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a b s t r a c t New chiral oxazoline-based ruthenium(II) complexes have been synthetized and fully characterised. The corresponding grafted catalysts were prepared by anchoring the complexes onto SiO2 or Pd/SiO2 supports. 13 C CP-MAS NMR and XPS spectroscopies showed that the organometallic complexes remained unchanged when they were deposited on the support. High activity and enantioselectivity in the reduction of acetophenone were achieved with some homogeneous complexes. © 2008 Elsevier B.V. All rights reserved.



1. Introduction The synthesis of optically pure compounds is still challenging. Asymmetric catalytic reduction of ketones has been extensively studied over last three decades. However few practical industrial applications have been developed mainly due to the problem of recycling the costly catalytic system (i.e. sensitive chiral ligand and transition metals). In order to circumvent these constraints, preparations of heterogeneous catalytic systems were reported according to two main approaches: either grafting of organometallic systems to solid support, or development of heterogeneous catalysts based on supported metals modiﬁed by chiral inductors (modiﬁers) [1]. Although these extensive works allowed high enantioselectivities, these systems remained very speciﬁc to the substrates or needed hard reaction conditions. More recently, an alternative approach was reported by Gao and Angelici in which they combined two catalytic systems: a covalently grafted homogeneous complex (i.e. molecular catalyst) associated to supported metallic nanoparticles (i.e. heterogeneous catalyst) on a single support [2]. These so-called TCSM (Tethered Complexes on a Supported Metal), exhibited higher activities than that of the corresponding tethered complex on the support or the supported metal particles separately. These combined catalysts proved to be very efﬁcient not only for the reduction
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of arene to the corresponding saturated cyclic compounds [3], but also for the hydrogenation of cyclohexanone to cyclohexanol [4], the hydrodehalogenation of ﬂuorobenzene [5] and the hydroformylation of terminal oleﬁns [6]. The enantioselective hydrogenation of methyl-␣-acetamidocinnamate with such catalysts (rhodiumchiral phosphine complexes tethered to palladium on silica) was also reported [7]. In ref. [3], the organometallic complex was immobilized over silica through sulfonato groups that formed strong H-bonds to silanols. Such a “hybrid system” (i.e. Rh(I)–Pd(0)/SiO2 ) is four times more active than the heterogeneous Pd(0)/SiO2 for the hydrogenation of arenes. Blum and co-workers reported the preparation of entrapped rhodium complex and palladium nanoparticle in a sol–gel material that exhibited high activities towards aromatic hydrogenation [8]. It has been proposed that the catalytic efﬁciency of the TCSM is a consequence of a hydrogen-spillover process enhancing thus the hydrogenation activity of the grafted molecular catalyst. However, this mechanism remains a subject of discussions. More recently, Bianchini et al. proposed that the enhanced activity of a Rh(I)–Pd(0)/SiO2 was due to a simultaneous activation of the substrate through isolated rhodium-grafted complex (i.e. single sites catalytic activation) and the palladium nanoparticles [9]. This explanation was supported by EXAFS, DRIFT measurements and batch catalytic experiments [10]. TCSM, when involving chiral complexes, could bring advantages to the development of enantioselective catalysts. Considering the previous literature reports, it can be expected that milder conditions should be necessary to achieve similar activities for a combined catalyst and the “parent” single species. As a
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consequence, one can expect enhanced optical purity using such systems. To our knowledge, a single report is dealing with the use of combined catalysts in asymmetric hydrogenation [7]. The authors grafted a [(2S,4S)-4-(diphenylphosphino)-2(diphenylphosphinomethyl)pyrrolidine-rhodium-(COD)] complex on silica (SiO2 ) and supported-palladium on silica (Pd-SiO2 ) after modiﬁcation of the diphosphine ligand. These catalysts were evaluated for the enantioselective hydrogenation of methyl-␣-acetamidocinnamate, both giving high conversions and enantioselectivities (>90%); however, one should mention that the original rhodium complex used in this study was known to be highly active and selective for this reaction (ee >94%). Previously, we reported the synthesis of new heterogeneous chiral bis(oxazoline)-ruthenium complexes efﬁcient for asymmetric transfer hydrogenation of ketones [11]. The corresponding rhodium-based complexes were less efﬁcient in terms of optical purity but they could be grafted on silica without affecting their structures [12]. In this paper, we report the synthesis of homogeneous oxazoline-based ruthenium catalysts, as well as the corresponding grafted ([Ru]/SiO2 ) and combined ([Ru]/Pd@SiO2 ) catalysts. These catalysts were characterized by liquid- and solid-state NMR and XPS measurements and their catalytic properties were evaluated in the asymmetric reduction of acetophenone. 2. Results and discussion 2.1. Preparation of the homogeneous catalysts The chiral bis(oxazoline) ligand 1 (BoxPh) and 2 (BoxOH) were synthesized in good yields (50–62%) from the commercially avail-
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able diethylmalonimidate dihydrochloride and (S)-phenylglycinol or (1S, 2S)-2-amino-1-phenylpropanediol, respectively. Subsequently, the OH-protected ligand 3 (BoxOTMS) was obtained in high yield (94%) by treatment of 2 with TMSCl in THF/NEt3 [11,12]. The chiral pyridine-oxazoline ligands 4 (PyOxPh) and 5 (PyOxPr) were synthesized from commercially available picolinic acid and (S)-phenylglycinol or (S)-valinol, respectively, in reasonable yields (30%). Neutral chiral diphosphine ruthenium(2-Methylallyl)2 complexes are known to be very efﬁcient in enantioselective hydrogenation of C C bonds or as precursors to active complexes for asymmetric hydrogenation of C O bonds [13]. These complexes are synthesized by reaction of the corresponding diphosphine with the [Ru(COD)(Metallyl)2 ] precursor complex. As to our knowledge, the corresponding pyridine-oxazoline or bis(oxazoline) complexes (named after along this paper “dinitrogen” complexes for convenience) were not described, we studied the reaction of [Ru(COD)(Metallyl)2 ] with the above ligands and more precisely BoxPh 1. Unfortunately, whatever the reaction conditions, the NMR analysis of the solid isolated after the reaction showed that the cyclooctadiene ligand was still chelated to the metallic centre. This was probably due to the fact that the dinitrogen BoxPh was not a ligand as good as the commonly used diphosphine [13] and was not able to shift the cyclooctadiene moiety from the ruthenium. Alternatively, cationic ruthenium complexes were then studied. The synthesis of the dinitrogen-chelated cationic ruthenium complexes from commercial [Ru(p-Cymene)Cl2 ]2 dimer was previously described [14]. These complexes exhibited efﬁcient activity in Diels-Alder reaction or Claisen rearrangement. The Ru(II)-catalysts



Scheme 1. Synthesis of dinitrogen ruthenium complexes.
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6–10 were then synthesized in high yields (90–99%) in degassed methanol at room temperature for 6 h by using a procedure very similar to that described by Dixneuf and co-workers [14] (Scheme 1).



Fig. 1.
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All complexes were fully characterized through their NMR and IR spectra, [␣]D and elemental analysis. As a typical example, the 1 H and 13 C NMR spectra of complex 7 are given in Fig. 1. All signals corresponding to the BoxOH ligand in the complex 7



C and 1 H enlargement NMR spectra of [(BoxOH)RuCl(p-Cym)]Cl complex 7.



Author's personal copy



N. Debono et al. / Journal of Molecular Catalysis A: Chemical 287 (2008) 142–150



were split compared to the naked ligand 2 meaning that the C2 symmetry of the ligand was not retained in the complex. The extensive attribution of the peaks was established with HMQC and COSY45 analyses. A clear difference (more than 2 ppm: 164.5 and 166.8 ppm) was observed for the two C N moieties. Moreover, both protons borne by the central carbon of the bisoxazoline ligand were signiﬁcantly separated by more than 1 ppm (3.64 and 4.71 ppm). As the counter-ion could affect signiﬁcantly the activity and/or selectivity of the catalyst, the hexaﬂuorophosphate 11, tetraﬂuoroborate 12 and tetraphenylborate 13 complexes analogous of 7 were prepared by metathesis. Typically, complex 7 was treated with one equivalent of the corresponding sodium salt in acetone (Scheme 1) to give the expected cationic complexes isolated by ﬁltration and evaporation of the solvent. 1 H NMR spectra similar to that of 7 were observed for complexes 11–13. Whatever the counter ion, no single crystal could be isolated. Molecular modelling of complex 7 was made using MM2 parameters extended to transition metals. The structure corresponding to the thermodynamic energy minimum was further investigated using DFT calculations with the B3LYP functional and the LanL2DZ pseudopotential. At completion, it was checked that the optimized structure corresponds to a minimum by calculation of the infrared spectrum. Absence of imaginary frequencies conﬁrms the energy minimization. As shown on Fig. 2, a piano-stool arrangement is observed for the sandwich complex in which the ruthenium centre is coordinated to the p-cymene ring on one face, and to the two nitrogen atoms of the BoxOH ligand and the chloride ion on the second face, in good agreement with previous reports for similar complexes [15,16]. The main feature of the calculated structure is the presence of one hydrogen bond between one of the hydroxymethyl substituent of the Box ligand and the chlorine ˚ accounting for the loss of atom on ruthenium (d(H Cl) = 2.19 A),
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Fig. 2. Calculated structure of [(BoxOH)RuCl(p-Cym)]Cl complex 7.



C2-symmetry in the complex 7 as observed from NMR experiments. 2.2. Preparation of the grafted and combined catalysts In order to achieve the heterogeneisation of complexes 6–8 onto silica, a tris(ethoxy)silyl-alkyl chain was introduced at the bridging CH2 of the bis(oxazoline) ligands 1–3 following reaction conditions described by Clarke and Shannon [17]. Treating 1–3



Scheme 2. Heterogeneization of ruthenium complexes.
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Table 1 Chemical composition of heterogeneous catalysts Entry



Catalyst



%Rua



1 2 3 4 5 6



17/SiO2 18/SiO2 19/SiO2 17/Pd@SiO2 18/Pd@SiO2 19/Pd@SiO2



1.62 1.73 2.01 1.62 1.72 1.93



a



%Pda



%Complex



mmolcomplex /g



Entry



Catalyst



N/Ru



0.16 0.17 0.20 0.16 0.17 0.19



1 2 3



8 19/SiO2 19/Pd@SiO2



2.0 1.7 2.0



0.43 0.55 0.50



10.5 12.7 17.4 10.5 12.5 16.7



a b



Ru/Pd



Ru 3d5/2



b



6.2 (4.1)



281.8 281.6 281.5



A1 source (1486.6 eV), analysis energy 50 eV, internal reference C1s = 285,0 eV. Calculated from elemental analysis.



weight percentage determined by elemental analysis.



with nBuLi and I(CH2 )Si(OEt)3 in THF gave the new ligands 14–16 in high yield (>95%). These ligands were further used without any puriﬁcation. The corresponding cationic ruthenium complexes 17–19 were obtained in excellent yields (88–96%) following the procedure described above. NMR analyses of the new complexes 17–19 were similar to that observed for the related complexes 6–8. The grafted catalysts ([Ru]/SiO2 ) and the combined one ([Ru]/Pd@SiO2 ) were prepared by treating a suspension of activated silica (SiO2 ) or silica supported-palladium (Pd@SiO2 ) with the corresponding ruthenium complexes 17–19, respectively (Scheme 2). After ﬁltration, extensive washing to remove the soluble non-grafted complexes and drying, the catalysts were analyzed to determine the grafting level. The corresponding data are collected in Table 1. According to the elemental analysis, the presence of palladium on the silica did not affect the amount of grafted complex on the support. Whatever the initial complex, 0.16–0.20 mmolcomplex g−1 were grafted on the support, in good agreement with literature data [18,19]. The successful grafting of the three complexes was supported by 13 C CP-MAS NMR analysis of the different catalysts. Whatever the support used, identical NMR spectra were obtained



Fig. 3.
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for BoxOH-based complexes grafted on SiO2 (18/SiO2 ) or Pd@SiO2 (18/Pd@SiO2 ) meaning that in both cases the complex was grafted on the silicium oxide via silicate bridges and was not adsorbed on the metallic surface, as predictable, in the case of [Ru]/Pd@SiO2 (Fig. 3). X-ray photoelectron spectroscopy (XPS) analysis was used for qualitative and quantitative characterizations of the homogeneous 8, grafted 19/SiO2 and combined 19/Pd@SiO2 catalysts. The binding energy for the Ru 3d5/2 as well as the N/Ru and Ru/Pd atomic ratios is reported in Table 2. A binding energy of 285 eV corresponding to the C1s level was used as internal standard. The Ru 3d5/2 binding energies were in the range 281.5–281.8 eV whatever the catalyst. Such values are in accordance with the presence of ruthenium in the +2 oxidation state as reported in the literature ([Ru(bpy)3 ]Cl2 ·xH2 O; Ru 3d5/2 281.6 eV) [20]. The close values observed for the three catalysts indicate that no modiﬁcations in the coordination sphere around the ruthenium centre, even in the presence of metallic palladium, occurred during the grafting procedure. The nitrogen/ruthenium atomic ratio calculated for the molecular catalyst 8 (2.0) was in good agreement with the expected value (2.0). Moreover, similar N/Ru ratios were obtained for the heterogeneous catalysts: the complex was then stable upon grafting without decomposition unlike the behaviour of the



C CP-MAS NMR spectra of 18/SiO2 (grey) and 18/Pd@SiO2 (black). (* denotes spinning sideband).
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Table 3 Enantioselective reduction of acetophenone with homogeneous complexesa Entry



1 2 3 4 5 6



Complex



6 7(b 7(b 7(c 7(d 8 a b c d e



iPrOH/tBuOK
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H2 O-iPrOH/HCOONa



Entry



Catalyst



%Ru



Conversion (%)



ee (%)



Conversion (%)



ee (%)



32 95



10 (R) 90 (S)



3 51e 90



n.d. 90e 90



95 68 (3 days) 20



88 (S) 68 (S) 30 (S)



1 2 3 4 5



Pd-SiO2 18/SiO2 18/Pd@SiO2 19/SiO2 19/Pd@SiO2



3.6 3.8 3.4 3.3



a



%Pd



Conversion (%)



ee (%)



r0 (mmol h−1 gRu −1 )



1



0 14 15 15 43



20 
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