorption of the corresponding isomers in kJ.mol -1 at 160 °C and 1 bar pressure.

  the corresponding H…Ru surface distance (2.60 Å) is indicated in blue in Fig 2. Adsorption through the exo-OH of IS (Fig 2, ISExo) involves the O atom of the exo-OH and the ether-O of the same ring lying on top of two neighbouring Ru atoms.

  The first step corresponds to the initial adsorption of IS in ISEndo (Endo2Exo) or ISExo (Exo2Endo) mode (Fig 2). The initial adsorption modes then serve as reactants for the first O-H scission TS, denoted TS1(OH) in Fig 3 and Fig 4.The overall barrier for this transformation is rather low and is roughly the same for both pathways (42-44 kJ.mol -1 ). The TS1(OH) leads to very stable alkoxy intermediates, Alkoxy1, with the same adsorption pattern as ISEndo and ISExo adsorption modes, and only differing from the location of alkoxy O which sits atop a hollow fcc site instead of a Ru atom (Fig4). This 3-fold hollowsite adsorption is typical of alkoxy species on Ru(0001) and renders them much more stable than their corresponding reactants. Overall, the formation of alkoxy intermediates is a highly exoenergetic transformation which should happen spontaneously.

Fig 3 .

 3 Fig 3. Free energy profiles for IS isomerisation. The black line represents Endo2Exo pathway; blue line represents the Exo2Endo pathway. The energy spans are highlighted with dotted line. The entropic and enthalpic contributions for the adsorbates were calculated using an ideal gas harmonic approximation at 160 °C and 1 bar pressure.

Fig 4 .

 4 Fig 4. Optimized structures along the Endo2Exo/Exo2Endo pathways. Main distances are provided in Å. Colour scheme: C in grey, H in white, O in red, Ru in green.

Fig 4 .

 4 Subsequent hydrogenation of Alkoxy2 generates either II or IM. This requires crossing a very high energy barrier through the O-H bond-making TS, i.e. TS2(OH), and is highly endoenergetic for both pathways. The eventual desorption of IM and II completes the catalytic cycle and leads to the isomerised products.

Fig 5 .

 5 Fig 5. Most stable adsorption structures of ketone resulting from 3-OH-THF. Left: top view; Right: side view.

  Fig S7 shows the most stable distribution of H atoms on Ru(0001) at each level of coverage from 1 H atom up to a monolayer and the average free energy of adsorption at each coverage (Gads/H = -29 kJ.mol -1 for a monolayer). Fig S8 shows the predominance diagram of H/O/OH/H2O on Ru(0001) as computed using ab initio thermodynamics. For a H2 pressure above 1 bar, the Ru(0001) surface is predicted to be covered by a monolayer of H, the H2 pressure protecting the Ru surface from partial surface oxidation. As a natural step, the free energy profiles in Fig 3 were recomputed in the presence of explicitly co-adsorbed H. Two This journal is © The Royal Society of Chemistry 2021

  Fig 6 and Fig S9, respectively. Since the trend as a function of the H-coverage is the same in both cases, we focus on the Endo2Exo pathway.

Fig 6 .

 6 Fig 6.Free energy profiles for the Endo2Exo pathway at different surface concentrations of co-adsorbed H. The first and last points represent IS and II in the gas phase along with the Ru(0001) at different H coverage: 0 ML in black, 0.5 ML (8 H/supercell) in blue, 0.75 ML (12 H/supercell) in red. The two H atoms resulting from initial dehydrogenation were allowed to relax each on a separate H covered surface with 0, 8 or 12 H atoms. The energy spans are indicated by dotted lines. The entropic and enthalpic contributions for the adsorbates were calculated using an ideal gas approximation at 160 °C and 1 bar pressure.

Fig 7 .

 7 Fig 7. Effect of N2 on the relative H2 solubility measured by 1 H NMR using DMSO as internal standard.

Fig 7 .

 7 The excess H2 solubility was 9.6% and 5.2% in the presence of 17 bar and 10 bar N2, respectively. Additional results can be found in Fig S11-S14 (ESI), whereas This journal is © The Royal Society of Chemistry 2021 Please do not adjust margins Please do not adjust margins

characteristic 1 H

 1 NMR spectra of IM, IS and II in the presence of D2O are plotted in Fig S15-S17 (ESI).

Fig 8 .

 8 Fig 8. Product distribution and mass loss in different solvents. Reaction conditions (with solvent): 1 g IS, 15 mL solvent, 0.05 g Ru/C (5wt %), 30 bar H2, 200 °C, 2 h. Reaction conditions (solvent free): 15 0.4 g Ru/C (5wt %), 30 bar H2, 200 °C, 2 h.

Table 1 .

 1 Effect of inert gases on IS isomerisation in water

	Entry	H2	Pressure start (bar) N2	He	Pressure target T (bar)	at	Pressure reaction (bar) after	Ratio IS:II:IM	CB (%)
	1	6	-	-	17		6	84 : 12 : 4	97
	2	6	30	-	65		35	37 : 56 : 7 (eq.)	92
	3	6	-	30	57		36	36 : 58 : 6 (eq.)	92
	4	2	-	-	15		2	98 : 2 : 0	100
	5	2	31	-	62		33	50 : 43 : 7	97
	6	2	-	30	54		33	48 : 46 : 5	99
	7	-	31	-	57		32	100 : 0 : 0	97
	8	-	-	30	50		30	100 : 0 : 0	98
	Reaction conditions: 1 g IS, 15 mL H2O, pH 10, 0.05 g Ru/C, 200 °C, 2 h				

Table 2 .

 2 IS isomerisation in 2-propanol (IPA)

	Entry	IPA (%)	H2O (%)	IPA / IS (mol:mol)	Pressure start (bar) H2 N2	Pressure target T (bar)	at	Pressure reaction (bar)	after	Ratio IS:II:IM	CB (%)
	1	100	-	28.6	3	-	33		13		86 : 12 : 2	104
	2	100	-	28.6	11	-	39		18		74 : 21 : 5	101
	3	100	-	28.6	31	-	39		31		37 : 57 : 6	103
	4 [a]	100	-	-	-	2	33		14		-	-
	5	100	-	28.6	-	2	33		15		89 : 9 : 2	99
	6	50	50	14.3	-	2	31		12		78 : 17 : 5	105
	7	40	60	11.5	-	2	32		10		73 : 22 : 5	106
	8	30	70	8.6	-	2	29		9		76 : 19 : 5	99
	9	20	80	5.7	-	2	25		7		76 : 19 : 5	102
	10	10	90	2.9	-	2	18		8		99 : 1 : 0	102
	11	-	100	-	-	2	8		2		100 : 0 : 0	101
	12	40	60	11.5	-	11	39		17		57 : 36 : 7	97
	13	40	60	11.5	-	31	72		35		49 : 43 : 8	94
	14	40	60	11.5	-	51	103		55		47 : 45 : 8	91
	15 [b]	40	60	11.5	-	31	73		35		37 : 57 : 6	92
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