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molecules. As an illustration, from the 187.000 marketed sixmembered rings, 138.000 are benzene derivatives, while only 10.000 are cyclohexane-based derivatives. 10 For this reason, the development of general methodologies for the stereoselective reduction of multiple substituted aromatic compounds is of paramount importance. In the past decade, notable achievements for the hydrogenation of (hetero)arenes were realised, especially in the case of nitrogen heterocycles, which have an additional defined coordination site as well as lower stabilisation energy. In this respect, the groups of Glorius, 11,12 Du, 13,14 Chirik, 15 Stoltz 16 or more recently Crudden 17 developed protocols utilising either specific homogeneous catalysts, frustrated Lewis pairs or took advantage of auxiliary based approaches. An interesting system for the cis-hydrogenation of non-functionalised arenes was reported by Delferro and Marks, who used a supported organozirconium catalyst with remarkable selectivity. 18 Likewise, a molybdenum pincer complex developed by Chirik and co-workers permits the diastereoselective hydrogenation of substituted benzene rings. 19 However, both systems were inactive in the reduction of heteroarenes. Other stimulating examples for highly diastereoselective reduction of arenes and pyridines including fluorinated compounds were reported by Glorius and coworkers 20,21 utilising rhodium-cyclic (alkyl)(amino)carbene (CAAC) complexes. Obviously, for many applications the use of a robust heterogeneous catalyst would be preferable compared to more sensitive organometallic complexes vide supra; however, such supported catalysts are primarily used for hydrogenation of unsubstituted (hetero)arene hydrogenation and diastereoselective examples are rare. [22][23][24][25] Ru:Phen(1:2 )@TiO2 -800 H 2 (10 bar) Speaking of di-substituted (hetero)arene hydrogenation in the presence of heterogeneous catalysts the cis-product is naturally favored, 26,27 but often mixtures of diastereomers are obtained. 28,29 A notable exception is the report of Glorius for the trans-hydrogenation of phenols. 30 Nevertheless, the development of a versatile, additive-free heterogeneous catalyst system for the hydrogenation of both arenes and heteroarenes is desirable and would constitute a valuable expansion to the current methodologies. In this respect, herein we present a general protocol for the diastereoselective preparation of substituted piperidines and cyclohexanes from the corresponding inexpensive pyridine or arene starting materials. To complement our cobalt nanoparticles, 27 this mild and benign methodology makes use of a reusable heterogeneous Ru catalyst in water/isopropanol as solvent and allows highly selective hydrogenations of industrially relevant substrates. In comparison to our previous work, hydrogenation is permitted at lower metal loading, temperature, and hydrogen pressure. We commenced our work by testing various commercially available heterogeneous ruthenium catalysts for the diastereoselective hydrogenation of 2,6-lutidine as model substrate. Gratifyingly, moderate to good yields and very good diastereoselective ratios (d.r.) of 95:5 for the cis-hydrogenated product were obtained (Table 1, entries 1-4). Considering our group's previous works in the preparation and application of supported nanoparticles for various reduction reactions, we synthesised a novel Ru:Phen(1:2)@TiO 2 -800 [START_REF]This abbreviation denotes Metal:Ligand(ratio)@Support-Pyrolysis temperature[END_REF] material and investigated its hydrogenation performance. Applying this material, similar yields of 2a but increased d.r. was observed. Variation of reaction conditions showed this catalyst to be active even at room temperature and 10 bar of hydrogen pressure (Table 1, entries 5-7). Using a water:isopropanol (1:1) solvent mixture drastically increased the yield to 93%. Notably, using this optimised reaction conditions, commercially available materials presented different activities (Table S4).

An advantage of heterogeneous catalysts vs. their homogeneous counterparts is the easy removal of the former from reaction mixtures by simple filtration. Moreover, catalyst recycling is in general feasible, after catalyst reactivation if required. Accordingly, we evaluated the reusability of Ru:Phen(1:2)@TiO 2 -800 for the model reaction. In fact, no substantial loss of activity or selectivity was observed after four reuses of the catalyst without reactivation in between the runs (see Figure S4). This result is in accordance both with the scanning transmission electron microscopy (STEM) analyses showing no major structure change after the reaction, and the absence of Ru detected by ICP-AES in the reaction mixture after one run.

The fresh and the recycled catalysts were investigated by STEM and energy dispersive X-ray spectroscopy (EDX). As can be seen in Figure S1, ruthenium forms groups of rather small particles between 1 and 9 nm in the as-prepared catalyst. These particles are mainly surrounded by a matrix of carbon and little nitrogen as one would expect from the synthesis procedure (Figure S2). In the case of being part of the carbon/nitrogen matrix the Ru particles appear separated from TiO 2 (Figure S1a), but also regions with closer spatial contact of Ru and TiO 2 exist (Figure 1, Figure S1b). The recovered catalyst after reaction is very similar to the fresh one (Figure S1c), which underlines the good recyclability of this material. Additionally, a few larger ruthenium particles with sizes of up to 20 nm are found (Figure S1d). The number of these larger Ru nanoparticles is however low implying a negligible influence on the catalytic performance of the material after recycling. The fresh and recycled catalyst were further characterised by X-ray photoelectron spectroscopy (XPS). At their surfaces mainly C, O, Ti, N, and Ru Scheme 2 Substrate scope of the diastereoselective hydrogenation of pyridines and arenes. Reaction conditions: 1 (0.5 mmol), Ru:Phen(1:2)@TiO 2 -800 (0.4 mol% of Ru, 10 mg), H 2 O (1 mL), i PrOH (1 mL), H 2 (10 bar), 17 h. b Ru:Phen(1:2)@TiO 2 -800 (0.8 mol% of Ru, 20 mg). c Dimethyl terephthalate (10 g), Ru:Phen(1:2)@TiO 2 -800 (514 mg), H 2 O (50 mL), i PrOH (50 mL), H 2 (40 bar), 80 °C, 17 h. species can be found, see quantification table for details (Table S2). The concentration of Ru at the surface of the fresh catalyst measured by XPS is about 1.7 at.% compared to 1.5 at.% for the recovered catalyst. However, Ru 3d and C 1s regions strongly overlap as can be seen in Figure S3c andS3d. Peak deconvolution leads to a binding energy of the Ru 3d 5/2 peak of 280.3 eV for the fresh catalyst, thus suggesting Ru 0 as the main oxidation state of ruthenium. [START_REF] Morgan | [END_REF] For the recycled catalyst a small peak at about 281.5 eV appears, which can be attributed to a slight oxidation of the Ru to RuO 2 . The Ti 2p 3/2 peak for both samples has a binding energy of 459.0 eV which is characteristic for Ti 4+ . The N 1s region in Figure S3a and S3b is deconvoluted with four peaks, characteristic for pyridinic (398.5 eV), pyrrolic (399.9 eV), graphitic (401.0 eV), and oxidised pyridinic (403.0 eV) nitrogen species. 33,34 Whereas for the fresh catalyst mainly graphitic nitrogen can be found, pyridinic, pyrrolic, and oxidised pyridinic nitrogen peaks are stronger in the recycled catalyst, see Figure S3b.

Having a suitable catalyst material and optimised reaction conditions in hand, we evaluated the applicability of this methodology for the diastereoselective reduction of substituted pyridines and arenes (Scheme 2). Pyridines bearing both electron-donating and electron-withdrawing substituents were efficiently reduced to give preferentially the corresponding cis-products. Notably, a substrate featuring bulky substituents such as the t Bu group was readily transformed into the corresponding piperidine 2b with 93% yield and 99:1 diastereoselectivity, respectively. Furthermore, this methodology can be applied to substrates with more than two substituents, e.g 2,4,6-trimethylpyridine (1c) is hydrogenated in excellent yield at 40 °C. A significant correlation between substituents position on the pyridine ring and the ease of hydrogenation was identified. While the reduction of 2,6-dimethylpyridine (1a) is smoothly achieved at room temperature, a reaction temperature increase to 80 °C is necessary for the reduction of less active 2,5-dimethylpyridine (1d) without limiting the cis-selectivity. The hydrogenation of pyridines containing readily reducible groups presents a chemoselective challenge in addition to the high diastereoselective reactivity targeted with this catalyst system. Pleasingly, cis-dimethyl piperidine-2,6dicarboxylate (2e) was successfully isolated from the corresponding pyridine in high yield and high d.r. (88% and 96:4, respectively). Interestingly, hydrogenation of quinoline provided 1,2,3,4-tetrahydroquinoline (see SI). Besides pyridines, this catalyst material can be successfully applied for the diastereoselective reduction of different substituted arenes. For example, the simplest disubstituted arenes, ortho, meta, and para xylenes (2f-2h) are efficiently hydrogenated at room temperature with a selectivity decrease from 93:7 over 83:17 to 76:24 depending on the spacing between the two substituents. Noteworthy, the temperature only has little influence on the selectivity for those compounds, as comparable diastereoselective ratios were obtained when the reaction was performed at 120 °C for one hour (see ESI). Increasing the steric bulkiness at the para position provided p-menthane 2i in 76% yield starting from pcymene. Next, the hydrogenation of phenols bearing aliphatic substituents was explored (2j-2l), providing the corresponding cis-cyclohexanols in high yields. In these cases, a lower selectivity is obtained compared to alkyl-substituted phenyl rings, which might be a result of epimerisation of the hydroxybearing carbon centre. Diastereoselective reduction of tri-substituted arenes was eventually investigated. Here, thymol was chosen as substrate as its stereoselective hydrogenation leads to industrially important menthol isomers. Applying the Ru:Phen(1:2)@TiO 2 -800 material for the reduction of thymol a mixture of menthol isomers was obtained, giving the (±)neoisomenthol 2m as major product (72:28 d.r.). 35 Benzoic acid derivatives are important intermediates for many daily life applications. In this regard, the hydrogenation of arenes possessing strong electron-withdrawing substituents is interesting. Notably, terephthalic and phthalic acid methyl esters were efficiently reduced, and no ester cleavage/hydrogenation was observed. The corresponding products 2o and 2p were isolated in high yields and high d.r.. Similarly, cis-N-(tert-butyl)-4-methyl-cyclohexane -1carboxamide (2n) was isolated from the corresponding arene, highlighting the tolerance of this catalytic system for the reduction of substrates containing amide moieties. To showcase the preparative value of this methodology, a 10 gramscale experiment was conducted with 1o. Pleasingly, the corresponding cyclohexane derivative was isolated in quantitative yield without erosion of the selectivity using only 0.25 mol% catalyst loading. Here, for stoichiometric reasons a higher hydrogen pressure is required. Lastly, it should be noted that the here presented protocol can be used as a key step for a practical synthesis of enantiopure cyclohexanes/piperidines: according to previously reported procedures, 36 chiral diesters such as 2p were selectively hydrolysed to the monoester using inexpensive pig liver esterase (PLE, EC 3.1.1.1) allowing also further functionalisation of the free carboxylic acid.

In conclusion, this work presents Ru:Phen(1:2)@TiO 2 -800 as a novel supported catalyst system, which allows for the stereoselective hydrogenation of di-and tri-substituted arenes and pyridines. Hydrogenation is achieved in an aqueous medium under comparably mild conditions with a good to high diastereoselectivity towards the cis-products. The synthetic applicability of this methodology is highlighted with the multigram scale synthesis of dimethyl cis-1,4cyclohexanedicarboxylate. It should be noted that the here presented approach allows for a straightforward and atomefficient synthesis of substituted cyclohexanes and piperidines. For many such products this transformation will be advantageous compared to traditional stereoselective synthesis.

Figure 1

 1 Figure1STEM-HAADF image of the fresh Ru@TiO 2 -800 catalyst.

Table 1

 1 Optimisation of reaction conditions. a

		Ru cat.		
		H 2 (30 bar)		
		N	H 2 O	N H	
		80 °C, 17 h		
		1a		2a	
	Entry	Catalyst	Solvent	Yield of	d.r. c
				2a [%] b	
	1	Ru@C Alfa Aesar	H2O	67	95:5
	2	Ru@C Sigma-Aldrich	H2O	68	95:5
	3	Ru@C Strem	H2O	63	95:5
	4	Ru@C TCI	H2O	66	95:5
	5	Ru:Phen(1:2)@TiO2-800	H2O	64	97:3
	6 d	Ru:Phen(1:2)@TiO2-800	H2O	75	98:2
	7 d,e	Ru:Phen(1:2)@TiO2-800	H2O	75	98:2
	8 d,e	Ru:Phen(1:2)@TiO2-800	H2O: i PrOH (1:1)	93	97:3
	9 d,e	Ru:Phen(1:2)@TiO2-800	i PrOH	<5	n/a
	a Reaction conditions: 2,6-lutidine (53.6 mg, 0.5 mmol), Ru:Phen(1:2)@TiO2-800
	(0.4 mol%, 10 mg) or Ru@C (0.4 mol%, 4 mg), solvent (2 mL), H2 (30 bar),
	80 °C, 17 h.				

b Determined by GC-FID using hexadecane as internal standard, average of two runs. c Diastereoisomeric ratio corresponding to the cis stereoisomer calculated by GC-FID, average of two runs. d 25 °C. e H2 (10 bar).

This isomer was identified by comparison of GC retention times of known menthol isomers.
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