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Introduction

Oxidation metalloenzymes, [START_REF] Bertini | Handbook of metalloproteins[END_REF] such as cytochromes P450, [START_REF] Meunier | [END_REF][3] are able to activate O 2 to achieve catalytic oxidation reactions of organic substrates in mild conditions, releasing only water as a side-product. As the triplet spin state of O 2 prevents its direct reaction with singlet organic substrates, O 2 must be activated by two sequential electron inputs, with the help of a reductase. Such a strategy has been adapted in model chemistry in solution by using electrodes to achieve this electron input. [4] Electroassisted epoxidation of alkenes with models has been reported since the 1980s, using the Gif/Orsay system [5][6][7] or complexes such as manganese salens or porphyrins [8][9][10][11][12][13][14] or ruthenium analogues. [15] More recently, Neumann et al reported the electrocatalytic oxidation of substrates using an iron-tungstate oxide capsule, [16][17] and Dey et al reported the electro-assisted selective oxidation of organic substrates using a picket-fence iron porphyrin grafted on an electrode via a thiol SAM, allowing to control the rate of electron input. [18] Our group reported the mechanistic study of O 2 activation by non-heme [(TPEN)Fe II ](PF6)2 [19] and [(L5 2 )Fe II (MeCN)](PF6) [20] complexes using cyclic voltammetry simulations and different spectroscopic techniques in order to identify the different reaction intermediates. These complexes are not reducing enough to spontaneously react with O 2 . Instead, O 2 activation is achieved by electron input into the Fe II /O 2 adduct to formally yield Fe IIIperoxo. This occurs at a potential only slightly more positive (ca 200 mV) than the reduction peak of free O 2 , due to the weak Fe II /O 2 binding affinity. In order to make the process more energetically favorable and avoid the direct reduction of O 2 (and the uncontrolled production of superoxide), the potential of this 'pre-wave' (i.e. reduction of the Fe II /O 2 adduct) must be shifted to more positive values. For this purpose, the complex must be made more reducing, in order to spontaneously react with O 2 to form Fe III -OO•, which in turn will be easier to reduce to Fe IIIperoxo thanks to the Lewis acidity of Fe III . Herein, we report the synthesis of two new ligands L 1 (H) and L 2 (H) 2 , obtained by replacement of one or two pyridines by phenolate groups with respect to the parent L 5 2 ligand (Chart 1). These changes make the corresponding complexes more reducing, to the point that [L 2 Fe III (OTf)] spontaneously activates O 2 upon reduction to Fe II . Its association with the [(TPEN)Fe II ](PF6)2 complex allowed us to perform electroassisted oxidation of thioanisole by tandem catalysis under air, at a potential 750 mV more positive than the reduction of free O 2 . The electrogenerated L 2 Fe II complex acts as the O 2 activator, and [(TPEN)Fe II ](PF6)2 as the oxidation catalyst, following superoxide transfer from the former to the latter. 

Results and Discussion

Ligand synthesis

Ligands L 2 (H) 2 and L 1 (H) were synthesized using a procedure derived from that used for the synthesis of L 5 2 (Scheme 1): A tetradentate ligand backbone is first obtained by Schiff base formation from ethylene diamine and 2-pyridinecarboxaldehyde for L 1 (H) (or 3,5-di-tert-butyl-2-hydroxybenzaldehyde for L 2 (H) 2 ) which is subsequently reduced. A bisaminal species is then formed with 3,5-di-tert-butyl-2-hydroxybenzaldehyde for L 1 (H) (or 2-pyrdinecarboxaldehyde for L 2 (H) 2 ), which is subsequently reduced. The final ligands are obtained by methylation with formaldehyde and sodium borohydride. Procedures and characterization by NMR and ESI-MS are detailed in the SI.

Synthesis of the complexes

[L 1 Fe III (H2O)](OTf)2 was obtained by reaction of L 1 (H) with Fe III (OTf) 3 in methanol in the presence of sodium methoxide (0.9 equiv. vs Fe). Single crystals suitable for X-ray diffraction were obtained by layering pentane over a concentrated THF solution of the complex.

[L 1 Fe III Cl](OTf) was obtained by reaction of L 1 (H) with Fe III (OTf) 3 in methanol in the presence of sodium methoxide (0.9 equiv. vs Fe) followed by the addition of NaCl (1 equiv.).

[L 1 Fe III Cl]Cl was obtained by reaction of L 1 (H) with Fe III Cl 3 in methanol in the presence of sodium methoxide (1 equiv. vs Fe). Single crystals suitable for X-ray diffraction were obtained by slow diffusion of diethyl ether into an acetonitrile solution of the complex.

[L 2 Fe III Cl] was obtained by reaction of L 2 (H) 2 with Fe III Cl 3 in ethanol in the presence of triethylamine (2 equiv. vs Fe). Single crystals suitable for X-ray diffraction were obtained by slow evaporation of an acetone solution.

[L 2 Fe III (OTf)] was obtained by reaction of L 2 (H) 2 with Fe III (OTf) 3 in methanol in the presence of sodium methoxide (2 equiv. vs Fe) and isolated as a microcrystalline powder.

Solid state studies

The structure of [L 1 Fe III (H2O)](OTf)2.THF.H2O (Figure 1a) shows a dicationic complex in which the ligand L 1 (H) is deprotonated and binds Fe III in a pentadentate fashion with the 6 th coordination site occupied by a water molecule. The binding mode of the ligand is analogous to that observed in L 5 2 -type Fe complexes. The two aromatic binding groups of ligand (L 1 ) -lying in trans positions are the pyridines. They are connected to the two different amine groups of the ethylene diamine group and their planes form an angle of ca. 56°. The phenolate binds in the equatorial plane of the complex and the aquo ligand sits on the axial position. The Fe-N bonds lie in the range 2.15-2.24 Å, and the Fe-OPh and Fe-OH 2 bond lengths are 1.844 Å and 2.022 Å respectively. This is in line with a high spin complex, by comparison with the bond lengths of high spin and low spin Fe(III) salen [21] and Fe(III) amine/pyridine complexes. [22][23] The unit cell further contains the two unbound triflate counterions, and a water and THF molecules. Interestingly, the aquo ligand of the complex is hydrogen bonded to one triflate anion and to the water molecule. In turn, the water molecule is further hydrogen bonded to the THF molecule and the 2 nd triflate anion (Figure S19) The structure of [L 1 Fe III Cl]Cl (Figure 1b) shows a monocationic complex in which the ligand L 1 (H) is also deprotonated and bound in the same fashion as in [L 1 Fe III (H2O)](OTf)2.THF.H2O. The 6 th coordination site is occupied by a chloride anion. The tilt angle between the pyridyl planes is 84°, in line with a less distorted octahedral geometry. Again, the Fe-N bonds in the 2.14-2.23 Å range, and the Fe-OPh and Fe-Cl bond lengths of 1.872 Å and 2.291 Å respectively, are in agreement with a high spin Fe III center. [21] The structure of [L 2 FeCl] (Figure 1c) displays a neutral complex where ligand L 2 (H)2 is doubly deprotonated and bound in a pentadentate fashion. The coordination sphere of iron is completed by a chloro ligand. This time, the wrapping mode of the ligand is different from the previous one. The two aromatic binding groups of ligand (L 2 ) 2-lying in trans positions are the pyridine and one of the phenolates. They are connected to the same amine group of the ethylenediamine. The 2 nd phenolate binds in the equatorial plane, and the chloro ligand sits in axial position. The Fe-N bonds lie in the range 2.19-2.29 Å, and the Fe-OPh and Fe-Cl bond lengths are 1.866/1.892 Å and 2.382 Å respectively. Again, this corresponds to values encountered for high spin complexes. [21] Solution characterization S1-S2) and shows that the exchangeable site is occupied by MeCN. From solution coordination studies, it can be inferred that in MeCN solution, ligands (L 1 ) -and (L 2 ) 2-retain the binding modes displayed in the solid state, and that their respective ancillary ligand (triflate, or aquo respectively) is readily displaced by acetonitrile. Comparison of their CVs (Figure 2) with that of the parent complex bearing only pyridyl arms [L5 2 Fe II (MeCN)](PF6)2 is also insightful. [24] Replacement of pyridyl groups by phenolates in the ligand backbone of the complexes induces a drastic shift of the E 1/2 (Fe III/II ) value from E 1/2 = 0.95 V vs SCE ([L5 2 Fe III/II (MeCN)] 3+/2+ ) to E 1/2 = 0.24 V ([L 1 Fe III/II (MeCN)] 2+/+ ) to E 1/2 = -0.33 V ([L 2 Fe III/II (MeCN)] +/0 ). This is coherent with the evolution of the charge in the complex, and the increasing donating ability of the ligand, and thus a much more reducing character of Fe II . so that the first reduction event is Fe III to Fe II reduction (Figure 3). The experiments were carried out under Ar and air with complexes at 1.62 mM in MeCN, which is the solubility of O 2 in air-saturated MeCN at 25°C. For [L 1 Fe III (H2O)](OTf)2 (Figure 3a), the reduction potential of Fe III (E p c = 0.18 V) is unaffected by the presence of air, in agreement with an Fe II complex that is stable in air on the CV timescale. Further in reduction, a large reduction wave at E p c = -1.0 V corresponds to the reduction of free dioxygen into superoxide. At a slightly higher potential (E p c = -0.78 V), another reduction wave is observed. This behavior was observed with complex [(TPEN)Fe II ](PF6)2, [19] where in-depth electrochemical study showed this wave corresponded to the reduction of an Fe II /O 2 adduct to Fe III -OO -. This "pre-wave" was best simulated using a square scheme, involving two pathways: a CE pathway, involving coordination of O 2 to Fe II to form the Fe II /O 2 adduct, followed by its 1 e -electrochemical reduction; and an EC pathway, corresponding to the reduction of O 2 to superoxide, followed by the fast coordination of superoxide to Fe II to yield Fe III -OO -(Scheme 2, in blue). For [L 1 Fe III (H2O)](OTf)2 , the same pattern observed is in line with a stable Fe II and a unfavorable binding of O 2 to Fe II , which requires a rather negative potential to achieve the reduction of the adduct (Scheme 2, middle).

Dioxygen activation

Interestingly, for [L 2 Fe III (OTf)] (Figure 3b), no such "pre-wave" is observed at very negative potential. Only the reduction of free O 2 to superoxide is observed. However, this time, the reduction potential of Fe III is clearly affected by the presence of dioxygen and shows a 90 mV shift to more positive values (from E p c = -0.38 V to E p c = -0.29 V). This is the sign that the Fe III to Fe II reduction is followed by a fast chemical reaction of Fe II with O 2 . Together with the absence of "pre-wave", this implies that Fe II in this (L 2 ) 2-coordination environment is reducing enough to react spontaneously and quickly with O 2 (Scheme 2, bottom, in red).

When the donating ability of the ligand increases, the reducing power of Fe II increases, which makes it more prone to spontaneously reduce O 2 . Concomitantly, its Lewis acidity decreases which disfavors the association of Fe II and O 2 into an Fe II -O 2 adduct. The different behavior of the complexes can be explained by the different contributions of these two contradictory factors: for "poor" ligands (TPEN, L5 2 , (L 1 ) -), the complex is not reducing enough and O 2 activation occurs upon electron injection into the Fe II /O 2 adduct (pre-wave at -0.78 V for [L 1 Fe II (MeCN)] + in Figure 3a, pathway 1 in scheme 2), whereas for a "rich" ligand such as (L 2 ) 2-, it occurs at the Fe III to Fe II reduction wave (-0.29 V for [L 2 Fe II (MeCN)] in Figure 3), which triggers an Fe II to O 2 electron transfer leading to a Fe III OO species (pathway 2 in Scheme 2). The switch of pathway that takes place from (L 1 ) -to (L 2 ) 2- constitutes a significant potential gain for the O 2 activation process: from the pre-wave at -0.78 V observed with (L 1 ) -, to the direct Fe II activation of O 2 at -0.29 V with (L 2 ) 2-, this represents nearly 500 mV. The E 1/2 (Fe III/II ) threshold to observe this switch thus lies between 0.24 V ([L 1 Fe III/II (MeCN)] 2+/+ ) and -0.33 V ([L 2 Fe III/II (MeCN)] +/0 ) vs SCE.

Scheme 2. Effect of the donating character of the ligand on the O2 activation pathway. The schematized CVs correspond to acetonitrile solutions containing the complex and O2. As the donating character increases: i) the Lewis acidity of Fe II decreases, which shifts the pre-wave to lower potentials (green arrows), ii) the reducing power of Fe II increases, which lowers the Fe III/II potential (yellow arrows) below a threshold where Fe II can spontaneously reduce O2, inducing a shift in the O2 activation process from pathway 1 (blue) to pathway 2 (red). Such a trend was already reported by Nam for the (TMC)Fe II complex in O 2 activation which proved to be solvent dependent. [25] Solvent coordination tuned the potential, and the threshold for the complex to react spontaneously with O 2 was estimated to be -0.1 V vs Fc + /Fc (approx. +0.28 V vs SCE). Goldberg also reported a similar switch in behavior within a family of ( iPr BIP)Fe II (X)(Cl) complexes. [26] Exchanging X -= Cl -for PhS -decreased the Fe III/II potential below this potential threshold, allowing the complex to activate O 2 .

With [L 2 Fe III (OTf)], following pathway 2 (Scheme 2, red), Fe III is reduced to Fe II at a very accessible potential and Fe II readily reacts with O 2 . As the intensity of the Fe III to Fe II reduction wave remains the same under Ar or air (Figure 3b), we can infer that no further electrochemical reduction occurs after the generation of Fe III -OO•. If superoxide were simply released in solution upon dissociation of the intermediate, the resulting Fe III would be reduced again at this potential and the intensity would increase. Fe III -OO• is either relatively stable (unlikely) in these conditions or decays to generate a species that cannot be reduced at this potential (through reaction with another Fe II complex and dimerization, or by oxidative damage to the ligand, vide infra).

We thus attempted to intercept the transient oxidizing species with a substrate before it decays. For this purpose, we carried out the electrolysis under air, of a solution containing [L 2 Fe III (OTf)] (1.62 mM), thioanisole as a substrate (500 equiv. vs iron) and with or without water as a source of protons (Figure S27). The potential was set to -0.34 V vs SCE to reduce [L 2 Fe III (OTf)]. After 2 hours, around 1 electron per Fe III was injected (Table 1, entries 3, 3') and no oxidation product was detected. The complex is fully reduced to Fe II , interacts with O 2 , but seems to be a poor oxidation catalyst in these conditions. The poor catalytic properties of [L 2 Fe III (OTf)] with reduced oxygen species were also confirmed by catalytic runs with H 2 O 2 and substrates cyclooctene, cyclohexane and anisole (Table S3). Under conditions where the parent complex -8 10 [L 2 Fe III (OTf)] is thus a good O 2 activator, but is unable to unleash the oxidizing power of O 2 . We thus tried to associate [L 2 Fe III (OTf)] to a competent oxidation catalyst: an Fe II complex that is stable in air, but that readily reacts with superoxide to form well-characterized Fe III OO -(and Fe III OOH upon protonation) species, [27][28][29] capable of substrate oxidation, [30] namely [(TPEN)Fe II ](PF6)2.

The CV of the 1:1 mixture of both complexes under Ar is the overlay of their individual CVs (Figure S28). Under an air atmosphere, [L 2 Fe III (OTf)] alone shows the behavior mentioned above: the Fe III/II reduction wave is shifted by 90 mV to more positive values with retained intensity (Figure 4a), [(TPEN)Fe II ](PF6)2 alone shows a pre-wave at -0.78 V, while its Fe III/II redox wave is only slightly affected in intensity (Figure 4b). The mixture of both complexes under air shows again the 90 mV shift of the [L 2 Fe III/II ] +/0 reduction wave but this time together with an increase in intensity (by a factor of 1.15, Figure 4c). would be reduced at this potential, justifying the intensity increase, while [(TPEN)Fe III (OO-)] + which is reduced at -0.58 V should not be reduced under these conditions. [19] The intensity increase is modest which suggests that the sequence of reactions is relatively slow on the CV timescale. A possible mechanism to account for this proposition is given in Scheme 3. Another hypothesis is that O-O bond cleavage could occur within a dinuclear peroxo species (reaction 3' in Scheme 4).

Homolytic cleavage would formally lead to two Fe IV (O) species (4'). [(TPEN)Fe IV (O)]

2+ is known to be reduced at 0.0 V, [19] which could justify the intensity increase observed at -0.28 V. Heterolytic cleavage would yield [L 2 Fe V (O)] + (4''), which is expected to be much more reducible than [L 2 Fe III (MeCN)] + , and could also justify the intensity increase. Whatever the fate of the transient [L 2 Fe III (OO•)], a potentially oxidizing species bearing the TPEN backbone is expected to be generated. We thus tried to explore its interception by the substrate thioanisole. Apart from the (TPEN)Fe II/I waves which lie at a potential much lower than that of the electrolysis, the CVs under Ar or air are unaffected by the presence of thioanisole (Figure S29). Addition of water does not affect the CVs neither, apart from the reduction waves of free O 2 (Figure S30). 

Electrocatalysis

The solution containing both complexes, and thioanisole as a substrate was electrolyzed at -0.34 V vs SCE (Figure 5) for 2 hours under air. In these conditions and depending on the presence or absence of water, the equivalent of 2.5-2.7 electrons per [L 2 Fe III (OTf)] were injected in solution (Table 1, The same conclusion can be drawn from UV-vis spectra (Figure S32). The UV-vis spectrum post-electrolysis shows a PhO -to Fe III LMCT, with a maximum at  max = 491-495 nm (depending on added water). The spectrum obtained upon addition of one equiv. TBAOH to a [L 2 Fe III (OTf)] solution shows a maximum at  max = 490 nm. The CV and UV-vis behavior during the TBAOH titration of [L 2 Fe III (OTf)] is in line with the dimerization of the complex (oxo or hydroxo bridge(s)). By comparison, the final CV and UV-vis spectrum post-electrolysis likely correspond to dimeric species: as the reductive activation of O 2 generates basic equivalents in the medium, it is not surprising that [L 2 Fe III (OTf)] might dimerize in the process, along with the ligand being exposed to oxidative degradation. The resulting dimeric species cannot be reduced at -0.34 V, and are probably not competent for catalysis, hence the lack of reactivity.

Interplay between [L 2 Fe III (OTf)] and [(TPEN)Fe II ](PF 6 ) 2 during reductive O 2 activation: superoxide transfer

In the presence of [(TPEN)Fe II ](PF6)2, more than one electron per [L 2 Fe III (OTf)] is injected at -0.34 V vs SCE (Table 1). As 6b). The low spin signals consist of one isotropic signal at g = 2, assigned to a radical (presumably phenoxyl from the L 2 ligand) and another axial one with g = 1.96 and 1.93. After successive cycles of thawing the tube to room temperature and freezing it, the axial signal vanishes while the g = 2 signal is more persistent. When the amounts of [L 2 Fe III (OTf)] and Fe(Cp*)2 are divided by two, while keeping the same amount of [(TPEN)Fe II ](PF6)2, the low spin (LS) signal becomes even more intense (Figure 6b, S36). When [(TPEN)Fe II ](PF6)2 is removed from the reaction mixture, no axial LS species is observed (Figure S36c andd) Table 2. EPR parameters of mixed-valent dinuclear iron complexes from the literature [32][33][34][35][36] Dinuclear Fe III Fe II complex 1 [a] The maximum quantity of sulfoxide formed (Table 1) is around 0.5 mM, which corresponds to half the concentration of [(TPEN)Fe II ](PF6)2. This is understandable given that a TPENbased Fe II -O-Fe III mixed-valent species is detected after superoxide transfer from [L 2 Fe III (OO•)] to [(TPEN)Fe II ](PF6)2. It appears that [(TPEN)Fe II ] 2+ is not regenerated after substrate oxidation and that the dimer is a thermodynamic sink, preventing additional turnovers. The aim of running experiments in the presence of water was to supply the reaction medium with a source of protons in order to i) convert [(TPEN)Fe III (OO -)] + into [(TPEN)Fe III (OOH)] 2+ known for its oxidation abilities when generated with excess H 2 O 2 [30,46] and ii) break the dimer by protonating the bridge to regenerate [(TPEN)Fe II ] 2+ . However, the addition of water does not have a significant impact on the reactivity and can even alter it (Table 1). This suggests that water is not acidic enough to achieve its targeted roles, and that it might also favor the formation of oxo/hydroxo bridged dimers from [L 2 Fe III (OTf)] which cannot be reduced at the electrolysis potential and would decrease the amount of activator in solution. The formation of dimeric Fe III /Fe II species seems to be favored in these conditions, where a small amount of oxidant (superoxide) is generated in a medium rich in [(TPEN)Fe II ](PF6)2. By comparison, in the catalytic conditions used with a peroxide shunt with [(TPEN)Fe II ](PF6)2, H 2 O 2 is used in excess and all Fe II is converted to Fe III very fast, discarding the formation of mixedvalent species. [27,30] . L stands for a presumably anionic terminal.

Conclusion

We report new Fe III complexes of two new pentadentate ligands, (L 1 ) -and (L 2 ) 2-, derived from parent ligand L 5 2 by susbtitution of one or two pyridines by phenolates. These successive substitutions decrease the Fe III /Fe II potential from 0.95 V vs SCE to 0.24 V to -0.33 V. The reduced form of the latter (L 2 )Fe III complex, unlike its counterparts, can react spontaneously with 

Experimental Section

Synthesis and characterization of ligands and complexes, as well as detailed spectroscopic and kinetic studies of intermediates and additional information can be found as supplementary material.

Chart 1 .Scheme 1 .

 11 Scheme 1. General synthetic scheme for L5 2 , L 2 (H)2 and L 1 (H).

Figure 1 .

 1 Figure 1. ORTEP diagram of the dication in [L 1 Fe III (H2O)](OTf)2.THF.H2O (a/), of the monocation in [L 1 Fe III Cl]Cl (b/) and of the neutral complex in [L 2 FeCl] (c/). Thermal ellipsoids are shown at the 30% level. Fe is in orange, C in grey, N in blue, O in red and Cl in green. Hydrogen atoms are omitted for clarity, except for the aquo ligand.

Figure 2 .

 2 Figure 2. CVs at a glassy carbon electrode (2 mM in MeCN, NBu4PF6 0.1 M, Ref: SCE, 0.1 V/s, room temperature) of [L 2 Fe III (OTf)] (a), [L 1 Fe III (H2O)](OTf)2.THF.H2O (b) and [(L5 2 )Fe II (MeCN)](PF6)2 (c).

Figure 3 .

 3 Figure 3. CVs at a glassy carbon electrode (1.62 mM in MeCN, NBu4PF6 0.1 M, Ref: SCE, 0.1 V/s, room temperature) of [L 1 Fe III (H2O)](OTf)2.THF.H2O (a/) and [L 2 Fe III (OTf)] (b/), under Ar (blue) or air (red).

Figure 4 .

 4 Figure 4. CVs at a glassy carbon electrode (MeCN, NBu4PF6 0.1 M, Ref: SCE, 0.1 V/s, room temperature) of [L 2 Fe III (OTf)] (1.62 mM, a/), [(TPEN)Fe II ](PF6)2 (1.62 mM, b/) and a 1:1 mixture (c/) of [L 2 Fe III (OTf)] (1.62 mM) and [(TPEN)Fe II ](PF6)2 (1.62 mM) under Ar (blue) or air (yellow).

2 )

 2 Fe II (MeCN)](OTf)2 is efficient for the oxidation of all three substrates, [L 2 Fe III (OTf)] gives nearly no conversion.

  The intensity increase of the [L 2 Fe III/II ] +/0 reduction wave upon addition of [(TPEN)Fe II ](PF6)2 suggests an interplay between the two complexes and O 2 , resulting in the formation of a species that can be reduced at this potential. [(TPEN)Fe II ](PF6)2 itself is already in its reduced form, but [L 2 Fe III (MeCN)] + is reducible at this potential, which suggests [(TPEN)Fe II ](PF6)2 could react with a transient [L 2 Fe III (OO•)] through a superoxide transfer reaction to regenerate the L 2 Fe III precursor. While regenerated, [L 2 Fe III (MeCN)] +

Scheme 3 .

 3 Scheme 3. Putative mechanism of superoxide transfer from [L 2 Fe III ] + to [(TPEN)Fe II ] 2+ .

Scheme 4 .

 4 Scheme 4. Hypothetic mechanism of dimerization and O-O bond cleavage.

Figure 5 .

 5 Figure 5. Electrolysis of a solution containing [L 2 Fe III (OTf)] (1.62 mM) and [(TPEN)Fe II ](PF6)2 (1.62 mM), thioanisole (500 equiv. vs [L 2 Fe III (OTf)]) and water (260 equiv. vs [L 2 Fe III (OTf)]). CVs at a glassy carbon electrode (MeCN, NBu4PF6 0.1 M, Ref: SCE, 0.1 V/s, room temperature) under air, prior to electrolysis (a/). Evolution of the parameters during the electrolysis at -0.34 V vs SCE. i vs t (b/), and Q vs t (c/).

entries 5 , 5 )Figure 6 .

 556 Figure 6. Evolution of the UV-vis spectrum of a solution containing [L 2 Fe III (OTf)] (0.1 mM), [(TPEN)Fe II ](PF6)2 (0.1 mM) and Cp*Fe (0.1 mM) in air saturated MeCN at 20°C (a/). X-band EPR spectra (MeCN, 90 K) of a tube containing a mixture of [L 2 Fe III (OTf)] (x mM), [(TPEN)Fe II ](PF6)2 (1 mM) and Fe(Cp*)2 (x mM) in MeCN after bubbling air in the solution at approximately -40°C. x = 1 (red), or 0.5 (blue) (b/). X-band EPR spectra (MeCN, 10 K, blue) of a tube containing a mixture of [(TPEN)Fe II ](PF6)2 (2.6 mM in MeCN, 100 µL) and KO2 (2.6 mM in DMSO, 50 µL) and simulation (dashed red line), corresponding to g = 1.973 1.962 1.920 (c/).

  hypothesized above, either i) the transient [L 2 Fe III (OO•)] species transfers superoxide to [(TPEN)Fe II ] 2+ , which regenerates [L 2 Fe III (MeCN)] + (scheme 3), or ii) a new species that can be reduced at -0.34 V vs SCE is formed from [(TPEN)Fe II ] 2+ , [L 2 Fe II (MeCN)] and O 2 (scheme 4).To test these hypotheses, we tried to identify intermediates by spectroscopy. Electrolysis being too slow to generate [L 2 Fe II (MeCN)] in large quantities, and thus accumulate the resulting intermediates, we decided to use a chemical reducing agent instead. Decamethylferrocene, Fe(Cp*)2, (E°' = -0.59 V vs Fc + /Fc, around -0.2 V vs SCE)[31] was chosen as it cannot reduce O 2 , and displays a redox potential overlapping with that of [L 2 Fe III (MeCN)] + /[L 2 Fe III (MeCN)]. We followed the UV-vis evolution of a mixture of [L 2 Fe III (OTf)] (0.1 mM), [(TPEN)Fe II ](PF6)2 (0.1 mM) and Fe(Cp*)2 (0.1 mM) at 20°C in air saturated MeCN (Figures 6a, S33). The decay of the LMCT band of [L 2 Fe III (MeCN)] + at 607 nm is observed along with a shift of the maximum towards 490 nm, in line with a dimerization of this species. Also observed is the growth of a band at 316 nm associated to the formation of [Fe(Cp*)] + , indicating that [L 2 Fe III (MeCN)] + reacted with Fe(Cp*)2. The reaction is slow as the driving force for [L 2 Fe III (MeCN)] + reduction by Fe(Cp*)2 is rather weak. Interestingly, the MLCT of [(TPEN)Fe II ](PF6)2 also decays (416 nm) (Figure 6a), indicating that this complex gets oxidized. This phenomenon is not observed when [L 2 Fe III (OTf)] is removed from the reaction mixture, where the decay at 416 nm is nearly inexistent (Figure S34), in line with [(TPEN)Fe II ](PF6)2 and Fe(Cp*)2 being unable to spontaneously react with O 2 . It can be concluded that Fe(Cp*)2 reduces [L 2 Fe III (MeCN)] + to [L 2 Fe II (MeCN)], which then activates O 2 and the resulting species is able to oxidize [(TPEN)Fe II ](PF6)2. The same type of experiment was followed by EPR. A mixture of [L 2 Fe III (OTf)] (1 mM), [(TPEN)Fe II ](PF6)2 (1 mM) and Fe(Cp*)2 (1 mM) in MeCN was prepared in a glovebox and transferred to an EPR tube (Figure S35). The X-band EPR spectrum was recorded at 90 K. The signal consists of a g = 4.3 signal corresponding to [L 2 Fe III (OTf)], the Fe II complexes being EPR silent. Then, air was bubbled through the solution around the melting point of MeCN (-40°C), and the tube was frozen back 0 g = 4.3 high spin signal showed a significant drop in intensity, while new low spin signals appeared (Figure
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2 Scheme 5 .

 25 Scheme 5. Proposed mechanism for the reductive activation of O2 by [L 2 Fe II (MeCN)] followed by the activation of superoxide by [(TPEN)Fe II ](PF6)2.L stands for a presumably anionic terminal.

  O 2 as detected by cyclic voltammetry. Attempts to carry out electro-assisted oxidation of thioanisole with this complex [L 2 Fe III (OTf)] proved unsuccessful, as the complex dimerizes upon reaction with O 2 . Furthermore, peroxide shunt reactions suggest that [L 2 Fe III (OTf)] is a poor oxidation catalyst. We thus associated [L 2 Fe III (OTf)], which is able to activate O 2 at a very accessible potential (-0.33 V vs SCE, compared to -1 V for free O 2 ), to [(TPEN)Fe II ](PF6)2, an Fe II complex, stable in the presence of dioxygen, but reacting fast with superoxide to yield a potentially reactive species. Electro-assisted oxidation of thioanisole at -0.33 V now became effective. The two partner complexes are required for the reaction to work, and the amount of [L 2 Fe III (OTf)] can be reduced without significant drop in conversion, suggesting [L 2 Fe III (OTf)] acts as a mediator. Spectroscopic analysis using a reducing agent (decamethylferrocene) instead of an electrode confirms this activator/mediator role of [L 2 Fe III (OTf)] and shows that its reduced form activates O 2 to superoxide, before transferring it to [(TPEN)Fe II ](PF6)2. A mixed-valent oxo-bridged TPEN-based Fe III -Fe II complex is in fine detected (EPR, ESI-MS). Along the way, a [(TPEN)Fe]-based oxidizing species, not identified so far, is generated and probably responsible for thioanisole oxidation. Our attention is now focused on attempting to trap an intermediate at low temperature to identify the exact nature of the oxidizing species. This work is a proof of concept for the use of two complexes in tandem for the oxidation of substrates by electro-assisted O 2 activation. It also opens many ways to improve the system, for instance by changing the proton source in order to achieve the protonation of [(TPEN)Fe III (OO -)] + to [(TPEN)Fe III (OOH)] 2+ , and to avoid the formation of the TPEN-based Fe III/II dimer as a thermodynamic sink, by reducing the amount of [(TPEN)Fe II ](PF6)2 to discard dimerization, by introducing bulky groups on TPEN to prevent dimerization and control the nuclearity of the reactive species, or by replacing [(TPEN)Fe II ](PF6)2 by a more reducing complex to enhance the efficiency of the superoxide transfer.

Table 1 .

 1 Products

of thioanisole oxidation by electrolysis at -0.34 V vs SCE for 2 hours (MeCN, NBu4PF6 0.1 M, Ref: SCE, WE: carbon foam, CE: Pt grid) in the presence or absence of water. Quantification by GC analysis Entry [L

2 Fe III (OTf)] (equiv.) [(TPEN)Fe II ](PF6)2 (equiv.)

  

				Water	e -(mM)	e -/(L 2 )Fe III	e -	Sulfoxide	Faradic
				(equiv.)			/(TPEN)Fe II	(mM)	yield %
	1	0	0	0	0.07 ± 0.05	/	/	0	0
	1'	0	0	260	0.04 ± 0.01	/	/	0	0
	2	0	1	0	0.39 ± 0.03	/	0.24 ± 0.02	0	0
	2'	0	1	260	0.47 ± 0.02	/	0.29 ± 0.01	0	0
	3	1	0	0	1.37 ± 0.33	0.86 ± 0.21	/	0	0
	3'	1	0	260	1.85 ± 0.27	1.15 ± 0.17	/	0	0
	4	0.5	1	0	3.39 ± 0.07	4.24 ± 0.09	2.12 ± 0.04	0.18 ± 0.03	11 ± 2
	4'	0.5	1	260	3.58 ± 0.17	4.48 ± 0.22	2.24 ± 0.11	0.27 ± 0.18	15 ± 11
	5	1	1	0	4.36 ± 0.32	2.72 ± 0.20	2.72 ± 0.20	0.50 ± 0.14	15 ± 8
	5'	1	1	260	3.95 ± 0.09	2.46 ± 0.06	2.46 ± 0.06	0.21 ±0.09	11 ± 4
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The g values of the axial low spin signal are typical of oxobridged mixed-valent Fe II -Fe III dimers (Table 2). Given that As the [(TPEN)Fe III (OO -)] + species has been isolated and characterized in the literature (though not detected here spectroscopically), [27,[START_REF] Girerd | Metal-Oxo and Metal-Peroxo Species in Catalytic Oxidations[END_REF][START_REF] Simaan | [END_REF][39][40] we propose its putative formation as a result of this superoxide transfer.

Reaction of [(TPEN)Fe III (OO -)] + with another [(TPEN)Fe II ](PF6)2,

which is in large excess with regard to the electrogenerated [L 2 Fe III (OO•)] and the subsequent [(TPEN)Fe III (OO -)] + , in fine leads to the oxo-bridged mixed-valent dimer. Between the [(TPEN)Fe III (OO -)] + species and the final dimer, a species capable of 2 electron oxidation of thioanisole is expected to form. A first hypothesis would be that [(TPEN)Fe III (OO -)] + is the thioanisole oxidizing species, and after O transfer to the substrate, the resulting [(TPEN)Fe III (O -)] + is stabilized by dimerization to yield the Fe II -O-Fe III dimer. However, non heme Fe III (OO -) intermediates have been shown to be unreactive with thioanisole. [41] Alternatively [(TPEN)Fe III (OO -)] + could react with excess [(TPEN)Fe II ](PF6)2 to form a transient Fe III -O-O-Fe II species which, in this form or another activated one (Fe III -O-Fe IV =O for instance [42][43][44][45] ), could be responsible for the oxidation of thioanisole. So far, the available spectroscopic data do not show any accumulation of any of these intermediates, [27,[START_REF] Girerd | Metal-Oxo and Metal-Peroxo Species in Catalytic Oxidations[END_REF][START_REF] Simaan | [END_REF][39][40][42][43][44][45] and thus do not allow us to draw conclusions regarding the nature of the reactive species.
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The electro-assisted oxidation of thioanisole by O 2 was achieved using a tandem couple "O 2 activator/oxidation catalyst" of non-heme complexes: at an electrode, L 2 Fe III (OTf) is reduced to Fe II , which activates O 2 to superoxide and transfers it to (TPEN)Fe II (PF 6 ). The latter generates a reactive species capable of substrate oxygenation.