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Gem-diols-type intermediate of Ketone Activation on Sn-β Zeolite as Studied by Solid-state NMR Spectroscopy

 C MAS NMR experiments together with density functional theory calculations suggest that the gem-diols-type species exhibits high reactivity and can serve as an active intermediate in the Meerwein-Ponndorf-Verley-Oppenauer (MPVO) reaction of acetone with cyclohexanol. The gem-diolstype species offers an energy-preferable pathway for the direct carbon-to-carbon hydrogen transfer between ketone and alcohol. The results provide new insights into the transformation of carbonylcontaining molecules catalyzed by Lewis acid zeolites.

Introduction

The catalytic conversion of renewable biomass has particularly attracted a lot of attention because it provides a viable route for the production of biofuels or chemicals, while reducing the use of fossil resources and mitigating global warming [1] . Conversion of biomass feedstock consists in the production of low-weight intermediates that feature multiform oxygenic groups, such as carbonyl, hydroxyl and ether groups and further upgrading of these materials to fuel components or chemical intermediates. Because of the high oxygen content and the intrinsic reactivity of the oxygenic groups, the transformation of biomass-derived materials in liquid-phase under mild reaction conditions is preferred. Lewis acid zeolites and zeo-type materials are promising catalysts in the field of biomass valorization [2] , such as conversion of glycerol and sugars to high-value chemicals. Specifically, metal (e.g., Sn, Ti, Zr, Ta, etc.) modified zeolites are intensively studied due to their hydrophobic nature and distinct activity for converting a number of oxygenated molecules under mild condition [3] .

Carbonyl groups exist in a wide range of biomass-derived materials. For example, ketones, carboxylic acids and aldehydes are the main components in bio-oil derived from biomass pyrolysis [4] . The conversion of carbonyl-containing molecules often involves deoxygenation and rearrangement of C-C bonds. The Meerwein-Ponndorf-Verley carbonyl reduction of aldehydes and ketones and the complementary Oppenauer oxidation of alcohol (MPVO) is an important reaction in the selective reduction of carbonylcontaining compounds with secondary alcohols [5] , which offers a conceptually ideal approach for intra-or inter-molecular hydrodeoxygenation of biomass-derived ketones without consumption of hydrogen [3f, 6] . The MPVO reaction entails the presence of Lewis acid metal centers in the catalyst [7] . Among the widely explored solid Lewis acids [8] , Sn incorporated Beta (Sn-β) zeolite is demonstrated to be the most active and selective catalyst [3f, 3h, 6a, 6b] .. The superior performance of Sn-β zeolite is due to the generation of Lewis acidic Sn sites in the hydrophobic zeolite channels [9] .

Considerable efforts have been devoted to determine the nature of Sn active catalytic site [9a, 10] , which is particularly challenging under reaction conditions due to the variation of metal site speciation. Partially hydrolyzed Sn site (open site, (SiO)3Sn-OH), fully coordinated (closed site, (SiO)4Sn) Sn site and extraframework SnO2 particles are supposed to be formed on Sn-β zeolites depending on the preparation method. It was indicated in MPVO reaction the initial reaction rate linearly correlated with the amount of open Sn site [11] . As indicated by Na + , NH3 and pyridine poisoning experiments, the open site exhibits a higher reactivity in the isomerization of glucose [10d, 12] . Though the extra-framework SnO2 species is not often considered as active sites [13] , the work by Davis and co-workers concluded that isomerization of glucose to fructose occurs on both framework and extra-framework Sn sites encaged in the hydrophobic channels of Sn-β zeolite [10a] . Understanding of the metal speciation and further controlling their distributions is important to gain insight into the catalytic behavior of Sn-β zeolite and the underlying reaction mechanism.

The activation of carbonyl-containing molecules on Sn-β zeolites has been widely attributed to a coordination of the carbonyl group to the Sn site. For Baeyer-Villiger (BV) oxidation that allows the transformation of ketones into esters or lactones, the Sn site activates the carbonyl group which favors the attack by nucleophilic hydrogen peroxide [14] .. In the theoretically predicted pathway of MPVO reaction, the key step is the adsorption of ketone and alcohol to the framework Sn site, forming a six-membered cyclic transition state which facilitates the hydride transfer from the alcohol to the carbonyl group [11] . It is well-recognized that the formation of carbonyl complex with Sn site enables the polarization of carbonyl group with increased electrophilicity. The coordination of carbonyl groups could exist in different modes, which influence the reactivity of the carbonyl complex [7] . Although many reaction mechanisms involving carbonyl groups have been proposed on Sn-β zeolite, the activation of carbonyl group has not been experimentally explored. Insight into the nature of the carbonyl group derived intermediates is critical for a better understanding of the active site on Sn-β and the organic reactions that involve carbonyl groups.

Solid-state NMR is a powerful tool in the field of heterogeneous catalysis for characterizing the active sites and reaction intermediates on zeolites [15] . In our previous work, the open Sn site was selectively observed and quantitatively determined on hydrothermally synthesized Sn-β zeolite by proton-detected 1 H/ 119 Sn solid-state NMR correlation spectroscopy [10f] . Reversible transformation between open and closed Sn sites occurs upon hydration and dehydration treatment of the sample, which allows for a facile control of the generation of the two types sites on Sn-β zeolite. Here, we establish an experimental understanding of the activation of carbonyl groups in MPVO reaction over Sn-β zeolite, which is corroborated by theoretical calculations. Acetone and cyclohexanol are selected for the reaction, since they are often used as model substrates in theoretical studies [11,[START_REF] Klomp | [END_REF] . By using 13 C, 119 Sn and 13 C-119 Sn double-resonance MAS NMR techniques, the formation of a surface gem-diols-type species is identified in the activation of acetone on the open Sn site via -OH nucleophilic addition on carbonyl group. The gem-diols-type species plays an intermediate role in the reaction of acetone with cyclohexanol via the MPVO process, which facilitates the six-membered carbon-to-carbon hydrogen transfer between ketone and alcohol.

Results and Discussion

Identification of gem-diols-type species on Sn-β zeolite.

All Sn-β zeolites with 1.2 wt.% of Sn were synthesized by direct hydrothermal method [14a] (see details in the supporting information). A pure silica β zeolite (denoted as Si-β) was also synthesized with the same method used for comparison. For solid-state NMR analysis, 119 Sn-enriched 119 Sn-β zeolite was prepared by using 119 Sn metal foil (with 97.4 % 119 Sn abundance) as the Sn source. A detailed physical characterizations including X-ray powder diffraction (XRD), scanning electron microscopy with energy dispersive spectroscopy (TEM-EDS), and diffuse reflectance ultraviolet-visible spectroscopy (DR-UV-vis) were conducted in our previous work [10f] , which showed that all the obtained samples were well crystallized with the topological structure of zeolite β and the metal Sn atoms were homogeneously incorporated into the zeolite framework. The activation of acetone on Sn-β zeolite was monitored by solid-state 13 C NMR spectroscopy at room temperature in order to avoid side reactions. Figure 1a andb shows the 1 H→ 13 C cross-polarization under magic-angle spinning (CP MAS) spectra obtained from [2- 13 C]-acetone adsorption on Sn-β zeolite dehydrated at 393 K. We previously showed that both open and closed Sn sites were generated, with the amount of open Sn site being 17% of total Sn content on the zeolite. Two signals at 76 and 229 ppm were observed at low [2- 13 C]-acetone loading (30 µmol/g) (Figure 1a), where the mole ratio of acetone to Sn atoms is approximately 0.3. Increasing the loading of [2- 13 C]-acetone to 100 µmol/g (with the mole ratio of acetone to Sn atom being about 1) leads to two new signals at 217 ppm and 29 ppm (Figure 1b). In a control experiment, the physisorbed [2- 13 C]-acetone molecules on Si-β zeolite channels produce 13 C signals of carbonyl carbon at 206 ppm and of methyl group at 29 ppm (Figure S1). Therefore, the observed deshielding signals at 217 and 229 ppm in Sn-β zeolite can be assigned to acetone adsorbed on different Lewis acidic Sn sites [17] . The 76 ppm signal in the region of chemical shift for single carbonoxygen bond should be produced by the interaction of carbonyl carbon of [2- 13 C]-acetone with Sn site, similar to the adsorbed alcohol or surface alkoxide [18] . To explore the interaction of alcohol with Sn site, 13 C-labelled [2- 13 C]-iso-propanol was deliberately adsorbed on Sn-β zeolite. As shown in the 13 C NMR spectrum (Figure S2), both the physisorbed isopropanol and iso-propyl alkoxy species generated by the dehydration of iso-propanol are observed on the zeolite, which produce methenyl signals at 69 and 72 ppm, respectively. In organic chemistry synthesis, the attack of oxygen containing nucleophiles (e.g., H2O and OH -) on the carbonyl group of aldehydes and ketones usually leads to an unstable gem-diols structure [START_REF] March | Advanced Organic Chemistry[END_REF] . Recently, the stable gem-diolstype species were identified in carbonyl-containing organic compounds, such as formylpyridine [START_REF] Crespi | [END_REF] and imidazole [21] derivatives, which have 13 C chemical shift fingerprints in the range of 70~100 ppm. Thus, it is most likely that the -OH group of the open Sn site is involved in the nucleophilic attack on the carbonyl group of adsorbed [2- 13 C]-acetone producing a gem-diols-type species, which probably resonates at 76 ppm in the 13 C NMR spectrum.

We have shown that the open Sn site can be transformed into closed site upon the dehydration treatment of the sample at temperature up to 673 K [10f] . In order to differentiate the two types of Sn sites for the adsorption of acetone and the formation of the gem-diols-type species, the activation of acetone was also performed on Sn-β zeolite dehydrated at higher temperature of 673 K, where the closed Sn sites are predominant. As shown in Figure 1c andd, the 76 ppm signal was remarkably reduced on the samples with different acetone loadings compared to that in Figure 1a and 1b, indicating that the open Sn site should be responsible for the formation of the gem-diols-type species. The activation of acetone occurring at room temperature points to a high activity of the open Sn site toward the carbonyl group. The 217 and 229 ppm signals are still observable, which can thus be attributed to the adsorbed acetone on the closed Sn sites. These adsorbed acetones cannot be directly activated at this condition. In addition to the physisorbed acetone at ca. 210 ppm, the new signal at 174 ppm is due to formate species [22] , which could be due to the oxidation of acetone molecules on the highly dehydrated sample.

The coordination of the gem-diols-type group to the Sn site was further explored by solid-state NMR experiment (Figure 2). In particular, the 13 C{ 119 Sn} symmetry-based rotational-echo double-resonance (S-REDOR) method [15b, 23] (Figure S4) was utilized, which allows for detection of the dipolar interaction between the 13 C atom in the gem-diols-type group and the proximate 119 Sn atom in Sn-β framework. For the Sn site bound to gem-diols-type species, the associated 13 C signal will be modulated by the 13 C-119 Sn dipolar interaction under 119 Sn irradiation in the 13 C{ 119 Sn} S-REDOR experiment. The activation of [2-13 C]acetone was performed on 119 Sn-enriched 119 Sn-β at the same condition as that of Figure 1b. As shown in Figure 2a, the dephasing under 13 C-119 Sn dipolar interaction was estimated by calculating the difference spectrum (ΔS = S0-S), obtained by subtracting the 13 C NMR spectrum with 119 Sn irradiation (S) from that without 119 Sn irradiation (S0). The 76 ppm signal is obviously observed in the difference spectrum (ΔS), providing compelling evidence on the spatial proximity/interaction between the gem-diols-type group and the open Sn site in 119 Sn-β.

The formation of the Sn bound species is also reflected in the 119 Sn MAS NMR spectra (Figure 2b). The three signals at -681, -686 and -700 ppm observed on the hydrated Sn-β belong to octahedral Sn sites formed by adsorption of water molecules on tetrahedral Sn sites [10a, 14a] . In comparison, the tetrahedral Sn sites produce a set of signals at -422, -429, -441 and -446 ppm on Sn-β dehydrated at 393 K. After acetone was adsorbed on 119 Sn-β dehydrated at 393 K, pentahedral Sn sites at -578 ppm and hexahedral Sn sites at -686 ppm are observed due to the coordination of one or two acetone molecules to the tetrahedral Sn sites respectively [24] . Interestingly, a broad and upper-field signal appeared at -491 ppm. Since the gemdiols-type species was generated on the sample, this new signal can be ascribed to the open Sn sites bound to gem-diols group. The distribution of local environment induced by the bound organic group leads to the line broadening of the 119 Sn signal.

In order to understand the generation of the observed gem-diols species and gain information on its structure, density functional theory (DFT) calculations were performed on the activation of acetone on the open Sn site. A periodic model of the open Sn site in Sn-β zeolite was used for the theoretical analysis, in which the thermodynamically preferred open Sn site was located at T9 lattice position of zeolite framework [25] (Figure S3). Figure 3 S3), which was found to have no influence on the activation of acetone.

Taking above results together, it can be confirmed that acetone adsorbed on the open Sn site is readily attacked by the nearby Sn-OH group via the nucleophilic addition producing the surface gem-diols-type species. In analogue to multifunctional organometallic compounds [26] , the gem-diols-type group does not exist as a free species but in form of metal complex. This indicates the critical role of the active open Sn site in stabilizing the gem-diols-type species in Sn-β zeolite.

Reactivity of gem-diols-type species.

The observation of the stable gem-diols-type group on Sn-β allows us to probe its reactivity in catalytic reactions. The reduction of acetone with cyclohexanol via MPVO process was used as the model reaction. The high yields and product selectivity of MPVO reaction would facilitate the species determination by NMR experiments. Cyclohexanol in natural abundance was introduced onto Sn-β on which the gem-diolstype species was pre-produced by the adsorption of [2- 13 C]-acetone. The Sn-β samples were dehydrated at different temperatures to control the amount of both open sites and gem-diols-type species. The reactions were performed at room temperature to avoid side reactions. The loading of cyclohexanol were varied. As shown in the 1 H→ 13 C CP MAS NMR spectrum of Sn-β dehydrated at 393 K (Figure 4a), the gemdiols-type species at 76 ppm was notably reduced after introducing a small amount of cyclohexanol (100 µmol/g) compared to that observed in Figure 1b. The concomitant appearance of 72 ppm signal is ascribed to iso-propyl alkoxy species similar to that produced by the adsorption of iso-propanol on Sn-β zeolite (Figure S2), resulting from the transformation of the gem-diols-type species. Increasing the loading of cyclohexanol (up to 300 µmol/g) leads to a further decline of the gem-diols-type species (76 ppm) (Figure 4b). Meantime, a decrease of isopropyl alkoxy species (72 ppm) is also evident. In addition, a new signal appears at 69 ppm, indicating the formation of iso-propanol molecule via the reaction of iso-propyl alkoxy species with water molecules. This suggests a consecutive reduction of the gem-diols-type species by cyclohexanol producing water. Note that a weak signal appears at 42 ppm as well, which can be assigned to the methylene 13 C atom on the ring of cyclohexanone (Figure 4b and Figure S5). The formation of isopropanol and cyclohexanone demonstrates that the MPVO reaction proceeds on Sn-β.

The reactions were also carried out on the highly dehydrated Sn-β at 673 K (Figure 4c andd), on which the gem-diols-type species is markedly reduced due to the decrease of the open Sn site. The weak signal observed at 72 ppm indicates that only a small amount of iso-propyl alkoxy species was produced, while iso-propanol molecule (69 ppm) can be hardly observed, even at a higher loading of cyclohexanol (300 µmol/g). This indicates that the MPVO reaction is very limited on the highly dehydrated Sn-β due to the unfavorable formation of the gem-diols-type species. It may therefore be conjectured from these observations that the gem-diols-type species acts as the active intermediate in the MPVO reaction of ketones and alcohols.

Role of gem-diols-type species in MPVO reaction

The role of gem-diols-type species was further studied in the MPVO reaction. Direct hydrogen transfer and hydridic route have been proposed for the MPVO reaction in the literature [27] (Figure S6). To get direct information on the reaction route on Sn-β, an isotope tracer experiment was performed on the reaction of cyclohexanone and [2-2 H]-iso-propanol, which is the reverse of MPVO reaction of cyclohexanol with acetone, the products were analyzed by liquid-state 13 C NMR (Figure S7). The spectra provides strong evidence that the deuterium atom at the C-2 position of [2-2 H]-iso-propanol reactant moved onto the C-1 position of cyclohexanol product, unambiguously demonstrating that the MPVO reaction on Sn-β zeolite undergoes a direct carbon-to-carbon hydrogen transfer route, in agreement with previous hypothesis [11, 27a, 28] .

The direct carbon-to-carbon hydrogen transfer route is generally supposed to proceed through a sixmembered cyclic transition state composed of adsorbed alcohol and ketone coordinated to the Lewis metal center (Figure S6a) [START_REF] Klomp | [END_REF] . Due to the lack of insight into the activation of reactant, the exact process leading to the carbon-to-carbon hydrogen transfer remains not well understood. DFT calculations were performed on the elementary steps with focus on part B to gain mechanistic insight into the reaction of the gem-diols-type species toward the formation of the Co-ADS complex. Figure 5 shows the optimized local structures and the corresponding reaction profile of elementary steps (steps 3-4). We have shown the facile formation of the GEM (Figure 2 Sn site with a notably exothermic process (-45.1 kcal/mol). A subsequent deprotonation of the adsorbed cyclohexanol by the neighboring hydroxyl group in the GEM proceeds with an activation barrier of 4.2 kcal/mol, resulting in the formation of co-adsorbed ketone and alkoxy species (Co-ADS). The low activation barrier is consistent with the above experimentally observed high reactivity of GEM. The subsequent production of isopropanol and cyclohexanone involving a six-membered cyclic transition state (part C and D) follows the similar steps as described in previous theoretical studies of the MPVO reaction [11,[START_REF] Klomp | [END_REF] .

The co-adsorption of ketone and alcohol on the open Sn site was proposed for the formation of the Co-ADS complex in a previous computational study [11] . The similar process for acetone and cyclohexanol was analyzed by DFT calculations for comparison. The optimized structures for the co-adsorption pathway and calculated reaction profile are given in Figure S8. The adsorption energies (Eads), activation energies (Ea) and reaction energies (Er) are listed in Table 1, in which the data obtained from Figure 5 are included. In all respects, the GEM intermediate pathway is both thermodynamically and kinetically Eads: cyclohexanol adsorption energy, Ea: activation energy for the formation of Co-ADS complex, Er: reaction energy (ECo-ADS-EGEM/Ace-cyc).

preferred over the co-adsorption route as it provides a stronger cyclohexanol adsorption and lower activation energy for the following deprotonation process along with a more stabilized Co-ADS complex (more negative Er value). Thus, it can be concluded from the experimental and DFT results that the GEM is formed as an active intermediate in the MPVO reaction on Sn-β zeolite. The role of the GEM intermediate is twofold. First, the formation of GEM enhances the adsorption capacity of the Sn site for alcohol. Second, it provides a favorable pathway for the activation of the adsorbed alcohol, enabling a facile formation of the six-membered cyclic transition state for hydrogen transfer (part C in Scheme 1).

Conclusion

The activation of ketone and its transformation on Sn-β was investigated by combined solid-state NMR experiments and DFT calculations. Acetone can be readily activated on partially dehydrated Sn-β at room temperature, where the open Sn site acts as the active site. The gem-diols-type species is for the first time observed and identified as the stable surface species bound to the open Sn site by 13 C{ 119 Sn} doubleresonance NMR experiments. DFT calculations revealed that the polarized carbonyl group of acetone coordinated to Sn atom is susceptible to nucleophilic attack by the spatially proximate Sn-OH group, responsible for the formation of the gem-diols-type species. The surface gem-diols-type species shows high reactivity towards cyclohexanol, which leads to a facile formation of iso-propanol and cyclohexanone via the MPVO process. Although the direct carbon-to-carbon hydrogen transfer has been well-recognized as the key step in the MPVO reaction, our experiments and DFT calculations demonstrate that the gemdiols-type species can serve as an active intermediate, providing an energy-favorable route for the direct hydrogen transfer reaction. The results presented herein will be helpful for understanding the reaction of ketone catalyzed by Lewis acid zeolite and the carbonyl chemistry.

Figure 1 .

 1 Figure 1. 1 H→ 13 C CP MAS NMR spectra of (a) 30 µmol/g and (b) 100 µmol/g of [2-13 C]-acetone adsorbed on Sn-β zeolite dehydrated at 393 K, (c) 30 µmol/g and (d) 100 µmol/g of [2-13 C]-acetone adsorbed on Snβ zeolite dehydrated at 673 K.

Figure 2 .

 2 Figure 2. (a) 13 C{ 119 Sn} S-REDOR S0, S and ΔS spectra of 100 µmol/g of [2-13 C]-acetone adsorbed on 119 Sn-β dehydrated at 393 K probing the spatial proximity between tin atoms and gem-diols-type group. (b) 119 Sn MAS NMR spectra of hydrated 119 Sn-β (top), dehydrated 119 Sn-β before (middle) and after (bottom) adsorption of 100 µmol/g of [2-13 C]-acetone to produce gem-diols.

Figure 3 .

 3 Figure 3. DFT optimized local structures and reaction profile for the formation of gem-diols species on open Sn site. The energy is provided in kcal/mol, relative to the sum of the energy for gas ketone and isolated Sn-β zeolite. The main interatomic distances are given in Å. susceptible to nucleophilic attack at the C atom by the spatially proximate -OH group associated with the open Sn site (C-O distance being 3.292 Å). The bonding of the -OH group to the carbonyl carbon atom produces the surface gem-diols-type species (GEM) with an energy barrier of 14.4 kcal/mol and reaction energy of 8.5 kcal/mol. This low energy barrier is consistent with the experimental observation of the acetone activation on the open Sn site. A neighboring Si-OH group was also considered in the optimized structure (FigureS3), which was found to have no influence on the activation of acetone.

Figure 4 .

 4 Figure 4. 1 H→ 13 C CP MAS NMR spectra of (a) 100 µmol/g and (b) 300 µmol/g of isotopically unmodified cyclohexanol adsorbed on Sn-β zeolite dehydrated at 393 K, where 100 µmol/g of [2-13 C]-acetone was preadsorbed as well as (c) 100 µmol/g and (d) 300 µmol/g of isotopically unmodified cyclohexanol adsorbed on Sn-β zeolite dehydrated at 673 K, where 100 µmol/g of [2-13 C]-acetone was pre-adsorbed.

  Scheme 1. Proposed catalytic cycle for the reaction between acetone and cyclohexanol on Sn-β zeolite.

Figure 5 .

 5 Figure 5. DFT optimized local structures and reaction profile for the formation of Co-ADS adsorption state from GEM. The energy is provided in kcal/mol, relative to the sum of the energy for gas acetone, cyclohexanol molecules and isolated Sn-β zeolite. The main interatomic distances are provided in Å.

Table 1 .

 1 Calculated energies (in kcal/mol) for the GEM intermediate and Co-adsorption routes toward Co-ADS complex depicted in Figure5and FigureS8.

			Deprotonation
	Pathway	Eads		
			Ea	Er
	GEM intermediate	-45.1	4.2	-4.9
	Co-adsorption	-40.7	5.6	-0.8
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