Sitthichok Kasemthaveechok 
  
Niklas Von Wolff 
  
Merging Electrocatalytic Alcohol Oxidation with C-N Bond Formation by Electrifying Metal-Ligand Cooperative Catalysts

The development of energy and atom efficiency processes is thought to play an important role for a sustainable chemical industry of the future. One opportunity could be the electrification of thermal processes to benefit from the inherent advantages of electrochemistry, such as safety, scalability, a cheap and traceless redox agent (electrons), and the possibility to directly control the energy input of a given reaction via the applied potential. Molecular electrocatalytic alcohol oxidation emerged as a powerful tool for energy efficient redox transformations with possible applications in both green synthesis and energy-relevant domains. Using transfer hydrogenation catalysts under electrochemical conditions was shown to be promising avenue in this respect, but is today limited in terms of substrate scope. Here, we reported the electrification of acceptor-less dehydrogenation catalysts for the coupling of alcohol oxidation with C-N bond formation. Imines are thus obtained with excellent selectivity and faradaic efficiency, showing a possibility route towards added-value products from simple building blocks. We hope that the successful electrification of such atom-efficient systems can contribute to a more energy efficient organic redox chemistry.

 The Waymouth group demonstrated that also acceptor-less dehydrogenation (AAD) catalyst can be successfully employed under electrochemical conditions, albeit with relatively low turnover-numbers. 37 Whereas most molecular systems for electrocatalytic alcohol oxidations are limited to two-electron processes, we recently demonstrated that the concept of AAD-electrification can be extended to aromatic pincer catalysts for the four-electron oxidation of ethanol. 38 Despite these impressive advances over recent years, molecular systems for electrocatalytic alcohol oxidation are today limited to oxidative C-O bond formations for the

generation of aldehyde/ketones, acids, or esters. Here, we show that AAD-catalysts can be successfully used for alcohol oxidation with concomitant C-N bond formation to yield imines.

Considering the valorization of alcohol feedstocks, the formation of C-N bonds is particularly interesting thanks to the versatility of C-N bonds across several industries. However, the generation of oxidative C-N processes from alcohol feedstock remain sporadic. [START_REF] Shao | Scalable Electrosynthesis of Formamide through C-N Coupling at the Industrially Relevant Current Density of 120 MA Cm-2[END_REF][START_REF] Kim | Electrochemical C-N Bond Formation for Sustainable Amine Synthesis[END_REF] We therefore investigated if the electrification of the classical Milstein catalyst (Ru-1) [START_REF] Zhang | Facile Conversion of Alcohols into Esters and Dihydrogen Catalyzed by New Ruthenium Complexes[END_REF][START_REF] Gunanathan | Direct Synthesis of Amides from Alcohols and Amines with Liberation of H2[END_REF] could be extended to the generation of C-N bonds via alcohol oxidation (Figure 1). [START_REF] Gnanaprakasam | Direct Synthesis of Imines from Alcohols and Amines with Liberation of H2[END_REF] Figure 1. Ru-catalyzed electrochemical imine bond formation via alcohol oxidation. THF = tetrahydrofuran, CPE = controlled potential electrolysis Electrolysis of a neat solution of 0.2 M LiOH/benzyl alcohol (BnOH) in n-Hexylamine in a homemade divided H-cell equipped with a homemade carbon electrode (see ESI for more details), Pt-mesh counter electrode (0.1 M LiOH/H2O) at a constant potential of 0.3 V vs Ag/AgCl afforded 1 in quantitative yield with 44% conversion of the amine (Table 1, entry 1). Further increasing the amine loading did not improve yield, nor the pre-activation of the catalyst with excess of strong base (Table 1, entry 1 and 2). Given the important effect of electrolyte cations, [START_REF] Dorchies | Controlling the Hydrophilicity of the Electrochemical Interface to Modulate the Oxygen-Atom Transfer in Electrocatalytic Epoxidation Reactions[END_REF][START_REF] Droguet | Determination of Water Reduction Rates and Activation Energies in Water-in-Salt Electrolytes[END_REF] the electrolyte composition was probed (NaOH, KOH, and CsOH), but resulted in reduced yields and conversions of BnOH (Table 2, entries 2-4). The size of anions (Cs2CO3, Li2CO3) also reduced yields and conversion of BnOH (Table 2, entries 5-6). Moreover, basic organic electrolytes (KOPiv, TBANH2PO4, and TMAOH) did not provide better results, but increased cell-resistance. The electrolyte concentration was shown to be an important factor. The presence of 0.2 M LiOH provided significantly higher conversions, with only minimal decrease in selectivity (entry 10). The presence of water did not change significantly conversion and selectivity, but a drop in faradaic effiency was observed (Table 2, entries 11-12). The striking decrease in total faradaic efficiency is notably and could be assigned to competetive water oxidation. Finally, full conversion was obtained by decreasing the amount of amine starting material and by limiting the passed charge to the theoretical value needed for full conversion (2.0 F/mol, 0.38 mmol, entry 13). Although the conversion of BnOH in the neat condition gives best resulsts, the solvent remains required to convert solid benzyl alcohol derivatives. Several organic solvents were thus screened to find a plausible system for a more general scheme for benzyl alcohol oxidation. Replacement of BnOH by THF showed highest conversion of the amine, but selectivity drastically decreased with moderate faradaic efficiency. Several organic solvent mixtures have been examined including dichloromethane, trifluorotoluene, THF, and 1,4-dioxane (Table 3, entries 3-6). While all solvent systems maintain reaction selectivity, we could observe overall lower conversions and faradaic efficiency due to the presence of water needed to keep cell-resistance low and electrolyte solubility high. The concentration of BnOH was screened for an optimal compromise between conversion and faradaic efficiency (Table 4). Three different concentrations were evaluated and compared with neat condition. The result suggested that the increment of concentration is directly related to total faradaic efficiency. The total faradaic efficiency increased from 29% in 0.6 M BnOH solution to 70% in 3.0 M BnOH solution while the selectivity of the target imine slightly increased from 73% to 88%. Therefore, for other benzyl alcohol derivatives, 3.0 M solutions were maintained. Blank experiments were performed to confirmed successful electrification, as Ru-1 is known to perform oxidative alcohol dehydrogenation at elevated temperatures and carbon-electrodes have been used for electrochemical alcohol oxidation. Three extra set-ups were prepared and confirmed the requirement of both applied potential and catalyst for this transformation (Table 5). The open circuit set-up, or the lack of catalyst resulted in a stark decrease of substrate conversion, suggesting that both applied potential and catalyst are required in our system. With these optimized conditions (Table 5, entry 1), several acceptor-less ruthenium complexes (Figure 1, vide supra) were also screened for selectivity, conversion and faradaic efficiency. Interestingly, all complexes provided high conversions with good selectivity towards imine formation and more than 50% overall faradaic efficiency (Figure 2). It is noteworthy, that unreacted aldehydes, as well as overoxidation to the ester were also observed. Considering all product faradic efficiencies, Ru-1, Ru-2, and Ru-3 performed best from the commercially available catalysts. Among the three catalysts, Ru-1 provided excellent 105% faradaic efficiency (TON> 50) and highest conversion of BnOH and was thus used to explore the scope of the reaction. Expanding the substrate scope of this reaction in terms of alcohols requires to use solvent mixtures due to the high melting point of many benzyl alcohols. Under the selected solvent system (vide supra), a variety of benzyl alcohol derivatives were successfully converted to the corresponding imines 1aa-1ak (Figure 3). Full conversion was observed for electron-rich, sterically accessible benzyl alcohols such as methoxy, methyl, and trifluoromethyl groups in paraposition, which successfully converted to the imine 1aa-1ac with >70% conversion and >95% selectivity and total faradaic efficiency of up to 94%. On the other hand, electron withdrawing groups in para-position have a direct effect on reactivity. The bromo and nitro groups in paraposition showed moderated conversion and faradaic efficiency of about 50%, but, interestingly, the selectivity towards imine 1ad and 1ae remains >90%. Steric hindrance directly impacts the conversion of the benzyl alcohol. The benzyl alcohol substrates with a substituent in orthoposition showed a lower reactivity except for the trifluoromethyl and bromo groups. Both of them successfully converted to imines 1ah and 1ai in similar yield to the respective derivatives in paraposition. 3,4,5-trimethoxybenzyl alcohol could also be oxidized with this system to form the corresponding imine 1ak with high conversion and selectivity. A variety of amines also proved to be competent coupling partners (Figure 4). Several aliphatic amines were tolerated (1ba-1bc). Moreover, centers of chirality were retained in the aminde substrate (1be-1bf), making it a possibly attractive pathway for pharmaceutical targets. However, aniline and its derivatives suffered from self-polymerization in the presence of a strong base resulting in only 23% selectivity of 1bd. Introducing a radical clock in the amine was also carried out to probe for one-electron amine oxidation pathways. The result suggested that simple oneelectron mediator pathways can be excluded as the cyclopropyl group remains intact in 1bg. Several benzylamine substrates were also tolerated in this transformation with notably high conversion and selectivity with ~100% faradaic efficiency (1bh-1bp). In conclusion, an efficient, electrochemical valorization of alcohol to imine under low oxidation potential with ruthenium-based AAD catalysts has been developed. We demonstrated the electrochemical activation of these systems that allows to work at significantly lower temperature and shorter time than classical thermal processes. A large variety of functional groups were tolerated, including trifluoromethyl, heterocycles, chiral centers, cyclopropanes and halides. To the best of our knowledge, this is the first example of electrocatalytic C-N bond formation via molecular alcohol oxidation. With turnover numbers exceeding 50, this system shows reasonable stability compared to many other molecular TH-based electrocatalytic alcohol oxidation schemes. We are currently working on extending the scope of the system to other substrates and products and hope that the electrification of AAD systems can contribute towards energy-efficiency in organic redox chemistry.
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 2 Figure 2. Commercially available ruthenium acceptor-less catalyst screening for one-pot imine bond formation from alcohol. b) effect of catalysts for electrocatalytic imine bond formation from alcohol.
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 3 Figure 3. Scope of benzyl alcohol derivatives. Reaction conducted using 0.38 mmol of nhexylamine and 3 M of benzyl alcohol derivatives
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 4 Figure 4. Scope of amine derivatives. Reaction conducted using 0.38 mmol of amine derivatives and neat benzyl alcohol.

Table 1 : Effect of reaction parameters a

 1 

	Entry	Deviation from standard conditions	Conversion Amine (%) BnOH (mmol)	Yield (%) b	F.E. (%)
	1	0.76 mmol amine	44	0.35	98	107
	2	9.1 mmol amine	1.4	0.13	95	120
	3	9.1 mmol amine with 20 eq. NaOEt	1.7	0.04	76	110

a Reaction conditions: 0.1 M LiOH in BnOH (6 mL), 1.3 mM Ru-1, CPE 0.3 V vs Ag/AgCl, 25 o C, 6 hours). b GC yield with mesitylene as an internal standard.

Table 2 : Effect of different electrolyte (base) a
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	Entry	Electrolyte (0.1 M)	Conversion Amine (%) BnOH (mmol)	Yield (%) b	F.E. (%)
	1	LiOH	44	0.35	98	107
	2	NaOH	41	0.31	95	98
	3	KOH	28	0.20	96	102
	4	CsOH	34	0.26	95	108
	5	Cs2CO3	13	0.11	90	135
	6	Li2CO3	4	0.04	78	373
	7	(CH3)3CCOOK	0	0	0	0
	8	(C4H9)4NH2PO4	15	0.14	86	158
	9	(CH3)4NOH*	49	0.34	95	62
	10	LiOH (0.2 M)	62	0.49	92	77
	11	LiOH (0.2 M)**	39	0.30	93	71
	12	(CH3)4NOH (0.2 M)**	44	0.34	96	81
	13	LiOH (0.2 M) 63 mM Hexam	>99	0.40	>99	100

a Reaction conditions: 0.1 M electrolyte in BnOH (6 mL), 100 μL hexylamine (130 mM), 1.3 mM Ru-1, CPE 0.3 V vs Ag/AgCl, 25 o C, 6 hours). b GC yield with mesitylene as an internal standard. * 10% of BnOH was replaced by water. ** 20% of BnOH was replaced by water.

Table 3 : Effect of solvent a
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	Entry	Solvent	Conversion Amine (%) BnOH (mmol)	yield b	F.E. (%)
	1	neat	43	0.31	96	90
	2	THF	53	0.34	38	64
	3	CH2Cl2/water (7:1)	20	0.15	84	78
	4	PhCF3/water (7:1)	4	0.09	94	980
	5	THF/water (7:1)	46	0.29	73	29
	6	1,4-Dioxane/water (7:1)	22	0.23	96	32

a Reaction conditions: 0.1 M LiOH in solvent (6 mL), 100 μL hexylamine (130 mM), 375 μL BnOH (0.6 M), 1.3 mM Ru-1, CPE 0.3 V vs Ag/AgCl, 25 o C, 6 hours). b GC yield with mesitylene as an internal standard.

Table 4 : Effect of benzyl alcohol concentration

 4 

			Conversion		
	Entry	Conditions	Amine (%)	BnOH (mmol)	Yield (%)	F.E. (%)
	1	neat BnOH	43	0.31	96	90
	2	3.0 M BnOH	32	0.20	88	70
	3	1.6 M BnOH	30	0.20	84	55
	4	0.6 M BnOH	46	0.29	73	29

a Reaction conditions: 0.1 M LiOH in solvent (6 mL), 100 μL hexylamine (130 mM), 1.3 mM Ru-1, CPE 0.3 V vs Ag/AgCl, 25 o C, 6 hours). b GC yield with mesitylene as an internal standard.

Table 5 : Importance of catalyst and applied potential
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	Entry	Conditions	Conversion Amine (%) BnOH (mmol)	Yield (%) F.E. (%)
	1	None	>99	0.40	>99	100
	2	with catalyst	11	0.03	100	-
		no applied potential				
	3	no catalyst	4	0.02	50	4
		with applied potential				
	4	no catalyst	0	0	0	-
		no applied potential				

a Reaction conditions: 0.1 M LiOH/ BnOH(6 mL), 50 μL hexylamine (63 mM), 1.3 mM Ru-1, CPE 0.3 V vs Ag/AgCl, 25 o C, 6 hours). b GC yield with mesitylene as an internal standard.
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