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Terpolymerization of 1,3-butadiene, with ethylene and propylene has become important to access EPDM rubber materials with unique properties. Having a mixture of the desired monomers for terpolymerization is preferred rather than mixing them from separated sources.

Hence, developing a process that can provide a mixture of the mentioned monomers is important from an economical and safety point of view. Hence, we developed for the first time, well defined single-site V based-catalysts by SOMC of [V(=O)(OtBu)3] on SiO2-200 and on Al2O3-500 affording [(≡MO)2V(=O)(OtBu)], (M = Si or Al). The catalytic activity of these materials in 2-butenes conversion into different composition of monomers depends on the support and the working temperature. A mechanism for the formation of these monomers has been proposed based on β-H elimination and β-alkyl transfer as elementary steps.

Introduction

The demand on light olefins has constantly increased during the last decades. [START_REF] Monai | Propane to Olefins Tandem Catalysis: A Selective Route towards Light Olefins Production[END_REF] Such monomers, particularly ethylene, propylene and 1,3-butadiene are important building blocks for unlimited conventional materials after being polymerized over proper catalysts. [START_REF] Gong | Polymerization of 1,3-Butadiene Catalyzed by a Thermal Robust, High Selective and Active Iron Catalyst: An Applicable Recipe for Producing Syndiotactic 1,2-Polybutadiene[END_REF] Polymerizations of the aforementioned monomers are matured technologies and produce light weighted plastic materials from packing to construction, as well as elastomers. The main source of those molecules are derived from fossil fuels, notably by cracking. Due to the high demand of particularly ethylene and propylene, several on-purpose technologies have been commercialized [START_REF] Tian | Methanol to Olefins (MTO): From Fundamentals to Commercialization[END_REF][START_REF] Amghizar | New Trends in Olefin Production[END_REF][START_REF] Nawaz | Light Alkane Dehydrogenation to Light Olefin Technologies: A Comprehensive Review[END_REF][START_REF] Mol | Industrial applications of olefin metathesis[END_REF] and remain to date active subjects for academic research. The dominating technology is the non-oxidative alkane (ethane or propane) dehydrogenation from natural gas, shale gas and recovered fractions of the cracking unit. On the other hand, on-purpose production of 1,3-butadiene has surprisingly received far less attention both in academy and industry taking into account that the availability of this monomer is expected to be limited in the future due to saturation of the cracking units. [START_REF] Makshina | Review of Old Chemistry and New Catalytic Advances in the On-Purpose Synthesis of Butadiene[END_REF] As mentioned, polymerization and even co-polymerization of light olefins and dienes have already been widely studied. [START_REF] Sauter | Polyolefins, a Success Story[END_REF] Recently, polyolefin thermoplastic elastomer (TPO) became important materials of various polyolefin polymers, semicrystalline thermoplastics, and amorphous elastomers. [START_REF] Mohite | Bridging the Gap between Rubbers and Plastics: A Review on Thermoplastic Polyolefin Elastomers[END_REF] Due to their properties such as high impact strength, low density and their chemical resistance, they have found applications for the production of fillers, reinforcements, lubricants, heat stabilizers, antioxidants, ultraviolet stabilizers, colorants, and processing aids. [START_REF] Mckeen | 13 -Elastomers[END_REF] Most TPOs are formed by ethylene-propylene with or without diene rubber. [START_REF] Surya | A review on clay-reinforced ethylene propylene diene terpolymer composites[END_REF] A highly potential field of research for the production of this rubber is terpolymerization of linear conjugated diene, for example 1,3-butadiene, with ethylene and propylene. Moreover, dependent on the composition of monomers, the final material can be tuned to fall in the range from conventional elastomer to highly crystalline. [START_REF] Ali | Comparative Analysis of Ethylene/Diene Copolymerization and Ethylene/Propylene/Diene Terpolymerization Using Ansa-Zirconocene Catalyst with Alkylaluminum/Borate Activator: The Effect of Conjugated and Nonconjugated Dienes on Catalytic Behavior and Polymer Microstructure[END_REF] For economical and safety reasons, it is preferable to simplify the process scheme of terpolymerization reaction in gas or liquid phase, by starting with a mixture of these monomers rather than mixing three different monomers. For example, in the case of the production of polyethylene and polypropylene, the monomers are generally produced in the refinery situated close to the polymerization unit. Hence, accessing to a mixture of ethylene, propylene and 1,3-butadiene from a low value substrate has a potential interest. However, the latter process faces several challenges, such as finding a suitable catalyst with the ability to selectively convert the given substrate into the desired monomers over a single reactor, preferable under continuous flow. Browsing through the low value hydrocarbons, it turns out that 2-butenes are suitable candidates. 2-butenes are the thermodynamic most stable and major molecule among the n-butene isomers. [START_REF] Alberty | Standard Chemical Thermodynamic Properties of Alkene Isomer Groups[END_REF] Nevertheless, their practical application and chemistry are less exploited compared to the other isomers (1butene and iso-butene). [START_REF] Mazoyer | High Selectivity Production of Propylene from 2-Butene: Non-Degenerate Pathways to Convert Symmetric Olefins via Olefin Metathesis[END_REF][START_REF] Szeto | Tailoring the Selectivity in 2-Butene Conversion over Supported D0 Group 4, 5 and 6 Metal Hydrides: From Dimerization to Metathesis[END_REF] 2-butenes is used for on-purpose propylene production by cross metathesis reaction with ethylene and for the production of alkylated gasoline. [START_REF] Mol | Industrial applications of olefin metathesis[END_REF][START_REF] Bender | An Overview of Industrial Processes for the Production of Olefins -C4 Hydrocarbons[END_REF] The development of a simple catalytic system capable to convert directly 2-butenes into a mixture of valuable products such as ethylene, propylene and butadiene is a new scientific challenge.

Hence, it is essential to design a supported metal active site with a reactive ligand able to undergo simultaneously a dehydrogenation step of 2-butenes to form butadiene and hydrogen, and a -alkyl transfer to produce ethylene and propylene from 2-butenes using the released hydrogen (Scheme S1).

On these premises, depending on the targeted catalytic reactions, and the postulated active intermediates in the catalytic cycle, one may select the appropriate surface organometallic precursors to carry out such transformations with optimal performances. Among different known catalytic systems, single-site catalysts offer a broad combination of different element and coordinative ligands for C-H activation, olefin insertion, dehydrogenation through -H elimination and -alkyl transfer. As a first approach, the active species can be selected according to their abilities: (i) to form a metal-hydride for dehydrogenation reaction (Eq 1) via C-H activation in an allylic position of 2-butenes followed by a -H elimination and release of hydrogen; (ii) insertion of 2-butenes on the same reactive ligand leading to two species, M-secbutyl and M-n-butyl intermediates. In presence of released hydrogen from Eq 1, -alkyl transfer of M-sec-butyl intermediate gives propylene and methane (Eq. 2), while M-n-butyl intermediate gives ethylene and ethane (Eq. 3). Supported metal hydrides from group IV, V and VI, have shown to be extremely versatile to transform hydrocarbons to valuable products via the aforementioned elementary steps. [START_REF] Popoff | Expanding the Scope of Metathesis: A Survey of Polyfunctional, Single-Site Supported Tungsten Systems for Hydrocarbon Valorization[END_REF] Recapitulating these requirements of the catalyst, a promising candidate is supported single site species based on group V. [START_REF] Norsic | Low Temperature Hydrogenolysis of Waxes to Diesel Range Gasoline and Light Alkanes : Comparison of Catalytic Properties of Group 4, 5 and 6 Metal Hydrides Supported on Silica -Alumina[END_REF] In fact, it has been reported in the literature that single site catalysts based on V bearing oxo-alkyl ligands, show high activity in propane dehydrogenation to propylene via V-H as active species. In addition to propylene, minor, but substantial amounts of methane and ethane were observed and are probably originated from β-methyl transfer. [START_REF] Szeto | Vanadium Oxo Organometallic Species Supported on Silica for the Selective Non-Oxidative Dehydrogenation of Propane[END_REF][START_REF] Kaphan | Mechanistic Aspects of a Surface Organovanadium(III) Catalyst for Hydrocarbon Hydrogenation and Dehydrogenation[END_REF] Thus, this supported bipodal V-H catalyst can perform simultaneously the dehydrogenation reactions of 2-butenes to butadiene with the concomitant production of hydrogen, and the hydrogenolysis of 2-butenes by β-alkyl transfer to form propylene or ethylene and methane.

Herein, we reported for the first time a bifunctional single-site catalyst based on vanadium, prepared through the grafting of V=O(OtBu)3 onto partialy dehydroxylated silica oralumina for the conversion of 2-butenes into a mixture of monomers (ethylene, propylene and butadiene).

The catalysts were characterized by DRIFT, solid state NMR, XANES, elemental analysis and were tested in 2-butenes conversion to evaluate the effect of the support. The effect of temperature in the feed was evaluated on vanadium supported on silica. These parameters (support and temperature) can highly influence the monomers proportions.

Experimental Section

General Procedure. All experiments were carried out using standard air-free methodology in an argon-filled glovebox, on a Schlenk line or in a Schlenk-type apparatus interfaced to a highvacuum line (10 -5 mbar). Solvents were purified and dried according to standard procedures.

[V(=O)(OtBu)3] was synthesized in two steps. Elemental analyses were performed at Mikroanalytisches Labor Pascher. Diffuse reflectance infrared spectra were collected in a Nicolet 6700 FT-IR spectrophotometer in 4 cm -1 resolution with a SMART module. An airtight IR cell with a CaF2 window was applied and the final spectra comprise 64 scans. Diffuse reflectance UV-Vis spectra in the range of 200-850 nm were recorded on a Perkin Elmer 1050 UV-Vis-NIR spectrophotometer adapted with the Praying Mantis optical unit provided by Harrick. The samples were diluted in dry BaSO4 and the spectra were recorded against a BaSO4

baseline. An air-tight cell with quartz windows was used.

Solution NMR spectra were recorded on an Avance-300 Bruker spectrometer. All chemical shifts were measured relative to residual 1 H or [START_REF] Alberty | Standard Chemical Thermodynamic Properties of Alkene Isomer Groups[END_REF] C resonance in the deuterated C6D6 solvent:, δ 7.15 ppm for 1 H and 128 ppm for [START_REF] Alberty | Standard Chemical Thermodynamic Properties of Alkene Isomer Groups[END_REF] C. Solid-state NMR spectra were acquired with an Avance 500 spectrometer ( 1 H: 500.1 MHz, 13 C: 125.7 MHz). For 1 H experiments, the spinning frequency was 10 kHz, the recycle delay was 5 s and 8 scans were collected using a 90° pulse excitation of 3 μs. The 13 C CP MAS spectrum was obtained at a spinning frequency of 10 kHz, with a recycle delay of 5 s and 12,288 scans were collected. Chemical shifts were given in ppm with respect to TMS as external reference for 1 H and [START_REF] Alberty | Standard Chemical Thermodynamic Properties of Alkene Isomer Groups[END_REF] C NMR. The 51 V MAS NMR spectrum was recorded with a Bruker DSX 300 spectrometer ( 51 V: 78.9 MHz), using a single pulse excitation. The signal was optimized with crystalline V2O5 (= -609 ppm) as external standard with a pulse angle of π/2. Two spinning rates were used to determine the isotropic chemical shift (10 kHz and 12 kHz). X-ray absorption spectra were acquired at ESRF on BM23 beamline, at room temperature at the vanadium K edge. A double crystal Si(111) was used as monochromator and a system based on a total reflection through a double X-ray mirror with an incidence angle variable from 2 to 5 mrad allowed harmonic rejection to better than the 10 - 5 level. [START_REF] Mathon | The time-resolved and extreme conditions XAS (TEXAS) facility at the European Synchrotron Radiation Facility: the generalpurpose EXAFS bending-magnet beamline BM23[END_REF] The spectra were recorded in the transmission mode between 5.4 to 5.65 KeV at room temperature (295 K). Each data set was collected simultaneously with a V metal foil reference and was later aligned according to that reference (first maximum of the derivative of the V foil spectrum set at 5465.1 eV). The molecular complexes and vanadyl sulfate were homogeneously mixed with dry BN and the supported V samples were packaged as pellets within a nitrogen filled dry box in a double air-tight sample holder equipped with kapton windows. The data analyses were performed by standard procedures using the program "Athena". [START_REF] Ravel | HEPHAESTUS: Data Analysis for X-Ray Absorption Spectroscopy Using IFEFFIT[END_REF] 

Preparation of the complex:

The vanadium precursor VO(OtBu)3 was synthesized by reaction of V2O5 (Aldrich) with tBuOH in benzene. The entire preparation procedure was carried out in an inert atmosphere using a Schlenk line. A mass of twenty grams of V2O5 was first placed in a 1-L round-bottom flask and connected to a Dean-Stark trap to capture the water from the reaction and the reflux condenser. After adding 300-mL of benzene, 165 ml of tBuOH was added to the benzene suspension of V2O5. The temperature was increased to ca. 373 K and maintained for 48 h. After reaction, the color of the solution changed to orange from red. The solution was filtered away from unreacted V2O5. White crystals were observed after distillation of the solvent. The crystals were dried under high vacuum line and purified by sublimation. After purification, the compound was identified by the presence of a strong 1 H NMR resonance at 1.44 ppm for the protons of CH3 and two signals in [START_REF] Alberty | Standard Chemical Thermodynamic Properties of Alkene Isomer Groups[END_REF] C CP NMR at 31.4 ppm corresponding to CH3 and 86 ppm for quaternary C of tertiobutyl ligand.

Preparation and characterization of VO(OtBu)3/SiO2-200. Prior to the grafting reaction, the molecular precursor, [V(=O)(OtBu)3], was synthesized as reported above. A mixture of VO(OtBu)3 (120 mg, 2 wt% V) and SiO2-200 (2 g) in pentane (10 mL) was stirred at 25 °C for 4 hours. After filtration, the solid, was washed 4 times with pentane and the liquid was transferred into another reactor in order to identify tBuOH evolved during grafting. The resulting white powder was dried under vacuum (10 -5 mbar). Elemental analysis: V 1.6 wt% C 1.5 wt%. The catalyst was characterized by DRIFT, solid state NMR, UV-Vis and XANES.

Preparation and characterization of VO(OtBu)3/Al2O3-500. Prior to the grafting reaction, the molecular precursor, [V(=O)(OtBu)3], was synthesized as reported. A mixture of VO(OtBu)3 (120 mg, 2 wt% V) and Al2O3-500 (1 g) in pentane (10 mL) was stirred at 25 °C for 4 hours.

After filtration, the solid was washed 4 times with pentane. The resulting white powder was dried under vacuum (10 -5 mbar). Elemental analysis: V 1.3 wt% 1.5 C wt%. The catalyst was characterized by DRIFT, solid state NMR, UV-Vis and XANES.

Catalyst evaluation. Catalytic performances for trans-2-butenes (Air Liquide, 99.4%) conversion were tested in a stainless-steel continuous flow reactor (Ptotal = 1 bar, T = 540 °C, total flow rate = 5 mL.min -1 (20% of trans-2-butenes in argon 99.999%), with 0.5 g of (I) or (II) diluted in 2 g of CSi. The gases were purified with a column of molecular sieve and activated Cu2O/Al2O3 and controlled by Brooks mass flow controllers. The catalyst was charged in the glovebox. A 4-way valve allowed isolation of the charged catalyst in the reactor from the environment and extensive purging of the tubes before the reaction. The products were determined by an online HP 6890 GC equipped with 50 m KCl/Al2O3 column and FID.

Results and Discussions

Preparation and characterization of VO(OtBu)3 on silica dehydroxylated at 200 °C (I)

VO(OtBu)3 was easily synthesized from commercially available compounds V2O5 and tBuOH in benzene at 100 °C for 48 h with a good yield (70 %). After purification, the 1 H NMR spectrum of this complex consisted in an intense signal at 1.44 ppm attributed to the protons of the methyl fragment, and [START_REF] Alberty | Standard Chemical Thermodynamic Properties of Alkene Isomer Groups[END_REF] C NMR revealed two signals atppm corresponding to CH3 and 86 ppm for quaternary -C(CH3)3 of tertiobutyl ligand (Figure S1). In addition, 51 V NMR showed a signal at 642ppm (Figure S2), corresponding to a tetrahedral vanadium complex bearing an oxo and trialkoxy ligand. [START_REF] Högerl | SOMC Grafting of Vanadium Oxytriisopropoxide (VO(OiPr)3) on Dehydroxylated Silica; Analysis of Surface Complexes and Thermal Restructuring Mechanism[END_REF] SiO2-200 support was obtained from Degussa (Aerosil200) by dehydroxylation of this amorphous flame-silica at 200 °C under a high vacuum (10 -5 mbar), with a density of silanols of ca. 2.5 OH per nm 2 (0.86 mmol OH.g -1 ). The grafting reaction of [VO(OtBu)3] on SiO2-200 was carried out by impregnation in pentane at room temperature. The tBuOH emitted during the grafting reaction was qualitatively identified by GC after reaction. The resulting powder was extensively washed (four times) with dry pentane in order to remove the excess of complex, affording VO(OtBu)3/SiO2-200 (I) as a white material. DRIFT spectroscopy of I revealed the total consumption of isolated silanols at 3747 cm -1, while the band at 3600 cm -1 , attributed to the silanols in interaction through hydrogen bonds, remained (Figure 1). The low reactivity of these vicinals silanols was already observed during the reactivity of metal complexes of group IV, V and VI with SiO2-200. [START_REF] Basset | Preparation of single site catalysts on oxides and metals prepared via surface organometallic chemistry[END_REF] Simultaneously, two groups of bands appear in the 3000-2700 cm - 1 and 1500-1300 cm -1 regions, assigned respectively to (CH), and (CH) and C-C vibrations from the tert-butoxy ligands. These results confirm the grafting of VO(OtBu)3 on SiO2-200 by protonolysis of V-OtBu bonds by surface silanols. The broad peak (max = 259 nm) can be assigned to a ligand to metal charge transfer (LMCT) originated from the tert-butoxide ligand. The energy edge (Eg) derived from OV charge transfer peak (determined from the intercept of the [F(R)h] 2 vs h plot in the low energy rise) reflects the degree of vanadia polymerization (VOx). [START_REF] Gao | Investigation of Surface Structures of Supported Vanadium Oxide Catalysts by UV-vis-NIR Diffuse Reflectance Spectroscopy[END_REF] This value is extrapolated to be 3.58 eV for (I), strongly suggesting that the vanadium sites are present as monomers on the surface. [START_REF] Wegener | Precursor Nuclearity Effects in Supported Vanadium Oxides Prepared by Organometallic Grafting[END_REF] X-Ray absorption spectroscopy has been used to clarify the environmental structure around vanadium atoms in silica-supported vanadium oxo catalysts. Normalized V K-edge XANES spectra of the molecular complex, VO(OtBu)3 and of (I), obtained from the grafting of VO(OtBu)3 onto SiO2-200 are shown in Erreur ! Source du renvoi introuvable.. In both spectra, there is a prominent pre-edge peak. This pre-edge feature arises from electronic transitions from 1s core levels to the empty 3d levels, more or less 4p hybridized by the ligands of vanadium. These electronic transitions become electric-dipolar allowed in the absence of an inversion center. In this case, the loss of symmetry permits partial overlapping and mixing of the unfilled d states of the metal with the 4p orbital of the metal. Several studies of the V Kedge XANES features have considered the pre-edge intensity as well as its absolute position to determine both the vanadium oxidation state and its symmetry. [START_REF] Wong | K$-Edge Absorption Spectra of Selected Vanadium Compounds[END_REF][START_REF] Nabavi | Xanes and 51V Nmr Study of Vanadium-Oxygen Compounds[END_REF] The only position of the preedge peak is generally insufficient to evaluate accurately the vanadium oxidation state. a Relative to a calibration with a vanadium foil (5465.1 eV); A ± 0.3 eV error is estimated on the energy. b Intensity normalized to the step height of the K-edge.

The position and intensity of the main pre-edge peak along with the position of the edge of different vanadium compounds studied are reported in Table 1. For both samples mentioned above, the position of the pre-edge peak at ca. 5470.3 eV and its high intensity (0.81 to 0.83) are consistent with those observed in other complexes or materials containing V(V) in a tetrahedral symmetry. [START_REF] Nabavi | Xanes and 51V Nmr Study of Vanadium-Oxygen Compounds[END_REF] Moreover, the position of the K-edge of both samples, shifted by more than 18 eV to higher energy relative to the foil, are within the range of K-edge energies reported for known V(V) compounds. [START_REF] Wong | K$-Edge Absorption Spectra of Selected Vanadium Compounds[END_REF] Preparation and characterization of VO(OtBu)3 on alumina dehydroxylated at 500 °C (II)

The effect of support for single site V species has been studied by employing alumina as support. -alumina was dehydroxylated at 500 °C under high vacuum (10 -5 mbar), with a density of ca. 3.7 OH per nm 2 (0.65 mmol OH.g -1 ), denoted as Al2O3-500. The reaction of [VO(OtBu)3] with Al2O3-500 in a pentane solution and at room temperature provides a light yellow powder.

The latter was extensively washed with pentane to remove the excess of the complex and dried using a high vacuum line. The tBuOH evolved during grafting reaction was qualitatively identified by GC after reaction. IR spectrum of VO(OtBu)3 on Al2O3-500 (II) showed that the grafting occurs at least partially on the surface hydroxyl groups (Figure S6). Moreover, a band observed at around 3600 cm -1 was probably attributed to the strong interaction of tert-butanol on the surface of alumina compared to silica. Concomitantly, two groups of bands appeared in the 3200-2700 cm -1 and 1500-1300 cm -1 regions, assigned to C-H stretching and bending bands respectively. According to elemental analysis, (II) contained 1.3 wt% and 1.5 wt % of V and C respectively, corresponding to an atomic ratio of 4.9 C/V. Theoretically, the atomic C/V ratio of the resulting species should be 4. This result may reveal that the excess of carbon was due to the presence of physisorbed tert-butanol, in agreement with the DRIFT spectrum. Thus, with the current evidence, the major surface species can tentatively be proposed as a bipodal species, [(AlO)2VO(OtBu)] (II) (Scheme 1). In addition, the spectrum of 1 H MAS NMR of (II)

exhibited a signal at 1.2 ppm attributed to the methyl groups of the tert-butoxy ligand (Figure S7,a). Moreover, a minor peak is observed at 4.6 ppm, probably attributed to residual hydroxyl groups, more specifically to HO-  -Al. [START_REF] Taoufik | Heteronuclear NMR Spectroscopy as a Surface-Selective Technique: A Unique Look at the Hydroxyl Groups of γ-Alumina[END_REF] Concerning the [START_REF] Alberty | Standard Chemical Thermodynamic Properties of Alkene Isomer Groups[END_REF] C CP MAS spectrum, a main signal appeared at 29.2 ppm assigned to methyl groups (Figure S7,b). Similarly to the case of vanadium supported onto SiO2-200, the signal assigned to the quaternary carbon of tert-butoxide ligand (at 80 ppm) is not observed in the spectrum. Normalized V K-edge XANES spectrum of (II) obtained after the grafting of VO(OtBu)3 onto Al2O3-500 is shown in (Erreur ! Source du renvoi introuvable.). The XANES data is very similar to the previously described [(≡SiO)2VO(OtBu)] (I), featuring comparable pre-edge position, pre-edge intensity and edge position (Table 1). Hence, the tetrahedral configuration as well as the oxidation state of vanadium is maintained and the proposed structure, [(≡AlO)2VO(OtBu)](II), is quite similar to the one of (I).

Catalytic properties

The catalytic behavior of species [(≡SiO)2VO(OtBu)], (I) was evaluated for trans-2-butenes conversion in a continuous fixed-bed type reactor. The operating conditions used were P = 1 bar, with a total flow of 5 mL.min -1 (20 % of trans-2-butenes in Ar). The reactor was heated from room temperature to the required temperature under a flow of 4 mL.min -1 of argon before trans-2-butenes was introduced in the feed at higher temperatures. The catalytic performance of (I), has been evaluated at different temperatures (500, 540 and 580 °C). According to the best result obtained, the effect of the support was studied at the most promising temperature.

The conversion profile and the relative selectivities in monomers obtained with [(≡SiO)2VO(OtBu)], (I) are shown in Figure . The global selectivities toward all the products at 500, 540 and 580 °C are provided in supporting information (Figure S8, S9 and S10, respectively). At a lower temperature (500 °C), the initial conversion was 11.3 % and it decreased in with time on stream to 7 % after 850 min (Fig. 3, left). At that time, the global selectivity in butadiene was 27.9 %, with 21.2 % propylene, 9.4 % ethylene, 21.5 % butane, 18.2 % methane and 1.8 % ethane. At 540 °C, the initial conversion increased to 20.5 % followed by a gradual deactivation to 14 % after 850 min. The selectivities toward the different products were: 24 % in butadiene, 24.3 % in propylene, 11.2 % in ethylene, 24.9 % in methane, 12.4 % in butane and 3.2 % in ethane. At 580 °C, the initial conversion increased furthermore to 34.7 % and gradually decreased to 25.1 % after 850 min. The selectivity toward butadiene was the lowest with 17 % at 580 °C, while that of propylene increased to 28.1 % and that of ethylene increased to 12.2 %. Methane became the major product with a selectivity of 33.0 % and other products were also obtaind such as butane and ethane with selectivities of 5.7 % and 4.0 % respectively. increased with temperature. These results showed that using a vanadium supported on silica catalyst (I), we can control the proportion of monomers in the gas produced (butadiene, propylene and ethylene), allowing to obtain a variety of elastomers with different butadiene content by terpolymerization reaction. In the case of alumina, a selected working temperature of 540 °C was chosen since catalyst (I) exhibited a more stable conversion than at 580 °C by keeping an important selectivity toward butadiene and propylene. An initial conversion of 24.4

% was obtained with VO(OtBu)3/Al2O3-500 catalyst, followed by a fast deactivation leading to a conversion of 12.4 % after 215 min (Erreur ! Source du renvoi introuvable.). After this time, the conversion with catalyst (II) showed a high stability with time on stream.

Interestingly, the selectivities vary with time on stream (Figure S11). Initially, the produced mixture composition consisted in 2. In fact, for short times on stream, the conversion drops quickly in the case of VO(OtBu)3/Al2O3-500 due to the generation of acidic sites that leads to coke formation and a substantial amount of H2. Consequently, at this stage with the availability of excess H2, the dominating reactions are described by Eq. 2 and Eq. 3 in Scheme S1 yielding saturated hydrocarbons, notably methane (Fig. S11). Upon time on stream, the generated acidic sites start to deactivate, and the 2-butenes are mainly converted over single site V species (Scheme ) like in the case of silica, giving significantly butadiene (Eq. 1 in Scheme 1) and to smaller extend, the other products described by Eq. 2 and Eq. 3 (Scheme S1). The relative selectivity toward butadiene is higher in the case of vanadium species supported on alumina (63 %) than on silica (40.4 %). Contrarily to the case of silica, for alumina the change in selectivity toward butadiene from 2.4% initially to 35% after 400 min, are indicative of a modification in the reaction mechanism and in the nature of the active sites during 2-butenes conversion. In fact, the formation of coke at the beginning of the reaction, is known to be catalyzed by the presence of acid sites on the support and the carbonaceous deposits can enhance the catalytic activity as already reported in literature using VOx/Al2O3 prepared by classical method. [START_REF] Mcgregor | Active coke: carbonaceous materials as catalysts for alkane dehydrogenation[END_REF] This phenomenon is not observed in the case of V(=O)(OtBu)3/SiO2-200 where the acid sites are very weak.

Hence, in addition to the temperature, the support can as well influence directly the proportion of the monomers (Fig. S12), allowing the formation of a variety of elastomers by terpolymerization with different butadiene content. These results showed that using supported vanadium oxo species, 2-butenes are converted for the first time into different monomers (butadiene, ethylene and propylene) with different proportions. The mechanisms of the formation of these products are based on two elementary steps, namely-H dehydrogenation and -alkyl transfer. In fact, as reported recently for a vanadium catalyst, [START_REF] Wu | Effective Synthesis of Vanadium-Doped Mesoporous Silica Nanospheres by Sol-Gel Method for Propane Dehydrogenation Reaction[END_REF] and ethane (Scheme 1) using hydrogen released from dehydrogenation of 2-butenes to butadiene. The excess of hydrogen is also responsible for the hydrogenolysis of V-sec-butyl into butane by -bond metathesis, observed during the catalytic conversion of 2-butenes to monomers.

Conclusion

The modification of dehydroxylated SiO2-200 and Al2O3-500 by VO(OtBu) 
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 11 Figure 1. IR-spectra of silica-(200) (black) and after the grafting of VO(OtBu)3 on SiO2-(200) (red)

Figure 2 .

 2 Figure 2. 51 V MAS NMR of VO(OtBu)3/SiO2-200 (12 kHz MAS, d1 = 1s)

Figure 3 .

 3 Figure 3. Left: trans-2-butenes conversion catalyzed by VO(OtBu)3/SiO2-200 (I) at 500 °C (▲), 540 °C (•) and 580 °C (■), Right: Selectivities in ethylene, propylene and butadiene P= 1 bar, total flow= 5 mL.min -1 (20 % 2-butenes in Ar)

Scheme 1 .

 1 Scheme 1. Mechanism proposed for the formation of monomers (butadiene, propylene and ethylene) by dehydrogenation and -alkyl transfer reactions.
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 S5S6 Figure S5. XANES: of (a) [V(O)(OtBu)3] molecular complex; (b) V(O)(OtBu)3/SiO2-200; c) V(O)(OtBu)3/Al2O3-500

Figure S8 .Figure S9 .Figure S10 .Figure S11 .

 S8S9S10S11 Figure S8. Selectivity of V(O)(OtBu)3/SiO2-200,(I), catalyst in trans-2-butene conversion at 500 °C, with 1 bar pressure and 5 mL.min -1 as a total flow = (20 % of trans-2-butene in Ar)

Figure S12 .

 S12 Figure S12.Relative selectivities toward monomers obtained with (I) and (II) catalysts in trans-2-butene conversion at 540 °C, with 1 bar pressure and 5 mL.min -1 as a total flow = (20 % of trans-2-butene in Ar) after 850 min time on stream.

  

Table 1 .

 1 Positions and intensities of the pre-edge signal and edge positions in the V K-edge XANES of several vanadium samples.

	Samples	Pre-edge signal position a	Pre-edge signal	Edge position a
		(eV)	intensity b (a.u.)	(eV)
	V (0) (metal foil)			5465.1
	[V III (Mes)3•THF]	5466.6	0.55	5474.2
	[V IV (=O)SO4(H2O)x]	5469.8	0.48	5480.7
	[V V (=O)(OtBu)3]	5470.3	0.81	5481.9
	[(≡SiO)2V(=O)(OtBu)]	5470.3	0.83	5483.4
	[(≡AlO)2V(=O)(OtBu)	5470.5	0.82	5482.7

  At higher temperatures, the selectivity in α-olefins increased due to the ability of vanadium to favor butenes conversion via -alkyl transfer, resulting therefore in a lower selectivity toward butadiene. The catalytic behavior of these species in 2-butenes conversion revealed a difference in the monomer's distribution due to the nature of the support and the working temperature. The 2-butenes conversion on supported vanadium single site, allow the formation of a mixture of monomers with different butadiene content for direct terpolymerization use. Supervision, Investigation. Mostafa Taoufik: Supervision, Conceptualization, Project administration, Writing original draft, Writing review & editing.

	Credit author statement
	Jessy Abou Nakad: Methodology, Validation, Investigation, Writing -original draft. Nicolas
	Berthet: Investigation. Kai Chung Szeto: Supervision, Investigation, Methodology. Aimery
	De Mallmann:
	3 using surface
	organometallic chemistry leads to the formation of bipodal species, [(≡MO)2V(=O)(OtBu)], M
	= Si or Al. The resulting materials were characterized by several techniques such as IR, solid-
	state NMR, UV-vis, XANES and elemental analysis. Although a higher conversion was
	obtained in the case of [(≡SiO)2V(=O)(OtBu)], the relative selectivity toward monomers, more

specifically for butadiene, was higher for [(≡AlO)2VO(OtBu)]. Vanadium supported on silica favors -H elimination at lower temperature over -alkyl transfer, which leads to a higher selectivity in butadiene compared to propylene and ethylene.
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