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A solid iridium catalyst for diastereoselective hydrogenation
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An Ir(NHC) supported catalyst is used in the selective hydrogenation of terpinen-4-ol to cis p-menthan-4-ol. Its activity, selectivity and stability are compared to those of a homogeneous homologue [IrCl(COD)MesImPr] and to a commercial Pd/C. The solid Ir catalyst is much more selective than the Pd catalyst (92 vs. 42% at 80 • C) but also more active, more selective and more stable than the iridium complex in solution. For the first time, a supported catalyst shows an enhanced activity with respect to a complex in a diastereoselective hydrogenation reaction.

complex; iridium Many iridium complexes are known to be highly active catalysts for the hydrogenation of sterically hindered olefins. For example, [Ir(COD)(PCy) 3 (py)] + (BF - 4 or PF - 6 ) often referred as the Crabtree's catalyst, is able to hydrogenate 2,3-dimethyl-but-2-ene at high TOF (4000h -1 at 0 • C), when RhCl(PPh 3 ) 3 and HRuCl(PPh 3 ) 3 are not active. [1] Besides its high activity, this catalyst was also found to proceed with strongly directing effects. [2] When a strongly ligating group is present on the alkene, then its association to the metal constrains the hydride transfer. This generally results in it being directed selectively onto one side of the double bond. [3] For example, a 99.9% cis-orientation was found during the hydrogenation of terpinen-4-ol to p-menthan-4-ol (Figure 1). [2] This orientation was the result of formation of a stable chelating complex of Ir center with the hydroxyl group and the double bond of the substrate. The ability of Crabtree's catalyst to transfer hydrogen stereoselectivly was successfully utilized in total synthesis of natural products. [4][5][6][7][8][9][10][11] It is worth mentioning that in some cases the use of Crabtree's catalyst was the only possible way to reach targeted molecules. [12][13][14] In sharp contrast, the terpinen-4-ol hydrogenation performed under heterogeneous catalysis led to selectivities ranging from 20 to 53% depending on the solvent polarity. [15] The authors concluded from their observations that a higher degree of selectivity could not be reached with heterogeneous catalysts because the binding to the OH group is not sufficiently strong. This means that to achieve high stereoselectivity, one needs to use homogeneous conditions or add a chiral modifier. [16] Nevertheless, extented uses of the Ir(I) complexes are hampered by the complexity of the systems or by the catalyst low stability as the complex rapidly deactivates in solution via the formation of polynuclear clusters (or nanoparticles).

Immobilizing a homogeneous complex on a solid support may appear as a solution to maintain the properties of the catalyst, but the authors of a recent publication declare: "...homogeneous catalysts are not stable and thus there is little point in immobilizing them. Other problems are lower rates, sometimes lower selectivities and metal leaching". [17] Some of us recently published the preparation of an Ir(NHC)-based hybrid material where the Ir centers are precisely positioned along the pore channels of a silica framework. [18] This catalyst led to an increased rate and selectivity of the trans-stilbene hydrogenation compared to its molecular Ir analogue.

As the coordination sphere of the surface Ir complex seems to be maintained on the support, we tried to go further than the simple hydrogenation of non-functional olefins [18] and studied the possibility to perform the diastereoselective hydrogenation of terpinen-4-ol to cis p-menthan-4-ol (Figure 1) taking advantage of the capacity of such Ir complexes to direct hydrogenation of hydroxyl-functionalized olefins while maintaining a high diastereoselectivity and avoiding deactivation as encountered with molecular complexes in solution.

The hydrogenation of a solution of terpinen-4-ol in toluene with solid catalyst (M-Ir or Pd/C) was performed in an 300mL autoclave at constant hydrogen pressure (3 bars) and constant temperature (40, 60 or 80 • C). Pd/C was selected to benchmark the typical selectivity of existing heterogeneous catalysts. [15,[START_REF] Tungler | Catlaysis with Supported Palladium Metal at the Turn of the 21st Century[END_REF] The conversion was followed by GC (see Supplementary Informations). A 30mL labreactor was also used to investigate the behavior of the non-immobilized complex, [IrCl(COD)MesImPr], to compare its performance with to that of the heterogenized catalyst. Figure 2 clearly shows that the initial activity of the complex at 40 • C (white squares) and 80 • C (white circles) is much lower than that of the heterogenized catalyst (black squares and circles).

During the terpinen-4-ol hydrogenation at 80 • C with [IrCl(COD)MesImPr], we noticed the formation of a black deposit (Figure 3). TEM and EDX analysis clearly showed it to be Ir particles. This explains the rapid selectivity decrease observed when the hydrogenation is catalyzed by the complex (Figure 4, white curve with triangles). A similar decrease of selectivity vs. conversion was also recorded at 40 • C (white curve with pentagons) albeit it was less rapid at that temperature. Again in contrast, the selectivity remained stable for the hybrid material (Figure 4, black curves).

A decomposition of surface Ir sites may also happen in the case of heterogeneous M-Ir but to obviously a much lower extent, since no loss of activity and selectivity was noticed during the hydrogenation reaction. In order to get more insight into the deactivation process that could occur with the supported catalyst, the latter was kept at 80 • C under H 2 after full conversion of terpinen-4-ol. Some very small Ir nanoparticles (ca. 2 nm) were observed by HRTEM at the surface of the silica framework (Figure 5) thus showing that Ir may decoordinate under H 2 from heterogeneous carbene leading to clusters and nanoparticles.

The initial reaction rate (mol product /mol metal /h) of the heterogeneous iridium catalyst was also compared to that of a commercial Pd/C. It appears that a mol of Pd is initially 4 times more active than a mol of Ir at 80 • C (Figure 6). Nevertheless, the selectivity to cis p-menthan-4-ol is nearly 90% in the case of M-Ir whereas it only reaches 40% in the case of Pd. Besides, the kinetic behavior of M-Ir is a zero order with respect to the reactant, whereas an apparent first order can be observed with Pd (for substrate/metal ratios from 400 to 1500). The zero order can be explained by a strong adsorption of the molecules on the iridium center. [20] The apparent first order rate with Pd was checked by changing the terpinenol initial concentration. The kinetic order is not due to catalyst deactivation. Note that the results obtained with M-Ir in a large volume autoclave (300mL) perfectly match those obtained in a 30mL lab-reactor (Figure 6 vs. Figures 2 and4).

Interestingly, the diastereoselectivity was even higher at lower temperatures, reaching 95% at 40 • C. Nevertheless, the activation energy was very high (ca. 75kJ/mol) for M-Ir, leading to a very slow reaction rate at 40 • C (1 h -1 , see Figure 2). The activation energy for Pd/C was half that of M-Ir (ca. 35kJ/mol). This is not limited to terpinen-4-ol: a similar kinetic behavior was observed for the hydrogenation of trans-stilbene. In this case a zero order with respect to the reactant for M-Ir and a first order for Pd/C were observed. The activation energy was also twice higher for M-Ir.

In conclusion, we have reported the first example of a highly productive and diastereoselective heterogeneous hydrogenation catalyst which does not rely on additives to proceed. Stereoselectivity was achieved thanks to directed hydride transfer, made possible by the coordination sphere of the catalytic sites. We believe this opens great perspectives for asymmetric heterogeneous catalysis. 
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 1 Figure 1: Hydrogenation of terpinen-4-ol.
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 2 Figure 2: Terpinenol hydrogenation with iridium catalysts at 40 and 80 • C, 3 bars hydrogen, in toluene (0.47mol/L). 30mL reactor. Molar ratio substrate/iridium is 1000, initial TOF and final TON provided.
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 3 Figure 3: Photos of the [IrCl(CODMesImPr] catalytic solution before (a) and after (b) catalytic reduction of Terpinen-4-ol at 80 • C with 0.1mol% of catalyst.
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 4 Figure 4: Selectivity vs. conversion during terpinenol hydrogenation at 40 and 80 • C, 3 bars hydrogen, in toluene (0.47mol/L). 30mL reactor. Molar ratio substrate/iridium is 1000.
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 56 Figure 5: STEM micrographs of the recovered solid after full terpinen-4-ol reduction at 80 • C with 0.1mol% of M-Ir in toluene.