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Ruthenium(II) and Iridium(III) complexes featuring NHC-Sulfonate chelate

Three new complexes bearing a chelating (κ 2 C,O) NHC-SO 3 ligand have been prepared. An original method for the synthesis of the imidazolium-sulfonate NHC precursor is described. The 5-membered ruthena-and irida-cycle containing complexes were fully characterized and evaluated in a series of catalytic transformations involving hydrogen auto-transfer processes.

 More recently, pincer ligands have also permitted major advances in a broad diversity of catalytic transformations. 5

Our group investigated the potential of phosphine-sulfonate ligands 6,[START_REF] Drent | [END_REF] in a number of catalytic transformations such as allylic activations, 8 C-H bond functionalizations, 9 hydrogenations 10 including asymmetric hydrogenation of ketones and imines. 11,[START_REF] Jiang | New ruthenium and iridium catalysts for transformations involving hydrogen transfers[END_REF] Having in mind the tremendous impact of N-Heterocyclic Carbenes (NHCs) in many catalytic transformations 13 we became interested in the synthesis of metal complexes coordinated by chelating NHC-sulfonate ligands. Well-defined transition-metal catalysts bearing a chelating NHC ligand have already been described in a number of ways such as NHC-NHC, 14 NHC-oxazoline, 15 NHC-alkyl. 16 Bidentate NHCsulfonate ligands have only recently been reported in a very limited number of architectures. NHCarenesulfonate ligands were extensively described by Hoveyda in various catalytic transformations involving in situ generated catalysts 17 while Jordan 18 and Wang 19 reported on well-defined NHC-arenesulfonate metallacycles in polymerization reactions. NHC-alkylsulfonate ligands have also been reported, however the sulfonate functional group was used as a polar solvent (water, alcohol) solubilising tag. 20

Figure 1 New ruthenium and iridium complexes

To the best of our knowledge, only one example of bidentate NHC-alkylsulfonate ligand was reported by Nozaki in 2009. 21 In this article we report our results on the syntheses of ruthenium and iridium complexes bearing a NHC-methylenesulfonate ligand (Figure 1) and their use in alkylation of amines through hydrogen transfer processes and in alcohol etherification reaction. The synthesis of these three new complexes required the preliminary synthesis of the imidazolium salt 1 that proceeds via the synthesis of an imidazolium methylene halide salt such as 2 (Scheme 1). As outlined by several groups, this synthesis requires the utilization of expensive unsymmetrical ICH 2 Cl or BrCH 2 Cl in order to prevent the side formation of a bis-imidazolium salt.

21,22

In order to decrease the cost of the ligand synthesis and because in our hands, the utilization of ICH 2 Cl did not prevent side products formation, we have developed a new synthetic pathway based on biphasic synthesis consisting in water and inexpensive dibromomethane. Indeed, we hypothesized that the halogenated imidazolium salt intermediate would readily migrate to the aqueous phase hence preventing bis-imidazolium side product formation. Thus, mesityl imidazole 3 was reacted with dibromethane in the presence of water for 16 hours. Analysis of the water layer highlighted the exclusive formation of the halogenated imidazolium salt 2 along with the protonated imidazole 4 arising from side dibromomethane decomposition. 23 Addition of sodium sulphite acting both as nucleophile and base resulted in the clean formation of imidazolinium sulfonate zwitterion 1 along with bromomethylsulfonate side product. Extraction and recrystallization, cleanly afforded 1 in 30-40% reproducible isolated yields thus competing with previously described methods. It should be noted that the excess of dibromomethane could be easily recycled and reused by distillation. The zwitterionic structure was confirmed by X-ray crystallography (Scheme 1). According to Nozaki protocol, further preparation of the polymeric silver complex Ag-1 was successfully achieved for further transmetallation processes (Scheme 2). With this silver complex in hand, we next investigated the coordination chemistry with various ruthenium and iridium metallic precursors (Scheme 2). Transmetallation of silver complex Ag-1 with 0.5 equivalent of the dimeric [RuCl 2 (p-cymene)] 2 [START_REF] Süss-Fink | For a recent update on arene ruthenium complexes see[END_REF] in dichloromethane afforded the expected half-sandwich chiral ruthenium(II) complex Ru-1 in 85% isolated yield. NMR analyses of the complex demonstrated the formation of sixmembered chelate by the presence of diastereotopic protons of the methylene bridge at 5.47 and 4.49 ppm (J H- H = 13.0 Hz). Analyses also demonstrated that the arene ligand remained bound to the ruthenium metallic centre highlighted by the presence of four distinct signals located at 5.75, 5.41, 5.24 and 3.30 ppm, respectively. It is noteworthy that these data are comparable to those reported by Albrecht and co-workers for the ruthenium complex Ru-3 analogue bearing a NHC-carboxylate chelate (Scheme 2).

Scheme 1 Preparation of the zwiterrionic imidazolium sulfonate

1 Replacement of [RuCl 2 (p-cymene)] 2 by [Ru(OAc) 2 (p-cymene)]
26 was also successful and the corresponding arene ruthenium(II) complex Ru-2 featuring the chelate ligand 1 was obtained in 40% yield. This methodology is not limited to ruthenium metallic precursors and the reaction with [Cp*IrCl 2 ] 2 cleanly afforded the corresponding three legs piano stool iridium(III) complex Ir-1. 2. The six-membered {C,O}Ru chelate adopts a half-chair conformation and the molecular structure features a pseudotetrahedral environment at the ruthenium center. The structure of Ru-1 was compared with the previously reported carboxylate Ru-3 25 and the phosphine-sulfonate analogs [RuCl(p-cymene)(DPPBS)] Ru-4 27 (Scheme 2)(Table 1). The Ru-Cl bond (2.405( 3)) is slightly shorter in Ru-1 than in the carboxylate analog (2.424(3)) but similar with the phosphine analog (2.3992(6)). Interestingly, the longer Ru-O bond lengths in Ru-1 and Ru-4 than in Ru-3 suggest lower stability of the resulting sulfonate chelates. The leaving ability/slipping hapticity of the arene ligand have a crucial impact toward catalysis in the corresponding ruthenium complexes.

28,29

Scheme 2 Preparation of the well-defined ruthenium and iridium complexes Thus, we next focused our attention on the reactivity of the well-defined Ru-1 complex toward arene displacement. As we previously reported, facile ligand exchange of arene ligand with acetonitrile occured in Ru-4 at 90 °C.

12 However, similar reaction in boiling acetonitrile with Ru-1 did not lead to ligand exchange and surprisingly even after two days reaction time, the starting complex remained intact. Higher temperature, gave partial decomposition of the starting material and no noticeable effect of light irradiation was observed with this complex. This result is in line with the reported high thermal stability of Ru-3. 25 It also tends to suggest that this stability of Ru-1 might impact in catalyses involving the loss of the arene ligand and thus would require higher reaction temperature. With this preliminary result in hand, we next focused our attention on the reactivity of the obtained well-defined complexes in hydrogen transfer reactions. Hydrogen autotransfers known as hydrogen borrowing or hydrogen shuttling have found interesting applications in synthesis for the preparation of various functionalized alcohols, amines and carbonyl derivatives. 30 In order to avoid side effects (positive or negative) of external additives or solvent, we examined the activities of the prepared complexes in the base free N-alkylation of amines with alcohols under solvent free reaction conditions (Table 2). Reaction of piperidine with benzyl alcohol at 130 °C under inert atmosphere of argon with a 100:1 substrate/catalyst ratio resulted in the formation of the N-benzylpiperidine 31 and side product arising from our previously reported N,C-dialkylation. 27 Good activity was obtained with Ru-1 and almost complete formation of 7aa was obtained in the presence of the iridium(III) precatalyst Ir-1 (Table 2, entry 1 and2). However, a slight conversion decrease was observed with Ru-2 precatalyst (Table2, entry 3). Comparison with our previously reported precatalyst [IrClCp*(DPPBS)] highlighted that the use of Ir-1 led to a lower amount of the side dialkylated product 8aa, which decreased from a 80:20 to 97/3 ratio of 7aa/8aa (Table 2, entries 6, 9) whereas this reaction was minimized with other complexes. Taken together, these results suggest that the NHC-sulfonate chelate is more stable in Ir-1 than the corresponding [IrClCp*(DPPBS)]. Having established our best reaction conditions with Ir-1, we next investigated the scope of the transformation with various alcohols and amines (Scheme 4). Reaction with benzyl alcohol and various aliphatic secondary cyclic amines such as pyrrolidine, piperidine, morpholine and piperazine cleanly afford the corresponding tertiary amines in up to 90% isolated yield after column chromatography over alumina gel.

Ru-1

Ir-1 The use of aniline resulted in lower conversion giving 7ea in 64% yield and confirmed the influence of amine basicity toward conversion. The use of aliphatic alcohol such as hexanol was also compatible with the optimized reaction conditions to afford the amines 7ab, 7bb, 7db and 7eb in 56-85% range isolated yield. Finally, secondary alcohol such as phenylethanol led to the corresponding racemic amines 7bc, 7ac, 7cc in moderate isolated yields. The catalytic activity of complexes Ru-1 and Ir-1 was next evaluated in the direct β-alkylation of tertiary cyclic amines with benzaldehyde through in situ generation of the corresponding enamine (Table 3). 10a As we previously reported, β-alkylation of N-phenylpiperidine 9a is difficult in regard to the direct endo dehydrogenation. As result the use of catalytic amount of Ru-1 at 150 °C only provided 18% of the corresponding amine 11a after complete reduction of the resulting alkylated enamine derivatives (Table 3, entry 1). Surprisingly, the use of precatalyst Ir-1 also afforded poor yield of 11a (Table 3, entry 2). In contrast reaction with our previously reported *IrClCp*(DPPBS)+ gave 93% of the expected β-alkylated amine 11a (Table3, entry 3). The activities of Ru-1 and Ir-1 were not restored with the use of N-methylpiperidine and decomposition of 9b mainly occurred yielding a maximum 18% yield with Ru-1 (entry 4). These results confirmed the higher stability of the new (Κ 2 C,O) chelate complexes. Given the electronic properties of the sulfonate ligand which acts as a strong electron withdrawing ligand hence increasing the overall electrophilicity of the metal centre of the resulting complexes, [START_REF] Drent | [END_REF] we next examined the relative electrophilicity of our synthesized complexes in the absence of organic bases such as amine. As depicted in Scheme 5, when the rac-phenylethanol was heated in the presence of Ru-1, selective etherification occurred affording the rac/meso ether 12 in 45% isolated yield along with traces of styrene whereas in the presence of Ir-1 the alcohol 6 remained unreacted. 32 Noteworthy that no β-alkylation occurred on 6c in the absence of base to give the corresponding dimeric alcohols. 

Scheme 3 Arene ligand exchange

Scheme 4 N-alkylation of amines with alcohols

Conclusions

We have reported the straightforward synthesis of an imidazolium-sulfonate NHC precursor from symmetrical dibromomethane allowing the preparation of the corresponding well-defined ruthenium and iridium complexes. Preliminary investigation in catalysis highlighted its high thermal stability. Future efforts will be devoted to the use of more labile arene ligand to facilitate catalysis as well as the application to other catalytic transformations involving cooperative mechanisms. Considering the facile preparation of the bromomethylimidazolium, it might also open new insights for the preparation of diverse heterotopic prochelates and mixed bis-NHCs.

1 H

 1 NMR analyses confirmed the formation of the six-membered chelate supported by the two doublet signals located at 5.18 and 4.73 ppm in 1 H NMR. Successful crystallization by solvent diffusion technique (CH 2 Cl 2 /n-hexane) allowed the determination of the molecular structure of Ru-1 and Ir-1 which are represented in Figure

Figure 2

 2 Figure 2 Structure of pure complexes Ru-1, 0.5 CH 2 Cl 2 and Ir-1, 1 CH 2 Cl 2 . Thermal ellipsoids are drawn at the 50% probability level. Hydrogen atoms and solvents are omitted for clarity.

33 Scheme 5

 335 Scheme 5 Etherification of phenylethanol 6c

Table 1

 1 Selected bond lengths and angles of prepared complexes, comparison with reported complexes

		Ru-1	25 Ru-3 ref.	27 Ru-4 ref.	Ir-1
	M-Cl	2.405(3)	2.424(3)	2.3992(6)	2.374(1)
	M-O	2.157(5)	2.079(8)	2.118(1)	2.227(3)
	M-C centroid	1.685	1.701	1.693	1.806
	M-C NHC (P)	2.088(8)	2.033(9)	2.3570(8)	2.058(5)
	Cl-M-C NHC (P)	83.2(2)	83.5(3)	85.9	89.85(10)
	O-M-C NHC (P)	88.7(3)	86.7(3)	90.7	83.27(12)
	O-M-Cl	88.12(16)	88.5(2)	80.9	82.31(8)

Table 2 N

 2 -Alkylation of piperidine 5a with benzyl alcohol 6a

	a

b

Table 3 C

 3 -Alkylation of piperidines 9 with benzaldehyde 10

	a

b a

Experimental conditions : all reactions were performed under an inert atmosphere of argon and carried out with 9/10/HCO 2 H/precatalyst in 1/1.2/1.5/0.01 molar ratio at 150°C.

b conversion and yield were determined by GC analysis.
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