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Introduction

Hydrogenation is the most important and relevant catalytic method to reduce a broad scope of functional groups for the synthesis of organic compounds of interest from laboratory to industrial scale. 1 Though highly active and selective hydrogenations are generally obtained under relatively mild conditions in the presence of homogeneous catalysts, 2 the separation and reuse of such catalysts are difficult and lead to contaminations of the hydrogenated products. 2,3 As a result, the development of heterogeneous hydrogenation catalysts is crucial and continues to attract research interests. 4 Metal-catalysed hydrogenation of organic compounds containing at least one C=N functionality, for instance imines and N-heterocycles, 5,6 have found large applications in industry for the synthesis of key precursors, intermediates as well as fine and bulk chemicals. 7 In particular, 1,2,3,4-tetrahydroquinoline (1,2,3,4-THQ) and its derivatives are part of an important class of compound widely found in the production of fine chemicals, pharmaceuticals, agrochemicals and petrochemicals. 8 However, by comparison to imines, the hydrogenation of quinolines and other N-heteroarenes require higher pressure and temperature conditions due to the high stability of their aromatic rings. In addition, the hydrogenation of Nheterocycles suffers from catalyst deactivation caused by poisoning through the strong interaction between the catalyst active sites and the nitrogen atom of either substrates or the resulting reduced products. From an industrial perspective, 1,9 the development of effective and selective heterogeneous catalysts for hydrogenation requires to focus on important parameters like reaction rates, chemo-and regioselectivity, functional group tolerance, stability of the catalysts without metal leaching or nitrogen compounds deactivation, mild reaction conditions, simple procedures and recyclings. During the past decade, several heterogeneous transition metal-based catalysts have been developed in order to overcome catalyst deactivation along the hydrogenation of imines and N-heterocycles. Catalysts based on rhodium, 10 platinum 11 as well as on ruthenium 12 or palladium 13 and recently on cobalt 14 were immobilized on different solid materials but, overall, several challenges remain to be met in order to develop highly active, selective, stable and reusable catalysts for the hydrogenation of imines and N-heterocycles. In heterogeneous catalysis, the nature of the solid-support materials plays a critical role in the catalytic reactions providing access to different surface, mechanical, texture, thermal, electronic, redox and acid-base properties. 15 While metal-support interactions govern the dispersion and electronic structures of metal species, substrate-support interactions offer the opportunity to assist and direct the catalyst reactivity. In the context of the hydrogenation of imines and N-heterocycles, the use of solid support materials which exhibit Brønsted and Lewis acid properties is attractive in order to activate the nitrogen substrates and therefore facilitate the catalytic hydrogenation. In addition, the use of catalysts supported on acidic materials may allow catalytic hydrogenations of pyridines without the use of an acid additive which is often required for pre-activation of N-heterocycles. 16 Along our long term research effort to develop catalysts for reduction reactions, 17,18 we have reported new palladium catalysts supported on fluorinated magnesium hydroxide which have displayed interesting acidic properties. We have demonstrated the hydrogenation of olefins to alkanes 18a and the reduction of nitroarenes to anilines 18b are effectively and selectively catalysed by these new palladium solid-support materials. Herein, we report such acidic catalysts can be prepared by two different procedures and are versatile to hydrogenate imines, quinolines and several other challenging N-heterocycles in mild conditions and without any acid additive.

Results and Discussions

Catalyst preparation and characterization

The catalysts (Pd-MgF2-x(OH)x) were prepared following 2 methods: coprecipitation or impregnation. The synthesis by coprecipitation method has been carried out as reported previously following a simple sol-gel procedure. 18 Hence, the synthesis of the palladium catalyst (1PMF-ppt) supported on fluorinated magnesium hydroxide (MgF2-x(OH)x) started by fluorination of magnesium hydroxide in the presence of aqueous HF followed by palladium impregnation during the slow precipitation of MgF2-x(OH)x initiated by addition of a methanol solution of palladium acetate at 1 wt % Pd loading. The resulting palladium material exhibited an acidic nature (total acidity: 0.29 mmol/g NH3 desorbed) relying on Lewis acid sites and a high surface area of 106 m 2 /g with palladium particle sizes in the range of 10-11 nm. Palladium dispersion was determined at 8% with Pd metal surface area of 0.37 m 2 /g. Regarding the impregnation method, the palladium catalyst (1PMF-imp) supported on magnesium hydroxy fluoride (MgF2-x(OH)x) was achieved by preparing first the magnesium hydroxyl fluoride by simple precipitation from magnesium oxide and HF in a methanol/water solvent mixture. Afterwards, the resulting solid was impregnated with palladium acetate diluted in methanol at 1 wt % Pd loading.

The powder X-ray diffraction patterns of catalysts (1PMF-imp) and (1PMF-ppt) respectively prepared by impregnation and precipitation methods appeared very similar (Figure 1). The diffraction peaks were observed at 2θ = 27.38 (110), 35.28 (101), 40.48 (111), 43.88 (201), 53.58 (211), 56.28 (220), 60.78, 68.18 (301), 77.48, and 87.48 and were typical of the magnesium fluoride phase. 18 Due to low loadings, no peaks corresponding to palladium 12c,d,f were observed in both catalysts.

The BET analysis of the catalyst (1PMF-imp) prepared by impregnation revealed a surface area of 75 m 2 /g and a pore size of 3.1 nm (Figure 2). In addition, the chemisorptions study revealed a 13.1 % metal dispersion (Table 1). By comparison, the surface area and pore size of catalyst (1PMF-ppt) were higher with 106 m 2 /g and 4.8 nm, the smaller surface area of catalyst (1PMF-imp) prepared by impregnation method being probably due to the blockage of the support pores by palladium particles. However, it was worth to note the chemisorption study revealed an improved metal dispersion for catalyst (1PMF-imp) (13.1 %) compared to catalyst (1PMF-ppt) (8 %) (Table 1). Thus, the catalyst synthesis by impregnation method resulted in a successful increase of the availability of palladium on the surface. 18,[START_REF] De Jong | Synthesis of solid catalysts[END_REF] Analyses by ammonia temperature programmed desorption (NH3 TPD) were performed to determine the total acidity and acidic strength of both catalysts and similar acidities were observed (Figure 3). The amount of ammonia desorbed from the surface was 0.80 mmol/g at 362 °C and confirmed the presence of moderate acidic sites in case of catalyst (1PMF-imp). Regarding catalyst (1PMF-ppt) synthesized by precipitation method, the amount of ammonia desorbed from surface was slightly lower with 0.76 mmol/g at 350 °C. FTIR spectra of the two catalysts prepared by impregnation and precipitation methods showed similar features (Figure 4). The vibration bands at 553 cm -1 and 461 cm -1 confirmed the presence of Mg-O and Mg-F species. 18a The broad bands at 3414 cm -1 were most likely resulting from the adsorbed water molecules and the vibrations observed at 1643 cm -1 may correspond to O-H bending vibrations due to the presence of surface O-H as a result of adsorbed water or O-H groups on surface. The observed bands in the range of 1500-1400 cm -1 and 1050-1150 cm -1 were assigned respectively to the CH3 deformations and C-O stretching vibrations from the acetate anions of the palladium salt used for the catalyst synthesis, suggesting the cationic nature of the supported palladium and therefore its oxidation state (II). However, under hydrogen, a partial reduction of catalyst 1PMF-ppt particles from palladium (II) to palladium (0) was previously observed through XPS and UV-Vis spectroscopy. 18a,b SEM and EDX analyses of both catalysts were carried out and no define morphology was observed (Figures 5 and6). EDX analysis showed a higher percentage of palladium in case of impregnated catalyst by comparison to the catalyst prepared by precipitation method (Table 2). This was in good agreement with data obtained from BET and chemisorption studies and indicated a higher amount of loaded palladium was available on the surface while using catalyst (1 PMF-imp). TEM analysis allowed to investigate the palladium particle size of the catalyst (1 PMF-imp) prepared by impregnation method (Figure 5). The palladium and magnesium fluoride particles were characterized by their typical d spacing values. The micrograph (Figure 5 B) showed the presence of palladium nanoparticles with d spacing of 0.22 nm which corresponded to (111) plane of palladium. The presence of (110) plane in magnesium fluoride particles was identified by the d spacing value of 0.32 nm, which was in good agreement with the XRD analysis. The average particle size was found to be 7-8 nm for catalyst (1 PMF-imp) prepared by impregnation method although the particle size distribution from 5 to 16 nm was broad. The TEM analysis of the catalyst (1PMF-ppt) was next performed for comparison. The particle size distribution was broad spreading from 5 to 20 nm and the average palladium particle size was found in the range of 10-11 nm which was slightly higher compared to catalyst (1PMFimp) (Figure 6). On the whole, the extensive characterizations of the synthesized catalysts revealed the catalyst (1PMF-imp) prepared by impregnation method had a higher metal dispersion and smaller palladium particles than the catalyst (1PMF-ppt) prepared by precipitation. a determined by H2 chemisorption. b GC yields. c 1a (0.5 g, 0.276 mmol), catalyst (1PMF-ppt) (0.05 g, 10 wt.%, 0.027 mol% of Pd), solvent, (15.0 mL), H2 (1 bar). d 1a (0.5 g, 0.276 mmol), catalyst (1PMF-imp) (0.05 g, 10 wt.%, 0.032 mol% of Pd), solvent, (15.0 mL), H2 (1 bar).

Catalytic hydrogenations

The first applications in catalysis focused on the hydrogenation of N-benzylideneaniline 1a as a benchmark reaction in order to optimize the experimental conditions (Table 3). Hydrogenations of imine 1a were performed in the presence of catalysts (1PMF-ppt) and (1PMF-imp) under an atmospheric pressure of H2. In methanol, a complete hydrogenation of 1a into N-benzylaniline 2a was obtained within 5 hours by using 5 wt.% / 0.013 mol% of (1PMF-ppt) catalyst at 27 °C (entries 1 and 2). The (1PMF-ppt) catalyst loading was increased to 10 and 15 wt.% (that is to say to 0.027 to 0.04 mol% palladium as determined by H2 chemisorption) allowing quantitative hydrogenations within respectively 3 and 2 hours (entries 3-5). With a (1PMF-ppt) catalyst loading of 10 wt.% / 0.027 mol% palladium, an increase of the temperature to 60 °C afforded N-benzylaniline 2a quantitatively in 2 hours of reaction (entries 6-7), shorter reaction times resulting in lower yields (entries 8-9). By comparison, the (1PMF-imp) catalyst was more active hydrogenating quantitatively N-benzylideneaniline 1a into N-benzylaniline 2a within a single hour at 60°C in methanol (entry 10). Considering the average yield obtained in 0.5 hour (entry 11), catalyst 1PMF-imp was rather similar to catalyst 1PMF-ppt requiring an activation period to be fully active. Indeed, because this catalyst contained supported palladium (II) particles as highlighted by FTIR analysis (Figure 4), a reduction into palladium (0) was likely to proceed as already observed for catalyst (1PMFppt). 18a,b By screening other solvents (entries 12-15), we noticed the efficiency of the catalysed hydrogenation decreased according the following order: methanol > ethanol > dichloroethane > toluene> n-hexane. This activity trend is in correlation with the polarity and/or protic nature of the solvents which decreases following the same order. 20 Moreover, protic solvents are commonly used in hydrogenation reactions because they promote rapid reaction by activating the substrate through coordination like H-bonding. [START_REF] Thomas | [END_REF] Hydrogenation of a series of aldimines was then investigated in methanol at 60 °C using catalyst (1PMF-ppt) at a loading of 10 wt.% / 0.027 mol% palladium (Table 4). All reactions proceeded quantitatively and selectively within few hours and without any hydrolysis of the substrates. By comparison to 1a, imines 1b and 1c bearing fluorine or methyl substituents on the N-aryl ring reacted faster affording the amines 2b and 2c with almost full conversions in 1 hour (Table 4, entries 1-3). By comparison, aldimine 1d bearing an ortho methoxy substituted aryl reacted slower leading to amine 2d in a 93% yield in 2 hours (entry 4) and the furan containing imine 1e even required 4 hours to be completely reduced in 2e (entry 5). Aldimines 1f and 1g respectively substituted by a cyclohexyl and a n-butyl were also hydrogenated quantitatively in 2 hours (entries 6 and 7). On the whole, turnover frequencies were in the range of 19 to 76 h -1 .

By comparison to aldimines, ketimines were also hydrogenated effectively at 60 °C in good to excellent yields though requiring longer reaction times (Table 5). At the exception of the more sterically hindered substrate 3d which led to alcohol 4d in a 84% yield within 10 hours reaction, ketimines 3a-c and 3e-f bearing two or three aryl substituents were hydrogenated to the corresponding alcohols in almost quantitative yields within few hours (Table 5, entries 1-6). Much slower reactions were observed for alkyl substituted ketimines 3gh which required longer reaction times and a higher hydrogen pressure (10 bar for 3h) in order to proceed well (entries 7, 8). It was worth to note cyclohexanone oxime 3i was hydrogenated quantitatively into cyclohexylamine 4i under similar conditions: 10 bar H2, 60 °C and 13 hours of reaction (entry 9). Overall, turnover frequencies were in the range of 3 to 19 h -1 .

We then applied the prepared catalysts to the catalytic hydrogenation of several Nheteroarenes. First, quinolines and then pyridine, pyrazine, acridine, and indoles were examined (Tables 6,7). By comparison to imines, these aromatic compounds required higher hydrogen pressures (20 bar) and temperatures (90 °C) as well as longer reaction times (24 -63 h) to react effectively. The hydrogenation of quinoline 5a into 1,2,3,4-tetrahydroquinoline 6a required 48 h in order to obtain a 42% yield by using catalyst (1PMF-ppt) (Table 6, entry 1). It was worth to note the application of catalyst (1PMF-imp) led to an improved yield (60%) within the same reaction time (entry 2). By comparison, 2-methylquinoline 5b reacted faster, the hydrogenated product 6b being obtained in a 90% yield within 24 h of reaction using catalyst (1PMF-ppt) (entry 3). The same catalyst allowed the quantitative hydrogenation of 8hydroxyquinoline 5c in 48 h (entry 4) but the reduction of 5-hydroxyquinoline 5d proved to be harder; the hydrogenated product 6d was obtained in a 31% yield within 48 h using catalyst (1PMF-ppt) and in a 49% yield after 60 h of reaction with catalyst (1PMF-imp) (entries 5-6). Though catalyst (1PMF-ppt) was previously shown to avoid hydrodehalogenation 11b,22 while reducing p-chloronitrobenzene into p-chloroaniline at room temperature and 1 bar H2, 18b the hardest reaction conditions applied for the hydrogenation of 2-chloroquinoline 5e led to dechlorinated product 1,2,3,4-tetrahydroquinoline 6a in a 99% yield within 48 hours (entry 7). Similarly, a decarboxylation was observed while using catalyst (1PMF-ppt) for the hydrogenation of quinoline-3-carboxylic acid 5f, 1,2,3,4-tetrahydroquinoline being quantitatively obtained within 48 hours (Entry 8). The combination of the strong reaction conditions and the acidity of catalyst (1PMF-ppt) may explain such a decarboxylation. 13f,23 By comparison, the hydrogenation of methyl quinoline-2-carboxylate 5g proceeded chemoselectively in a modest 27% yield of hydrogenated product 6g using catalyst (1PMFppt) for 48 h (entry 9). ), catalyst (1PMF-ppt) (0.005 g, 5wt.%, 0.013 mol% of Pd), MeOH (5.0 mL), 20 bar H2, 90 °C. d Substrate (0.055 mmol, 0.1 g aver.), catalyst (1PMF-imp) (0.005 g, 5wt.%, 0.016 mol% of Pd), MeOH (5.0 mL), 20 bar H2, 90 °C.

Interestingly, the application of catalyst (1PMF-imp) with a reaction time of 60 h afforded 6g in an improved 75 % yield (entry 10). On the whole, turnover frequencies were in the range of 0.4 to 2.9 h -1 . The hydrogenation of several other N-heteroarenes was subsequently studied (Table 7). It was worth to note catalyst (1PMF-ppt) allowed the straightforward hydrogenation of pyridine 7a into piperidine 8a in a 69% yield after 48 h (entry 1). Indeed, at the opposite of most of the heterogenous catalysts applied to the hydrogenation of pyridines, catalyst (1PMF-ppt) did not require the addition of an acid additive for pre-activation of the substrate and subsequent hydrogenation. 16 Under similar conditions, pyrazine 7b was quantitatively reduced into piperazine 8b (entry 2) and acridine 7c was hydrogenated selectively into 9,10-dihydroacridine in 98% yield (entry 3). Though catalyst (1PMF-ppt) did not allow any reduction of benzoquinoline 7d, catalyst (1PMF-imp) led to the hydrogenated product 8d in a 91% yield (entry 4). ), catalyst (1PMF-ppt) (0.005 g, 5wt.%, 0.013 mol% of Pd), MeOH (5.0 mL), 20 bar H2, 90 °C. d Substrate (0.055 mmol, 0.1 g aver.), catalyst (1PMF-imp) (0.005 g, 5wt.%, 0.016 mol% of Pd), MeOH (5.0 mL), 20 bar H2, 90 °C. e No reaction with catalyst (1PMF-ppt). f Substrate (0.055 mmol, 0.1 g aver.), catalyst (1PMF-imp) (0.005 g, 5wt.%, 0.016 mol% of Pd), (1R)-camphor sulphonic acid (1 eq.), dichloroethane (2.5 mL), 2,2,2 fluroethanol (2.5 mL), 20 bar H2, 90 °C. No reaction without additional acid.

Similarly, catalyst (1PMF-imp) was also necessary for the hydrogenation of indole 7e and 2methylindole 7f but, in spite the Brønsted and Lewis acidities of catalyst (1PMF-imp), the use of one equivalent of (1R)-camphor sulphonic acid 24 in a (1/1) dichloroethane and 2,2,2 fluroethanol solvent mixture was required in order to allow the reaction to proceed and recover hydrogenated products 8e and 8f in high yields (entries 5-6). On the whole, turnover frequencies were in the range of 0.9 to 1.6 h -1 . Overall, considering previous studies applying other palladium heterogeneous catalysts to the hydrogenation of N-heterocycles, 13 the present catalysts operate at a lower palladium loading (0.013 mol%) then previously reported (from 5.0 to 0.1 mol%). However, the reactions require higher temperatures, hydrogen pressures and reaction times to be effective, leading to rather modest turnover frequencies (TOF between 0.4 to 2.9 h -1 ).

The reusability of catalysts (1PMF-ppt) and (1PMF-imp) was studied for the hydrogenation of N-benzylideneaniline 1a into N-benzylaniline 2a under conditions affording reliable activity and stability features, over 11 runs and 10 recyclings (Figure 7). 9 Thus, at the end of each run, the catalyst was separated from the reaction mixture by centrifugation, washed with methanol, dried at 80 °C and used in the next catalytic assay. Regarding catalyst (1PMFppt), the first run provided N-benzylaniline 2a with 58% yield within 1 hour at 60°C (turnover frequency 21.5 h -1 ). The catalyst (1PMF-ppt) was then recycled ten times providing Nbenzylaniline 2a in 56% yield after the 10 th recycling (turnover frequency 20.7 h -1 ). By comparison, the first run with catalyst (1PMF-imp) led to N-benzylaniline 2a in a 40% yield within 0.5 hour at 60°C (turnover frequency 25.0 h -1 ). The catalyst (1PMF-imp) was subsequently recycled ten times leading to N-benzylaniline 2a in 38% yield after the 10 th recycling (turnover frequency 23.8 h -1 ). Therefore, both catalysts confirmed their good recycling ability without significant loss of activity and selectivity while keeping similar induction periods to reduce palladium particles from oxidation state (II) to (0) at the beginning of each run. Furthermore, in both cases, after a hydrogenation run, the supernatant obtained by a subsequent separation of the solid catalyst through centrifugation proved to be catalytic inactive without addition of further catalyst (see the S.I.). No palladium leaching was detected by ICP-AES analyses and, like with BET analyses (Figure S1, Table S1), TEM analyses of used catalysts PMF-ppt and PMF-imp revealed similar features to fresh catalysts (Figure 8). Indeed, for both type of catalysts, same average particle sizes were observed for fresh and used catalysts, particles being in a 10-11 nm range for used PMF-ppt catalyst and in a 7-8 nm range for used PMF-imp catalyst.

Conclusion

In summary, palladium catalysts supported on fluorinated magnesium hydroxide Pd/MgF2-x(OH)x were prepared by precipitation or impregnation methods and showed excellent catalytic activities for the hydrogenation of various C=N functionalities under rather mild reaction conditions. Aldimines and ketimines were readily reduced to the corresponding amines at 27 or 60 °C under one atmosphere of hydrogen. By using stronger temperature and hydrogen pressure (90°C and 20 bar), quinolines, pyridines and other N-heterocycles were successfully hydrogenated without the use of any acid additive. Such reactivity trend confirmed the positive effect of the acidic fluorinated magnesium hydroxide support on the N-heterocycle substrate pre-activation and therefore on the catalytic activity of the palladium nanoparticles during the hydrogenations. It was worth to note the catalyst prepared through impregnation method was the most active for the hydrogenation of several imines and N-heterocycles probably due to its higher metal dispersion and smaller palladium particles by comparison to the catalyst prepared by precipitation method. To the best of our knowledge, according to previous studies on palladium heterogeneous catalysts applied to the hydrogenation of Nheterocycles, 13 the present catalysts operate at lower palladium loadings (0.013 or 0.016 mol%) then previously reported (from 5.0 to 0.1 mol%). However, the reactions require higher temperatures, hydrogen pressures and reaction times to be effective, leading to rather modest turnover frequencies. Finally, by comparison to palladium on carbon, 13b the catalysts remain reusable at the end of the hydrogenations and are recycled up to ten times without significant loss of activity and no palladium leaching is observed under the applied catalytic conditions.

Experimental Section

Synthesis of catalyst (1PMF-ppt) by coprecipitation method 18 Under a well ventilated fume hood, a slurry of magnesium oxide (3.193 g) in 50 mL methanol and 10 mL distilled water was prepared in a 250 mL polypropylene beaker. Under stirring, a sub-stoichiometric amount of hydrofluoric acid (1.2 equivalents, 7 mL 40% aq.) was added dropwise. After dissolution of MgO in aqueous HF, palladium acetate (1 wt %) dissolved in methanol (10 mL) was then added under stirring over a period of 45 min. The reaction mixture was subsequently stirred for an additional 3 h and further heated in a water bath at 80 °C until complete evaporation of solvent and formation of a powder. Finally, the prepared catalyst (1PMF-ppt) was heated at 250 °C in air for 5 h.

Synthesis of catalyst (1PMF-imp) by impregnation method

Under a well ventilated fume hood, a slurry of magnesium oxide (3.193 g) in 50 mL methanol and 10 mL distilled water was prepared in a 250 mL polypropylene beaker. Under stirring, a sub-stoichiometric amount of hydrofluoric acid (1.2 equivalents, 7 mL 40% aq.) was added dropwise. After dissolution of MgO in aqueous HF, the slow precipitation of MgF2-x(OH)x took place and the reaction mixture was stirred for an additional 1 h. Afterwards, the resulting slurry was further heated in a water bath at 80 °C until complete evaporation of solvent and formation of a powder of MgF2-x(OH)x which was dried in an oven at 100 °C. The resulting support was then dispersed in methanol and a solution of palladium acetate (1 wt %) in methanol (10 mL) was added dropwise to the support slurry. The solution was stirred for 1 h, and then the excess solvent was removed by heating the solution at 80 °C in a water bath until formation of a powder. The prepared catalyst (1PMF-imp) was then dried in an oven at 100 °C for 1 h and subsequently heated at 250 °C in air for 5 h.

General procedure for catalytic hydrogenations of imines

Imine reagents (0.055 mmol, around 0.1 g depending the substrate) and catalyst (1PMF-ppt) (0.005 g, 5wt.%, 0.013 mol% of Pd) or catalyst (1PMF-imp) (0.005 g, 5wt.%, 0.016 mol% of Pd) were introduced in a Schlenk tube. After a vacuum purge, methanol (5 mL) was added under nitrogen and the flask connected to a balloon filled with hydrogen. After 3 vacuumhydrogen purges, the reaction mixture was heated at the given temperature under stirring for specific time. In order to follow the progress of the reaction, aliquots (0.1 mL) were taken at defined times, filtered through a pad of Celite, and washed with CH2Cl2 (3 mL). The combined solvents were evaporated under reduced pressure and products were analysed by 1 H NMR. At the end of the reaction, solvent was evaporated under vacuum and the crude product was directly purified by flash chromatography or by preparative TLC.

General procedure for catalytic hydrogenations of N-heterocycles

A 50 mL stainless-steel autoclave equipped with a magnetic stir bar was charged with the Nheterocycle reagent (0.055 mmol, around 0.1 g depending the substrate), catalyst (1PMF-ppt) (0.005 g, 5wt.%, 0.013 mol% of Pd) or catalyst (1PMF-imp) (0.005 g, 5wt.%, 0.016 mol% of Pd) and methanol (5 mL). The autoclave was then filled with hydrogen at a pressure of 20 bar after 3 purges. The reaction mixture was heated at 90 ºC under stirring for defined time. At the end of the reaction, after cooling and depressurization, the solvent was evaporated under vacuum and the crude product was directly isolated by flash chromatography or preparative TLC.

Procedure for catalyst recycling

The catalyst recycling study was carried out by using imine 1a and catalyst (1PMF-ppt) or catalyst (1PMF-imp) under optimized reaction conditions: 0.5 g imine 1a, 0.05 g catalyst (1PMF-ppt) (10 wt % catalyst with respect to substrate, 0.027 mol% of Pd) or 0.05 g catalyst (1PMF-imp) (10 wt % catalyst with respect to substrate, 0.032 mol% of Pd), 15.0 mL methanol solvent, balloon H2, 27 ºC, 2 h. At the end of the reaction, the catalyst was separated from the reaction mixture by centrifugation and the separated catalyst was washed with methanol for 2-3 times. Afterwards, the resulting solid was dried in an oven at 80 °C and subsequently used as catalyst for the next reaction under identical experimental conditions. The same procedure was repeated for the next three recycle assays.

See the Supporting Informations on the web for more experimental details (free of charge).
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 34 Figure 3. NH3 TPD profile of (a) 1PMF-ppt; (b) 1PMF-imp
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 56 Figure 5. TEM images of 1PMF-imp
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 7 Figure 7. Reusability of (a) catalysts (1PMF-ppt) and (b) (1PMF-imp).
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 8 Figure 8. TEM analyses of used catalysts (a) (1PMF-ppt) and (b) (1PMF-imp).

  

  

Table 1 . Surface characterization of catalysts Catalyst Surface area (m 2 /g) Pore size (nm) Pore volume (cc/g)

 1 

	Metal dispersion
	(%) a

a From CO chemisorptions study

Table 2 .

 2 EDX analysis of catalysts

	Entry	Catalyst	Pd	Elemental Composition (%) Mg F	O
	1	1PMF-ppt	0.78	34.17	43.46	21.59
	2	1PMF-imp	0.98	34.48	49.30	15.24

Table 3 .

 3 Catalyst loading and solvent effect on the hydrogenation of imine 1a using catalysts (1PMFppt) and (1PMF-imp).

	Entry	Catalyst (loading wt%)	Pd loading (mol%) a	Solvent	Time (h)	T (°C)	Yield (%) b
	1 c	1PMF-ppt (5)	0.013	methanol	2	27	12
	2 c	1PMF-ppt (5)	0.013	methanol	5	27	99
	3 c 1PMF-ppt (10)	0.027	methanol	2	27	58
	4 c 1PMF-ppt (10)	0.027	methanol	3	27	99
	5 c 1PMF-ppt (15)	0.040	methanol	2	27	99
	6 c 1PMF-ppt (10)	0.027	methanol	2	40	80
	7 c 1PMF-ppt (10)	0.027	methanol	2	60	99
	8 c 1PMF-ppt (10)	0.027	methanol	1	60	58
	9 c 1PMF-ppt (10)	0.027	methanol	0.5	60	22
	d 1PMF-imp (10)	0.032	methanol	1	60	99
	d 1PMF-imp (10)	0.032	methanol	0.5	60	40
	c 1PMF-ppt (10)	0.027	ethanol	2	27	40
	c 1PMF-ppt (10)	0.027	toluene	2	27	15
	c 1PMF-ppt (10)	0.027	n-hexane	2	27	12
	c 1PMF-ppt (10)	0.027	dichloroethane	2	27	18

Table 4 .

 4 Hydrogenation of aldimines 1a-g using catalyst (1PMF-ppt).

	Entry	Substrate	Product	Time (h) Yield (%) a TOF (h -1 ) b
	1			2	99 c	38
	2			1	99	76
	3			1	99	76
	4			2	93	36
	5			4	99	19
	6			2	99	38
	7			2	99	38

a GC yields. Substrate (0.055 mmol / 0.1g of 1), catalyst (1PMF-ppt) (0.005 g, 5 wt.%, 0.013 mol% of Pd), MeOH 5.0 mL, H2 1 bar, 60 °C.

b 

Turnover frequency = mol of product/mol of catalyst/hour. c Same result with catalyst 1PMP-imp (0.005 g, 5 wt.%, 0.016 mol% of Pd), MeOH 5.0 mL, H2 1 bar, 60 °C for 1 h, TOF 62 h -1 .

Table 5 .

 5 Hydrogenation of ketimines 3a-i using catalyst (1PMF-ppt).

	Entry	Substrate	Product	Time (h) Yield (%) a TOF (h -1 ) b
	1			4	95	18
	2			4	99	19
	3			4	99	19
	4			10	84	6
	5			4	99	19
	6			5	99	15
	7			18	99	4
	8			13	55 c	3
	9			13	99 d	6
	a GC yields. Substrate (0.055 mmol, 0.1 g aver.), catalyst (1PMF-ppt) (0.005 g, 5 wt.%, 0.013 mol% of Pd), MeOH (5.0
	mL), H2 (1bar), 60 °C. b Turnover frequency = mol of product/mol of catalyst/hour. c 10 bar H2, 91% yield in 48 h. d 10 bar
			H2 and 25 °C.	

Table 6 .

 6 Hydrogenation of quinolines 5a-g using catalysts (1PMF-ppt) and (1PMF-imp).

	Entry	Substrate	Product	Catalyst	Time	Yield	TOF b
					(h)	(%) a	(h -1 )
	1			1PMF-ppt c	48	42	0.7
	2			1PMF-imp d	48	60	0.8
	3			1PMF-ppt c	24	90	2.9
	4			1PMF-ppt c	48	99	1.6
	5			1PMF-ppt c	48	31	0.5
	6			1PMF-imp d	60	49	0.5
	7			1PMF-ppt c	48	99	1.6
	8			1PMF-ppt c	48	99	1.6
	9			1PMF-ppt c	48	27	0.4
	10			1PMF-imp d	60	75	0.8

a GC yields.

b 

Turnover frequency = mol of product/mol of catalyst/hour. c Substrate (0.055 mmol, 0.1 g aver.

Table 7 .

 7 Hydrogenation of other N-heteroarenes 7a-f using catalysts (1PMF-ppt) and (1PMF-imp). Turnover frequency = mol of product/mol of catalyst/hour. c Substrate (0.055 mmol, 0.1 g aver.

	Entry	Substrate	Product	Catalyst	Time	Yield	TOF b
					(h)	(%) a	(h -1 )
	1			1PMF-ppt c	48	69	1.1
	2			1PMF-ppt c	48	99	1.6
	3			1PMF-ppt c	48	98	1.6
	4			1PMF-imp d,e	48	91	1.2
	5			1PMF-imp f	60	86	0.9
	6			1PMF-imp f	60	93	1.0

a GC yields.

b 

Acknowledgments

This collaborative work was carried out under CNRS International Associated Laboratory program " Functionalized MATerials for SUstainable CATalytic and Related Applications -MATSUCAT" between CSIR (NCL, Pune) India and CNRS (UCCS, Lille) France. RSK acknowledges CSIR for fellowship. The CSIR, the CNRS, the Chevreul Institute (FR 2638), the Ministère de l'Enseignement Supérieur et de la Recherche, the Région Nord -Pas de Calais and the FEDER are acknowledged for supporting and funding partially this work. Mrs Celine Delabre (UCCS) is thanked for her help with GC and GC-MS analyses.

Author contribution

Dr. Reshma Kokane: catalyst preparation, substrate synthesis, data collection, analysis and writing-editing. Dr. Yann Corre: substrate synthesis, data collection, analysis. Pr. Erhard Kemnitz, Dr. Mohan K. Dongare and Dr. Francine Agbossou-Niedercorn: catalyst design and designing of research. Dr. Christophe Michon: designing of research, data collection, analysis and writing-editing. Dr. Shubhangi B. Umbarkar: catalyst design, designing of research and writing-editing.

Conflicts of interest

There are no conflict to declare.