Dr Niklas Von Wolff 
email: niklas.von-wolff@u-paris.fr
  
Dr Orestes Rivada-Wheelaghan 
email: orestes.rivada@u-paris.fr
  
Damien Tocqueville 
  
Jean-Michel Savéant 
  
Salvador Conejero 
  
Laurence Grimaud 
  
Marc Robert 
  
  
  
  
  
Molecular Electrocatalytic Hydrogenation of Carbonyls and Dehydrogenation of Alcohols

Keywords: Molecular Electrocatalysis, electrochemical alcohol oxidation, electrochemical carbonyl hydrogenation

come    

Introduction

According to the Sustainable Development Scenario (SDS) of the International Energy Agency, the chemical industry's direct emissions (responsible for roughly 25% of industrial energy consumption) need to decline by 10% before 2030. This can be achieved mainly by "decreasing coal use and raising energy efficiency". [START_REF]IEA 2020[END_REF] The challenge is thus to access renewable or even circular feedstocks, [START_REF] Keijer | [END_REF] while limiting the necessary energy input to a minimum. Ideally reaction schemes should thus be limited to the common exergonicities needed for full conversion (roughly 2.7 kcal/mol) to limit unnecessary energy dissipation, while using renewable feedstocks. Here, catalyst can help to minimize reaction barriers, while increasing selectivity and opening new activation modes. Despite the clear goals and urgent matters, examples from the fine chemical industry show that harmful reagents (toxic, explosive and/or pyrophoric materials) and extreme low energy efficiency processes are still economically viable and ecologically tolerated today. [3] Carbonyl reduction e.g. relies heavily on the use of stoichiometric amounts of activated hydrides. [4] Being derived from the elemental alkali metals, the use of such hydrides is however linked to extremely low reduction potentials (e.g. -3.04 V for Li vs SHE), leading to extreme energy inefficiency (e.g. the reduction of acetone, (+ 0.12 V vs SHE (-5.5 kcal/mol) [5] would amount to an overpotential of -2.5 V). [6] Catalytic electrochemical approaches have the potential to significantly contribute to sustainable and energy efficient organic redox chemistry. Indeed, electrochemistry allows to combine safety and scalability with cheap redox agents (electrons). [7] Baran et al. demonstrated e.g. the advantages of a scalable electrochemical Birch-reduction. [8] In terms of energy efficiency, molecular electrocatalysis offers another key advantage, namely that the energy input can be finely controlled and monitored via the applied potential, the rational comparisons between systems, as well as reactivity fine-tuning. [9] Together those points contributed to the success of molecular electrocatalyst for the CO2 reduction reaction (CO2RR). [10] Indeed, the possibility of substrate binding, inner-sphere mechanisms and ligand fine-tuning allowed for remarkable selectivity's and activities of molecular electrochemical CO2 transformations. [11] The reduction of other carbonyl substrates under molecular electrochemical conditions however, is far less explored. Herein the use of molecular electrocatalyst for the hydrogenation of C=O bonds is presented. Building on the reversibility of these reactions under thermal conditions, also the reverse dehydrogenation of alcohols is summarized, facilitating the description of common strategies. 

Introduction

The electrochemical hydrogenation of carbonyl groups is wellestablished. [START_REF]Organic Electrochemistry: Revised and Expanded[END_REF] BASF for example elegantly demonstrated the power of such heterogeneous electrochemical schemes, providing a fully atom economic process for the 4e -reduction of esters with near unity faradaic efficiency. [START_REF] Steckhan | [END_REF] In addition to the use of heavy-metal electrodes (e.g. Pb, or Cd in the case of adiponitrile synthesis), such systems lack energy efficiency due to controlled current conditions and pathways involving the initial generation of radical anions with associated highly negative reduction potentials. [START_REF]Organic Electrochemistry: Revised and Expanded[END_REF]14] In this regard, molecular systems might significantly reduce overpotentials by opening up new pathways (vide infra) involving substrate coordination. [15] Scheme 1. Polymerizable Rh(III) and Pd(II) complexes utilized for the electrocatalytic hydrogenation of carbonyl substrates. Table 1. Molecular catalysts for the electrochemical hydrogenation of carbonyl groups.

Entry

Catalysts [a] Eappl (V vs SCE) TON Product # electrons Electrolyte FE (%)

1 [16] As Entry 1, pH 9 66 [b] 7 [24] 7 -0.51 [c] 4.4

Benzylalcohol 2 0.1 M TBAPF6 in 1,2- difluorobenzene (DFB), 6 mM [DMFH][OTf]
8 [5] 10 -1.82 [d] 17 [e] -0.91 40 2,3-diphenyl-2,3butanediol 1 0.2 M TBAPF6 in DME, 0.1 M tosylic acid 39

Potentials are referenced w.r.t. SCE by addition of +380 mV (Fc 0/+ ); +298 mV (0.01M Ag/Ag + ), or -244 mV (SHE). [17] [a] from 2-cyclohexene-1-one. [b] average of 18 %ee over 10 runs. [c] -0.9 V vs Fc 0/+ . [d] -2.2 V vs Fc 0/+ .[e] -1.3 V vs Fc 0/+ .

Bipyridyl-based metal hydridesz

Pioneering work in the field of molecular electrocatalytic carbonyl hydrogenation (MECH) was performed in the early 1990s by Moutet and co-workers using rhodium complexes (Scheme 1). [16] In these early reports the link between activity of transfer hydrogenation (TH) catalysts and the possibility to activate them electrochemically was established. [16,18] It was possible to reduce the polymerized Rh(III) precatalysts by two electrons to yield stable Rh(I)-species. At potentials slightly negative of the Rh(III)/Rh(I) couple, the so-generated species 2 is active for the 2e -reduction of cyclohexanone to cyclohexanol (Scheme 1). Importantly, despite the use of aqueous electrolytes, faradic efficiencies (FE) of 79% were obtained, showing the possibility to suppress hydrogen evolution (HER, Table 1entry 1). However, in the presence of unsaturations, hydrogenation of the C=C double bonds is favored. [19] Mechanistically, it is proposed that the reaction of Rh(I) intermediate with a proton source (e.g. water) forms a cationic Rh(III) hydride, responsible for the reduction of the substrates. [20] Modifications of the ligands led to remarkable turnover numbers (TON, as high as 5300) without loss in selectivity (Scheme 1, complex 1 and 4, Table 1 entry 3 and4). [21] Replacement of Rh(III) with Pd(II), led to suppression of carbonyl reduction and sole C=C double reduction (Table 1, entry 5). [22] Moutet et al. also showed that such molecular catalysts can be used to induce enantioselectivity during MECH, highlighting the potential of intimate substrate catalyst interactions in homogeneous systems (Table 1, entry 6). [23] 

Metal-hydrides with ligand cooperation

Scheme 2. Shvo-type Mo(II) catalysis for the electrocatalytic hydrogenation of benzaldehyde.

A similar link between activity of catalysts in TH and MECH was recently made by Waymouth et al. [24] Based on the typical Shvotype ligand scaffold, [25] a molybdenum system was proposed to undergo Mo(II)-H formation via aromatization of the ligand using formic acid as both proton and hydride source (Scheme 2). [26] Importantly, cathodic PCET can replace formic acid as the hydride donor. [27] Electrolysis of the cationic species 7 in the presence of excess acid yields the Mo(II)-H 8, capable of undergoing hydride/proton transfer to benzaldehyde. Protonation of the soformed dearomatized complex 9 regenerates 7 and closes the catalytic cycle. Controlled potential electrolysis (CPE) showed the formation of benzyl alcohol (Table 1, entry 7). Although turnovers were limited to 4.4 and an activated substrate (benzaldehyde) was chosen, the mild working potential shows the potential of ligand design in terms of overpotential and energy efficiency.

Unfortunately, no thermodynamic data (such as pKa or BDFE) of species 7 and 8 is available, which could allow to gain important mechanistic insights. Pendent acid functionalities were shown to be beneficial in the realm of CO2 reduction. [10a] As for the above-mentioned Mocompounds, also a recently described bimetallic Mn-system (Scheme 3, 10) relies on a pendent hydroxy group for efficient carbonyl reduction. [5] Replacement of the hydroxy group with a methoxy group suppressed efficient catalytic turnover by roughly a factor four, highlighting the importance of the proton-relay. Aliphatic ketones (e.g. Scheme 3. Homobimetallic Mn-complex with pendent proton relay for the electrocatalytic hydrogenation of aliphatic aldehydes and ketones. [5] 2.4. CPET mediator Scheme 4. Development of strong CPET-donors for facile and fast H • transfer to carbonyl substrates. [28] Direct carbonyl reductions are often accompanied by large overpotentials. Replacing sequential electron transfer (ET) events by proton-coupled electron transfer (PCET) can avoid unstable intermediates and strongly acidic conditions. [27,29] In the case of concerted proton electron transfer (CPET) or hydrogen atom transfer (HAT) [30] to carbonyl substrates, [31] a further complication arises from the very weak bonds formed (bond dissociation free energies (BDFEs) of 20-40 kcal/mol). [32] Catalysts able to promote such CPET-pathways thus need to be strong H • -donors with similar BDFEs. As Mayer et al showed that decoupling ET and PT sites in CPET systems allows for modulating BDFEs over a large range. [33] Peters et al found that ligand-protonated Cp * 2Co could be a powerful CPET agent (Scheme 4, 15). [34] However, protonation of the Cp * -core is associated with large reorganizations (sp 2 to sp 3 rehybridization, as well as h 5 to h 4 coordination mode change at cobalt), slowing down possible catalytic turnovers. Profiting from the decoupling of ET and PTsites, a modified Cp2Co-complex was synthesized, bearing a pendent aniline core on one Cp-ligand. [8] A thorough experimental thermochemical analysis established a huge 40 kcal/mol difference in BDFEs between Co(III) and the reduced Co(II) forms (Scheme 4, 17 and 18, respectively), highlighting the successful decoupling. The latter being an excellent candidate for CPETcatalysis with an experimentally derived BDFE of 39 kcal/mol. CV studies confirmed CPET as the rate-limiting chemical step with an KIE of 4.9 for acetophenone reduction. Hammett analysis (r = -0.5) is in line with substrate H-bonding or asynchronous CPET. CPE confirmed a TON >40 and 83% yield. However, only the 1ereduction product was obtained with 39% FE due to the concomitant HER (Table 1, entry 10).

Molecular Electrocatalytic Alcohol Oxidation

Introduction

As for electrochemical carbonyl hydrogenation, the reverse electrocatalytic alcohol dehydrogenation is highly developed using heterogeneous catalysts. [35] Indeed, the efficient and selective electrocatalytic oxidation of oxygenated feedstock will play a crucial role not only in direct fuel cells, but also to render e.g. large scale CO2RR economically viable. [START_REF] Na | [END_REF] A recent review from Waldie et al. highlights the importance of molecular systems in this regard. [37] Here, some key strategies for molecular electrocatalytic alcohol dehydrogenation (MEAD) are presented using key examples that demonstrate recent development.

Metal-hydrides with ligand cooperation

Scheme 5. Organometallic fuel cell and electrolyzer application of a metalligand cooperative Rh(I)-complex for alcohol oxidation.

As observed for carbonyl reductions, TH systems can be adopted for electrocatalytic schemes in MEAD. Seminal work from Vizza, Grützmacher et al, demonstrated the excellent catalytic activity of a metal-ligand cooperative (MLC) rhodium complex in an "organometallic fuel cell" (Scheme 5). [38] The Rh(I) complex 20 was immobilized into a catalytic ink and used as anode in a Membrane Electrode Assembly. The derived direct ethanol fuel cell delivered a power density of 24 mW/cm 2 at 40 °C using 10 wt% EtOH in 2 M KOH. Based on 31 Slight modifications of the ligand (complex 24, Scheme 5) allowed to maintain high catalytic activities at reduced catalyst loadings of only 0.1 mgRh/cm 2 due to better immobilization. The system could also be used in an ethanol reforming electrolyzer set-up with applied potential, generating over 10'000 turnover with near unit FE for acetate production (Table 2, entry 1), but these harsher conditions eventually led to deactivation via nanoparticle formation.

Scheme 6. Proposed mechanism of a metal-ligand cooperative ruthenium transfer catalyst for electrocatalytic alcohol oxidation.

Waymouth et al studied the possibility to activate a range of TH catalysts electrochemically. A ruthenium pincer complex was shown to be active for the electrocatalytic 2e -oxidation of isopropanol with excellent 94% FE at -0.6 V vs Fc 0/+ (Scheme 6, Table 2, entry 2). Although the systems were limited to isopropanol and TON < 5, important mechanistic insights were gained. After generation of the alkoxide species 26 from precatalyst 25, Ru(II)-H intermediate 27 is formed (for mechanisms of alcohol dehydrogenation, see e.g. ref. [39]). A 2e -/H + oxidation then delivers cationic 30 via the transient formation of a formal Ru(I) intermediate (29), which in the presence of base and substrate will close the catalytic cycle. Bases stronger than e.g. TBD or DABCO are needed (i.e. alkoxides), demonstrating the high pKa of the Ru(II)-H, as well as protonated 30. This is in agreement with work from Saouma et al showing that cationic 5coordinate ruthenium pincer complexes can have pKa values above 20 in THF. [40] Other TH systems based on iridium [41] and nickel, [42] as well as an iron-based acceptor-less dehydrogenation catalysts [43] were shown to be active under CV conditions, with limited turnover under CPE and/or restricted to activated substrates (Scheme 7, Table 2, entries 3-5). 

Mutlimetallic and high-valent systems

Scheme 8. Multimetallic complexes for electrocatalytic alcohol reformation.

Scheme 9. Different pathways for MEAD of benzaldehyde by high valent Ruoxo species as proposed by Meyer [44] and Kojima. [45] N N 1 [38a] 20 -0.07 [a] 10,000 Acetate 4 2 M KOH in 10wt% EtOH in water 99

2 [46] 25 -0.22 [b] 5 Acetone 2 0.1 M TBAPF6 in 1:1 THF/DFB, 20 mM KO t Bu 94 3 [41] 31 +0.37 [c] 32 p-Anisaldehyde 2 0.08 M TBAPF6 in odichlorobenzene, 134 mM 4nonylphenolate 95 4 [42] 32 - [d] 3.1 Benzaldehyde 2 0.1 M TBAPF6 in CH3CN, 115 mM TEA >90 5 [43] 33 -0.42 [e] <2 Acetone 2 0.2 M TBAPF6 in 1:1 THF/DFB, 10 mM phosphazene base P2-Et 100 6 [47] 34 +0.98 [f] +0.83 12 [53] PINO - [k] 3.8 Benzaldehyde 2 0.1 M LiClO4 in CH3CN,no added base 90 13 [54] 27/38 -0.67 [l] 4 Acetone 2 0.2 M TBAPF6 in 1:1 THF/DFB, 30 mM KO t Bu 85 14 [55] 40/39 -0.36 ). [47][48][49]56] The reactivity was indeed transposed to electrochemistry, providing a very rare example of molecular electrocatalytic 4e -reformation of alcohols to the corresponding esters (Table 2, entries 6-8). Mechanistically, in case of complex 34, ruthenium might abstract a hydride from an alkoxy species, stabilized by the second Lewis acidic metal center, [56][57] similarly to zwitterionic transition states in ruthenium-catalyzed dehydrogenation reactions. [58] For complexes 35 and 36 (Scheme 8), the high potentials needed tend to imply high-valent Ru=O species, which is further corroborated by the beneficial influence of added water. Other systems include Ru4-polyoxometalates (37, Table 2, entry 9)), [50] as well as Rh-porphyrins. [59] Mechanisms of high valent Ru-oxo species in MEAD was investigated by Meyer et al. Together with recent work from Kojima, it becomes now evident that pH and the electronics of both metal-oxo species and substrate can modify the pathway over a continuum from formal hydride transfer (favored under basic conditions, alkoxides being excellent hydride donors) [60] to CPET, asynchronous CPET and sequential PCET (Scheme 9). [44, 45b, 61] 3.3. CPET/HAT and 2e -/H + mediators N-Oxyl mediators have played a major role in selective molecular alcohol oxidation. [62] Seminal work by Semmelhack showed that the key oxoammonium species can also be regenerated at the anode, [63] leading today to their wide-spread use in MEAD. Excellent reports exist that highlighting the usefulness of these reagents in organic chemistry. [51][52]64] Scheme 10. Mechanism of nitroxyl-based MEAD with two distinct regeneration pathways via comproportionation (A) and anodic 2e -/1H + (B).

Here their mode of activity is summarized so as to make a link to other electrochemical (de)hydrogenation strategies. As the potential of the terminal oxidant can be chosen freely, highly oxidative R2N-O • /R2N=O + couples can be employed in electrochemical set-ups. Stahl and co-workers thus showed for example that ACT (Scheme 10) gives excellent activity compared to less hindered and less oxidative ABNO and AZADO for alcohol oxidation. [65] Similar observations were reported by, Choi et al. for 5-hydromethylfurfural (HMF) oxidation, where ACT exhibited faster kinetics than TEMPO at high oxidative potentials. [66] Mechanistically, under basic conditions, the oxoammonium cation abstracts a hydride intramolecularly from the bounds alcohol (Scheme 10). [64b] The regeneration of the oxoammonium species generally follows a comproportionation pathway, but at high potentials and fast kinetics (in the case of ACT), the 2e -/1H + is observed (Scheme 10). [67] Therefore, depending on the applied potential and mediator-type, rate-limiting events might be either the alcohol oxidation step or the regeneration step. A distinct N-oxyl mediator is the phthalimide N-oxyl radical (PINO). [64a] Unlike aminoxyl reagents, PINO is unstable and is electrochemically generated from NHPI (Scheme 11). [68] PINO does not promote oxidation beyond 2e -and the efficiency of the catalytic process is affected by the strength of the α-C-H bonds due to its distinct 1e -/1H + HAT pathways. [69] Selectivity is thus in favor of benzylic and allylic alcohols, as exploited in lignin depolymerization.

Seminal work on cooperative MEAD combining nitroxyl mediators and first row transition metals was reported by Stahl et al. [70] The catalyst composed of [Cu I (OTf)], 2,2′-bipyridine (bpy), Et3N, and an aminoxyl (TEMPO or ABNO) mediates MEAD. Importantly, catalytic activity occurred close to the Cu(II)/ Cu(I) redox potential, 500 mV lower than for TEMPO-only. Experimental and theoretical studies have shed light on the mechanism, implying an inner sphere 2e -/1H oxidation between Cu (1e -oxidant) and the nitroxyl (1e -/1H + acceptor), generating the aldehyde, Cu(I) and hydroxylamine (Scheme 12). Based on XAS and DFT studies, appreciable oxoammonium character in the adduct between Cu and aminoxyl-ligand was found, facilitating the hydride transfer from the substrate (Scheme 12). [71] Cu(II)-salts were also shown to mediate the regeneration of TEMPO via PCET. [72] Scheme 11. Electrochemical benzyl alcohol oxidation via NHPI-mediated HAT.

Scheme 12. Proposed mechanisms for TEMPO regeneration [72] and cooperative MEAD in Cu/bipy/TEMPO system, [70] and key intermediate for the 2e-/1H + oxidation. [71] 

HAT-mediators/metal hydride cooperation

Recently, Waymouth and colleagues explored if the cooperation of HAT-mediators and TH catalysts could be used to decouple electronically both systems and allow to circumvent energetically unfavorable sequential ET/PT pathways (see e.g. Scheme 6). [54] A key point for the implementation of such a strategy is the finetuning of thermodynamic parameters. The HAT-mediator should have sufficiently strong BDFEs to undergo HAT with the key M-H species. Its pKa should be low enough to be protonated easily by the employed bases and its redox potential well-adapted so that reoxidation occurs cathodically of the metal catalysts. As the thermodynamic data of many HAT-mediators is available, useful candidates can be designated readily. It was thus demonstrated that a Ru-based HAT-mediator (Scheme 13, 38) could be used to circumvent ET/PT pathways in the case of alcohol oxidation with 27 (Scheme 6). The cooperation of HAT-mediator and TH catalysts lowered the overpotential by 450 mV in the case of isopropanol oxidation (Table 2, entry 13). Although turnovers and scope are limited, the low working potential is unprecedented for MEAD. It was furthermore possible to extend this concept to organic HAT-mediators and other TH catalysts. Electron-rich phenoxy-mediators (for example tocopherol 39 with the iridium TH catalysts 40, Scheme 13) proved successful in lowering overpotentials and increasing the kinetics of isopropanol oxidation (Table 2, entry 14). [55,73] This system also demonstrated another case of a rare molecular 4e -alcohol reformation, albeit with an activated benzylic substrate. 

Caveats

In principle, molecular electrocatalysis offers the opportunity of precise catalyst benchmarking, which allows to understand key factors governing fast turnover. [9b,c] In practice however, the overpotential, needed to access TOF-driving force relationships, is often not accessible. This is due to the fact of lacking thermochemical data in the multitude of different solvents used in electrochemical set-ups (see tables 1 and 2). Indeed, the base (for oxidations), or acid (for reductions) strength in a particular solvent directly impacts the theoretical standard potential of a given reaction, difficulting direct comparison between systems. In other cases, especially in organic electrocatalysis, constant current electrolysis is the preferred mode of operation. However, reporting the corresponding E-t curves should then be common practice, in order to facilitate comparison and benchmarking between catalytic systems. This highlights the importance of thorough thermochemical studies in uncommon solvents, as well as to develop a common practice of reporting catalytic efficiencies and experimental conditions within the molecular electrocatalytic community.

Conclusion

The electrocatalytic interconversion of alcohols and carbonyls will play a central role for a future safe and energy efficient organic chemistry. Molecular systems that can combine high selectivity and turnover will be crucial for energy storage/vector applications such as alcohol fuel cells and electrolyzers. Inspirations in this (re)-emerging field are manyfold, ranging from the transposition of classical hydrogenation catalysis via molecular electrocatalytic proton and CO2 reduction systems to HAT-mediators. Thorough thermodynamic analysis of parameters such as BDFEs and hydricities could deepen the understanding of current catalysts and help to rationally design next generations. The link to work on cathodic generation of metal-hydrides, or their reactivity towards CO2 can be made, profiting from the rich literature on the thermodynamic governing such reactivity. [74] While links with thermal catalysis are established, the peculiarities of 1e --events in electrochemistry should be noted, especially in the realm of PCET. Moreover, molecular electrocatalysts that can promote the exchange of more than two electrons are still limited in numbers (see tables 1 and 2). In addition, often only activated substrates (e.g. secondary or benzylic alcohols) are used, highlighting that new catalytic systems are needed, able to explore the full potential of this re-emerging field. At the same time, electrochemistry offers opportunities for novel data-driven approaches and machine learning techniques, supporting the ongoing quest for new catalyst designs. [75] Together these factors make this field an exciting realm where it is possible to combine fundamental studies on new bond activation modes while attacking highly relevant challenges faced by today's society.
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  P-NMR and XRD techniques a mechanism of the 4-electron oxidation of ethanol to acetate was derived, involving anodic oxidation of Rh(I)-H amine species 23 to regenerate the active Rh(I)-amido compound 22.
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 7 Scheme 7. Transfer-and acceptor-less dehydrogenation catalysts utilized for

Scheme 13 .

 13 Scheme 13. Combinations of HAT-mediators with TH catalysts used to avoid energetically unfavourable sequential ET/PT during the anodic regeneration.

  

  

  

  

  

  

Table 1

 1 

		Waymouth et al. 2020	
	Metal-ligand cooperative e-Hydrogenation		
			O		
	Cathode	OH Ph Ph OH Ph Ph Ph Ph [Mo II ] H 8 Ph Ph +2e -+H +	Ph +H +	H	OH H H Ph Ph Ph Ph O Ph [Mo 0 ] Solv 9
		[Mo II ] Solv 7		[Mo II ]: Mo II (CO) 3

, entry 8) and aldehydes were hydrogenated with excellent selectivities tolerating the presence of C=C double bonds (Table

1, entry 9

). An internal single proton transfer event to generate the active Mn-H species was proposed based on a vague square-root dependency on added acid (Scheme 3, 13 to 14). Although quite-negative potentials are necessary (Scheme 3, 11), HER is successfully avoided, reflected in the excellent FE.

Table 2 .

 2 Molecular catalysts for the electrochemical oxidation of alcohols.

	Entry	Catalysts	Eappl (V vs SCE)	TON	Product	# electrons	Electrolyte	FE (%)
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