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Catalytic oxidation properties of an acid-resistant cross-bridged cyclen Fe(II) complex. Influence of the rigid donor backbone and protonation on the reactivity

The catalytic properties of an iron complex bearing a pentadentate cross-bridged ligand backbone are reported. With H2O2 as an oxidant, it displays moderate conversions in epoxidation and alkane hydroxylation, and satisfactory ones in aromatic hydroxylation. Upon addition of acid in the reaction medium, a significant enhancement in aromatic and alkene oxidation is observed. Spectroscopic analyses show that accumulation of the expected Fe III (OOH) intermediate is limited in these conditions, unless acid is added to the mixture. This is ascribed to the inertness induced by the cross-bridged ligand backone, which is partly reduced in acidic conditions.

Introduction

Oxidation metalloenzymes are able to achieve oxidation catalysis in very mild conditions with high turnovers using O 2 as an oxidant. 1 To do so, they carry out the 2 electron reduction of dioxygen to generate a reactive species. In the best known systems, cytochromes P450, this leads to the generation of an (P)Fe III OOH intermediate, which is the precursor for the active species, compound I, a (P •+ )Fe IV =O species (formally an Fe V =O species). [START_REF] Denisov | [END_REF][3][4] Its formation results from the heterolytic cleavage of the peroxo bond of (P)Fe III OOH. To achieve this, the push-pull effect is evoked to rationalize this favored pathway: a strongly donating 1 st coordination sphere ("push") is associated to hydrogen bonding and cationic residues in the 2 nd sphere that "pull" the electronic density at the distal oxygen atom. 3 Non-heme iron models have been developed and allow accessing Fe III OOH intermediates starting from Fe II and H 2 O 2 . Most of the time, with pentadentate aza ligands, (N 5 )Fe III OOH follows a homolytic cleavage pathway, leading to an {Fe IV =O; OH • } pair. [5][6][7][8][9][10] With tetradentate aza ligands, (N 4 )Fe III OOH is proposed to follow a heterolytic cleavage, leading to an (N 4 )Fe V (=O)(OH) species, thanks to the presence of two cis exchangeable sites. [11][12][13][14][15] In the case of (TMC)Fe III (OOH) (TMC = tetramethylcyclam), the two exchangeable sites are trans and the cleavage was proposed to be homolytic. 16 But upon addition of acid, it could switch to heterolytic. 17 This trend was reported for other systems, [18][19][20] and rationalized by protonation of the distal oxygen of the Fe III OOH adduct, which also induced an impact on the reactivity and selectivity towards substrates. We recently showed that increasing the donating ability of a non-heme aminopyridine ligand by replacement of pyridines by phenolates had a drastic impact on the O 2 activation ability of the complex, thanks to an increased "push" effect. 21 Association of this push ability to an external acid activation of Fe III (OOH) (pull effect) could strongly favor the heterolytic O-O bond cleavage and enhance reactivity. For this purpose, we report herein a complex derived from a cross-bridged cyclen ligand capable of increasing the push character with respect to aminopyridine ligands and resistant to the acidic conditions required to achieve the pull effect. The reactivity towards various substrates in the presence of H 2 O 2 was evaluated and shows that addition of acid significantly enhances the conversions. Spectroscopic studies were also carried out and showed the formation of an (N 5 )Fe III (OOH) species in the absence of acid, and an (N 4 )Fe III (OOH) in the presence of acid, with a dangling pyridinium.

Results

Ligand and complex synthesis

Ligand cyclenCB-CH 2 py (Chart 1) was synthesized according to a literature procedure. 22 The synthetic scheme follows a sequence of reactions starting with the formation of the cyclen/glyoxal bisaminal, 23,24 its sequential alkylation by two different groups, [25][26][27] and the reduction of the resulting dication to yield the cross-bridged bis-functionalized macrocycle. 25 

Complex

[(cyclenCB-CH 2 py)Fe II (OTf)](OTf) was synthesized as a tan powder in 75% yield by addition of the ligand onto Fe II (OTf) 2 in MeOH under Ar followed by precipitation with Et 2 O. It was characterized by ESI-MS, UV-vis and NMR spectroscopy and cyclic voltammetry (Figure S1 to S7). Single crystals suitable for X-ray diffraction were obtained by diffusion of diethylether into a methanolic solution of the complex and the structure is depicted in Figure 1. The iron center sits in a distorted octahedral environment resulting from the binding of the ligand in a pentadentate fashion, with the 6 th position being occupied by a triflate anion. Cyclen and cross-bridged cyclen macrocycles are too constrained to be able to coordinate the metal in its 4 equatorial positions, the pyridine and the triflate anion are thus bound cis to each other. The Fe-N bonds of the macrocycle sit within 2.15-2.22 Å, Fe-N py = 2.13 Å and Fe-O = 2.11 Å. These values are in the range observed for high spin complexes, in line with the binding of the triflate anion. 28 They also match the Fe-N bonds reported in other cross-bridged (cyclen)Fe complexes. 22,[29][30][31] The 1 H NMR spectrum in MeCN, observed in the [0, 9] ppm window, corresponds to a diamagnetic, and thus, low spin species indicating that the triflate ligand is likely substituted by MeCN in solution (Figures S1-S3). ESI-MS confirms the binding of cyclenCB-CH 2 py and the weakness of the Fe-triflate bond (Figure S4). The cyclic voltammogram displays a reversible wave at E 1/2 = 0.71 V (E = 100 mV) vs SCE, ascribed to a Fe III /Fe II couple and a less reversible one at E 1/2 = -1.84 V (E = 130 mV) vs SCE, ascribed to a Fe II /Fe I couple (Figure S6). By comparison, the value reported for [(cyclenCB-CH 2 py)Fe II Cl](PF 6 ) was -0.285 V vs Fc + /Fc (approximately 0.095 mV vs SCE) in DMF, but the couple was poorly reversible in these conditions. We thus added chloride (1 equiv. NBu 4 Cl) to [(cyclenCB-CH 2 py)Fe II (OTf)](OTf) in MeCN (Figure S7). If triflate was bound to iron in MeCN solution, it should be readily displaced by the more donating chloride, but the charge of the complex should remain +1 and the potential should be poorly affected. The main couple after addition of 1 equiv. chloride is E 1/2 = 0.4 V (E = 100 mV), in line with a decrease of the global charge by coordination of an extra anion. Addition of a 2 nd equiv. chloride is characterized by the decrease in intensity of these waves in favor of the growth of another couple at E 1/2 = 0.13 V (E = 90 mV), consistent with the binding of a 2 nd anion, and the detection of free chloride at E 1/2 = 1.1 V. These evolutions allow us to ascribe the initial couple at E 1/2 = 0.71 V (E = 100 mV) to a [(cyclenCB-CH 2 py)Fe II (MeCN)] 2+ species.

Comparison with analogous complexes of L 5 2 -type ligands bearing 2 tertiary amines and 3 pyridines indicates a decrease of ca. 0.3 V for E 1/2 , due to the more donating ability of amines which destabilizes the Fe II state. 28 Addition of HClO 4 to the complex in CD 3 CN was followed by NMR (Figure S8). In the presence of 1 equiv. HClO 4 , Fe remains coordinated to the cyclen core but the pyridine is protonated, as can be seen by comparison with the spectrum of the protonated ligand. This is confirmed by UV-vis spectroscopy, with the loss of the Fe II → py MLCT (Figure S9), and by cyclic voltammetry, with a shift of E 1/2 from 0.71 V vs SCE to 1 V (Figure S10). Additionally, CV experiments show that the Fe(cyclen) moiety is very resistant to acid as it persists with up to 20 equiv. HClO 4 .

Reactivity

Chart 1. Structures of the ligands mentioned in this article Table 1. Oxidation of substrates by hydrogen peroxide and iodosylbenzene catalyzed by various complexes at room temperature. [a] % Yields are given with respect to the oxidant The catalytic activity of [(cyclenCB-CH 2 py)Fe II (OTf)](OTf) in aliphatic and aromatic hydroxylation as well as epoxidation was tested using cyclohexane, anisole and cyclooctene as substrates, and H 2 O 2 and PhIO as oxidants, and compared with complexes with aminopyridine ligands (table 1). With PhIO (entry 6), the complex is only active in epoxidation reactions, giving reasonable yields in line with those obtained with parent complexes with varying ligand denticities (entries 7-9). Reactivity with H 2 O 2 is relatively poor on all substrates (entry 1), while parent complexes bearing two amines and pyridines (2 to 4 pyridyl groups) all display significant conversions towards aromatic hydroxylation, 32 and denticity-dependent conversions in epoxidation and aliphatic hydroxylation (entries 3-5). However, [(cyclenCB-CH 2 py)Fe II (OTf)](OTf) remains selective in the oxidation of anisole, as its counterparts. Indeed, aromatic hydroxylation is favored over demethylation and within aromatic hydroxylation products, the ortho position is favored, yielding 2methoxyphenol in higher proportions than would be expected for a statistical site distribution. Epoxidation is also favored over dihydroxylation. Interestingly, when 1 equiv. HClO 4 is added to the complex, reasonable conversions are restored in aromatic hydroxylation and epoxidation (entry 2). Spectroscopic studies were performed to rationalize these observations.

Characterization of intermediates

Addition of O-atom donors

The addition of PhIO to a 1 mM solution of [(cyclenCB-CH 2 py)Fe II (OTf)](OTf) in MeCN was followed by stopped flow UV-vis spectroscopy at 20°C (Figure S11). A slight growth of a signal is observed at 730 nm, which is assigned to the d-d transition of an Fe IV =O species. 33 In line with this low conversion into the intermediate, the Fe II → py MLCT transition at 412 nm is poorly affected, while it should vanish upon iron oxidation. Attempts to generate the intermediate with mCPBA were more efficient. The accumulation of the 730 nm chromophore is enhanced while the Fe II → py MLCT vanishes, which can be partly due to a better oxidation of iron but also 2+ is much more labile. As O atom transfer requires the initial binding of PhIO or mCPBA to the metal, it will be limited by the degree of lability of the complex. While poorly accumulated, once formed, Fe IV =O remains active in epoxidation reactions (Table 1).

Addition of H 2 O 2

Addition of 20 equiv. H 2 O 2 to a 1 mM solution of [(cyclenCB-CH 2 py)Fe II (OTf)](OTf) in MeCN was followed by stopped flow UV-vis spectroscopy at 20°C (Figures 2,S12). The Fe II → py MLCT transi on at 412 nm disappears, in line with the expected oxidation of Fe II to Fe III . Concomitantly, a band grows at 550 nm over 10 s which then slightly decays. This  max value is close to that of Fe III (OOH) species reported in the literature. 6,32 However, when a solution of [(cyclenCB-CH 2 py)Fe II (OTf)](OTf) in MeCN ([Fe] = 1 mM, 0.1 M NBu 4 PF 6 , 293 K, Figure S13) was oxidized by electrolysis, presumably to a [(cyclenCB-CH 2 py)Fe III (OH)] 2+ species, a similar UV-vis absorption at 550 nm was observed. EPR analysis of a sample collected at the maximum of accumulation of the 550-nm chromophore shows a single low spin Fe III species with parameters g = 2.414, 2.240, 1.888 (Figures 3a red, S14-S15). This set of values does not correspond with those of the parent (N 5 )Fe III (OOH) species (typically, g = 2.21-2.18, 2.12, 1.97 in the case of [(L 5 2 )Fe III (OOH)] 2+ ) 37 and more consistent with a [(N 5 )Fe III (OH)] 2+ . 38 Formation of a Fe III (OH) species was corroborated by the EPR signal obtained upon addition of 2 eq H 2 O 2 to [(cyclenCB-CH 2 py)Fe II (OTf)](OTf) which yielded the same resuts as with 20 eq (Figure S14). As a definitive EPR reference fingerprint, we used single crystals of [(cyclenCB-CH 2 py)Fe III (OMe)](OTf) 2 (see Figure 1 and Supporting Information) dissolved in MeOH or MeCN. The EPR spectra showed a single species at g = 2.35, 2.18, 1.92 in MeOH, and g = 2.38, 2.21, 1.91 in MeCN (Figure S16). These spectra are ascribed to [(N 5 )Fe III (OMe)] 2+ in both cases, with the slight shift of parameters being due to the protic nature of MeOH which can be hydrogen-bonded to the bound methoxo. 39 The UV-vis signatures in MeCN and MeOH also display an absorption around 560 nm (Figure S16). Thus, reaction of [(cyclenCB-CH 2 py)Fe II (OTf)](OTf) with 20 equiv. H 2 O 2 in MeCN does not lead to the accumulation of an Fe III (OOH) intermediate. For parent N 5 and N 6 type of complexes, MeOH has to be used as a solvent instead of MeCN to detect this species. 32,38 When we changed the solvent to MeOH and added 20 equiv. 6,39 Again, no Fe III (OOH) can be detected. However, when 100 equiv. H 2 O 2 were added to [(cyclenCB-CH 2 py)Fe II (OTf)](OTf) in MeOH, a small signal at g = 2.19, 2.15, 1.955 can be seen (Figure S17 and S19), ascribed to an (N 5 )Fe III (OOH) 2+ species. 38 This is consistent with the disappearance of the g = 2.40 2.21 1.91 resonances since (N 5 )Fe III (OOH) 2+ forms from a (N 5 )Fe III (OH) 2+ species (see Discussion section). These observations indicate that (N 5 )Fe III (OOH) forms but does not accumulate to a large extent. This peculiar behaviour is likely related to the inertness of the complex. Unlike parent aminopyridine complexes, which are known to display spin equilibrium at room temperature in the Fe II state, 36 the ligand field induced by cyclen strongly favors an Fe II low spin state. This difference is likely transferred to the Fe III state, making the Fe III complex much more inert and reluctant to HO -/HOO -ligand exchange, and in turn, explains the low accumulation of the Fe III (OOH) intermediate and thus the low conversions in oxidation reactivity. As the addition of HClO 4 induces a significant enhancement of reactivity, we followed the spectroscopic changes induced by the acid.

Addition of H 2 O 2 in the presence of HClO 4

When one equiv. HClO 4 is added to the solution at the apex of the accumulation of the 550 nm chromophore, the EPR signature changes immediately to give a new low spin Fe III species with parameters g = 2.580, 2.475, 1.710 (Figures 3a (blue),S20). The reaction can also be followed by stopped flow UV-vis spectroscopy (Figure 3b). The [(cyclenCB-CH 2 py)Fe II (OTf)](OTf) / H 2 O 2 1:20 mixture solution was aged for 9 s at 293 K before adding 1 equiv. HClO 4 . In a first very fast step (0.02 s), the 550 nm chromophore vanishes to yield a new one at 480 nm. The latter then slowly decays to yield another chromophore at 450 nm (Figure S21). In order to check if this new intermediate species is 

Given the strong Lewis acidity of Fe III , it is very unlikely that a [(cyclenCB-CH 2 py)Fe III (MeCN)] 3+

would remain stable in solution (e.g. equation 1 is highly unfavorable). The (g = 2.565, 2.465, 1.725) signal can thus be ascribed to [(cyclenCB-CH 2 pyH + )Fe III (OMe)(MeCN)] 3+ . When H 2 O 2 was added to this solution (Figures S23), the residual signal of [(cyclenCB-CH 2 py)Fe III (OMe)] 2+ disappeared, which suggests the displacement of the equilibrium towards a new species. However, only a slight change in the g values of the other species is detected: g = 2.58, 2.47, 1.71 (Figure S24). The latter can be tentatively assigned to [(cyclenCB-CH 2 pyH + )Fe III (OOH)(MeCN)] 3+ (i.e. a (pyH + -N 4 )Fe III (OOH)(MeCN) species) which would have almost the same EPR signature as its methoxo counterpart (Scheme S1).

To confirm this hypothesis, we carried out the experiment in MeOH where upon addition of HClO 4 to [(cyclenCB-CH 2 py)Fe III (OMe)] 2+ , no changes were observed (Figure S25a) except for a slight drop in intensity, suggesting a dimerization process. Upon addition of H 2 O 2 to the previous solution, the intensity of the [(cyclenCB-CH 2 py)Fe III (OMe)] 2+ signal increases again, and a new set of signals appeared at around g = 2.55 (Figure S25b), but no trace of (N 5 )Fe III (OOH) signal is detected, unlike what was observed in the absence of acid (see above). Addition of a second equivalent of acid does not change the spectrum (Figure S25c), but addition of extra H 2 O 2 induced an increase of the signal intensity at g = 2.55 (Figure S25d). The experiments in MeOH (in the presence or absence of acid) thus indicate that i) in the absence of acid, addition of H 2 O 2 to [(cyclenCB-CH 2 py)Fe III (OMe)] 2+ generates (N 5 )Fe III OOH in very limited quantities, in line with an intermediate that is difficult to accumulate (Scheme 1); ii) addition of acid to [(cyclenCB-CH 2 py)Fe III (OMe)] 2+ induces a drop in intensity, indicating that the expected mononuclear [(pyH + )-(N 4 )Fe III (MeOH)(OMe)] 3+ species is not stable and dimerizes in these conditions, presumably forming a (N 4 )Fe III (OMe) 2 Fe III (N 4 ) type dimer 40 or a (N 5 )Fe III (O)Fe III (N 5 ) one (Scheme 1); iii) addition of H 2 O 2 to this solution yields a new species with g max = 2.55, which can thus likely be ascribed to the formation of a (N 4 )Fe III (OOH)(MeOH) species. Simulation of EPR for this species gives parameters g = 2.55 2.47 1.73 (Figure S26). These conclusions are summarized in Scheme 1. By analogy, in MeCN, a (pyH + -N 4 )Fe III (OOH)(MeCN) species, with a dangling pyridinium, is expected to form in acidic conditions and its EPR signature is likely very similar to that of its methoxo counterpart (pyH + -N 4 )Fe III (OOH)(MeOH). Cross-bridged tetraazamacrocyles are known for their ability to yield very stable 41 and inert 30,42,43 transition metal complexes 22, 29-31, 42, 44-50 due to their extreme rigidity. Consequently, they have proven to be able to stabilize high oxidation states, 35, 51, 52 53 Such system have been used in oxidation catalysis with iron 35,50,54,55 or manganese 52,[56][57][58][59] complexes. In iron/H 2 O 2 oxidizing systems, Hubin et al showed results on the oxidation of thioanisole and the dehydrogenation of 1,4-cyclohexadiene, 50 Ruffo et al reported oxidation of alcohols, 55 and Que et al studied epoxidation reactions. 54 With the idea of increasing the "push" effect, we decided to increase the donating ability of our L 5 2 reference ligand in order to reexplore the oxidation ability of Hubin's ligand in comparative oxidation catalysis assays in aromatic, aliphatic hydroxylations and epoxidation reactions. Furthermore, as crossbridged ligands yield highly acid-resistant complexes 30,42,53 , it also allowed us to explore a potential "pull" effect by working in acidic conditions. Replacement of pyridines for secondary amines in ligand L 5 2 induces an increase of the donating ability of the ligand. This is reflected in a 0.3 V lowering of the Fe III/II potential and a significant push effect should be expected. But concommitantly, the increase of the number of -donors with no -donor ability (amines) induces an increase of the d orbital splitting. The low spin state of Fe II is thus strongly favored as testified by the fully diamagnetic nature of the 1 H NMR spectrum of [(cyclenCB-CH 2 py)Fe II (OTf)](OTf) in MeCN, compared to its pyridine-containing L 5 2 or TPEN counterparts, which show spin equilibrium in solution at room temperature. 36 [(cyclenCB-CH 2 py)Fe II (OTf)](OTf) shows relatively poor oxidation ability towards aliphatic or aromatic oxidation and alkene epoxidation with H 2 O 2 compared to the L 5 2 or TPEN complexes. Upon addition of 1 equiv. acid (HClO 4 ), the reactivity in aromatic oxidation is doubled, reaching those of the TPEN complex, while it is multiplied by four in the epoxidation of cyclooctene. Spectroscopic studies (UV-vis, EPR) were performed to identify the origin of this performance increase. In MeCN, in the absence of acid, a fast oxidation of Fe II to Fe III is observed upon H 2 O 2 addition, but no accumulation of (N 5 )Fe III OOH can be detected. This is a classic behaviour observed with L 5 2 or TPEN complexes, 32 where (N 5 )Fe III OOH intermediates can be accumulated in large quantities when switching to a methanol solution. 38 [START_REF] Denisov | [END_REF] or TPEN Fe II complexes, which show spin equilibrium at room temperature are relatively labile given the amount of high spin species. In these cases, step (i) is very fast while step (ii) is slightly slower, but still much faster than the decay of the (N 5 )Fe III OOH intermediate, allowing its accumulation in solution. 37 With [(cyclenCB-CH 2 py)Fe II (OTf)](OTf), the low spin state makes the complex much more inert, and as such, step (i) (inner sphere reaction) is slowed down due to a slower ligand exchange. The low spin state is likely also favored at the Fe III state, making step (ii) also slower to the point that if the rate of formation becomes close to the decay rate, the intermediate cannot be accumulated. This is in line with a previous example reported by our group in which the spin state of the complex, controlled by the binding mode of the ligand, had a drastic impact on the lability of the complex and thus on the reactivity in oxidation. 36 In the presence of acid in MeCN, oxidation with H 2 O 2 yields a new species observed at 480 nm with strongly split g factors (with g max around 2.6). A similar species is observed upon addition of acid to [(cyclenCB-CH 2 py)Fe III (OMe)] 2+ . This pattern is assigned to the coordination switch to a [(N 4 )Fe III (MeCN)(X)] 2+ species (X = OMe -, OH -or OOH - Upon protonation and decoordination of pyridine in step (iii), the newly formed (pyH + -N 4 )Fe III (MeCN)(OH) is expected to display a lower ligand field (replacement of pyridine by MeCN). Consequently, the system becomes more labile and step (iv) becomes faster than step (ii) (Scheme 2). Furthermore, ligand exchange can now occur via MeCN exchange, the decoordination of which is easier than that of the anionic hydroxo. Finally, the dangling pyridinium could also act as a 2 nd sphere acid moiety in step (iv), transiently protonating the bound hydroxo to aquo, further favoring ligand exchange.

Discussion

The better accumulation of the Fe III (OOH) intermediate in the presence of acid could explain the better performance in oxidation. However, Fe III (OOH) is usually not proposed to be the reactive species, but a precursor to it. It can follow homolytic activation to form {Fe IV =O; OH • } pair, or a heterolytic cleveage to yield an Fe V =O species (+ OH - ). Complexes bearing pentadentate ligands are usualy more prone to homolytic O-O bond cleavage in the absence of acid, [5][6][7][8][9] while complexes based on tetradentate ligands were proposed to follow a heterolytic activation pathway when two exchangeable sites are present in cis positions. [11][12][13][14][15] This is due to the ability to stabilize the leaving hydroxo by coordination in Fe V =O(OH) species. Finally, addition of acid to complexes of pentadentate ligands bearing a single exchangeable site can induce a shift in the activation pathway from homolytic to heterolytic, by protonation of the distal O atom in Fe III (OOH). [17][18][19][20] In the [(cyclenCB-CH 2 py)Fe II (OTf)](OTf) case, the change in reactivity upon addition of acid could also be tentatively assigned to such a switch in activation pathway, as the system changes from a (N 5 )Fe III (OOH) intermediate with a single exchangeable site to a (pyH + -N 4 )Fe III (MeCN)(OOH) with two cis labile sites with an acidic moiety in the vicinity. This is also in line with the increase in the epoxidation yields. But in order to extract activation parameters to support these hypotheses, a significant accumulation of Fe III (OOH) is required, which is discarded here.

Conclusion

Herein we report a new Fe II complex derived from ligand cyclenCB-CH 2 py. Catalytic runs with H 2 O 2 as an oxidant in reactions with anisole, cyclooctene and cyclohexane as substrates were carried out, showing activity towards aromatic oxidation and epoxidation. The backbone of the cross-bridged cyclen ligand allowed us to work in strong acidic conditions without destruction of the complex, and to explore the impact of the addition of acid on the reactivity. One equivalent of HClO 4 significantly enhances the performance in anisole oxidation and cyclooctene epoxidation. Spectroscopic studies were performed in order to rationalize these observations and showed that the intermediate switches from a (N 5 )Fe III (OOH) intermediate to a (pyH + -N 4 )Fe III (MeCN)(OOH) one upon acid addition. The latter can be accumulated to a larger extent, which might explain the improved performance in oxidation. But these changes could also be ascribed to a switch of mechanism in the activation of Fe III (OOH), from a homolytic O-O bond cleavage pathway to a heterolytic one. However, the poor accumulation of the intermediates prevented us from accessing activation parameters to support this hypothesis. This lock is ascribed to the large ligand field induced by the tertiary amine ligands, which favor low spin states, making the system relatively inert. In order to circumvent this problem, we are currently working on ligand systems retaining this strong donating ability in order to generate a push effect favoring a heterolytic O-O activation process, while introducing a stronger -donor character, in order to lower the ligand field and restore the lability that is necessary for catalysis.

Figure 1 .

 1 Figure 1. An ORTEP drawing of the cation [(cyclenCB-CH 2 py)Fe II (OTf)] + of [(cyclenCB-CH 2 py)Fe II (OTf)](OTf) (top) and of the cation [(cyclenCB-CH 2 py)Fe III (OMe)] 2+ of [(cyclenCB-CH 2 py)Fe III (OMe)](OTf) 2 (bottom). Thermal ellipsoids are shown at the 30% level. Fe is in orange-red, C in grey, N in blue, O in dark red, S in yellow, F in light green.

  [a] Fe / H2O2 / anisole : 1 / 20 / 3000, Fe / PhIO / cyclooctene : 1 / 2 / 3000. Phenol, o-MeO-phenol, p-MeO-phenol, m-MeO-phenol are denoted PhOH, o, p, m, respectively. [b] Fe / H2O2 / cyclooctene: 1 / 20 / 800, Fe / PhIO / cyclooctene : 1 / 2 / 800. Cyclooctene oxide and cyclooctane-1,2-diol are denoted epox and diol, respectively. [c] Fe / H2O2 / cyclohexane : 1 / 20 / 800, Fe / PhIO / cyclohexane : 1 / 2 / 800. Cyclohexanol and cyclohexanone are denoted -ol and -one, respectively. All assays were performed under aerobic conditions. [b] Ligand denticity: Nx. [d] The yield above 100% is assigned to auto oxidation reactions under aerobic conditions

  H 2 O 2 to [(cyclenCB-CH 2 py)Fe II (OTf)](OTf), we observed only EPR signals at g = 2.35, 2.18, 1.92 ((N 5 )Fe III (OMe)) and g = 2.40 2.21 1.91 ((N 5 )Fe III (OH)) (Figure S17-S18).

  H 2 O 2 -related, we carried out the titration of [(cyclenCB-CH 2 py)Fe III (OMe)](OTf) 2 by HClO 4 in MeCN by EPR (Figure S22). The initial signal of [(cyclenCB-CH 2 py)Fe III (OMe)] 2+ (g = 2.38, 2.21, 1.91) is gradually displaced towards a new one at g = 2.565, 2.465, 1.725. This signal (g = 2.565, 2.465, 1.725) can be ascribed to two possible species with the following coordination spheres: a [(N 5 )Fe III (MeCN)] 3+ , resulting from the protonation of the bound anion and its substitution by MeCN (equation 1): [(cyclenCB-CH 2 py)Fe III (OMe)] 2+ + H + + MeCN  [(cyclenCB-CH 2 py)Fe III (MeCN)] 3+ + MeOH (1); Or a [(N 4 )Fe III (OMe)(MeCN)] resulting from the protonation of the pyridine, its decoordination (the macrocyclic ligand becomes tetradentate) and the binding of an extra MeCN molecule (equation 2): [(cyclenCB-CH 2 py)Fe III (OMe)] 2+ + H + + MeCN  [(cyclenCB-CH 2 pyH + )Fe III (OMe)(MeCN)] 3+ (2).

Figure 3 .

 3 Figure 3. Evolution of the X-band EPR spectra (90 K), a/) and UV-vis spectrum (293 K, b/) of the [(cyclenCB-CH 2 py)Fe II (OTf)](OTf) / H 2 O 2 1:20 mixture solution (MeCN, [Fe]= 1 mM, aged 9 s at 293 K) upon addition of 1 equiv. HClO 4 .

  However, in the case of [(cyclenCB-CH 2 py)Fe II (OTf)](OTf) in MeOH, only a very small amount of (N 5 )Fe III OOH can be detected by EPR, indicating that accumulation of the intermediate is very difficult. We propose that this difference arises from the high ligand field imposed by cyclenCB-CH 2 py. The mechanism of (N 5 )Fe III (OOH) formation is a two-step process: i) oxidation of Fe II (inner sphere) (N 5 )Fe II + H 2 O 2  (N 5 )Fe III (OH) + HO• ii) ligand substitution (N 5 )Fe III (OH) + H 2 O 2  (N 5 )Fe III (OOH) + H 2 O L 5

Scheme 1 .

 1 Scheme 1. Proposed species detected by EPR upon addition of HClO 4 and H 2 O 2 to a [(cyclenCB-CH 2 py)Fe III (OMe)] 2+ solution in MeOH.

  Cl-benzoic acid side-product. Based on typical  values of Fe IV =O with polyazadentate ligands (270-400 M -1 cm -1 ),[33][34][35] a conversion ranging between 22 and 32% with mCPBA and 15 and 22% with PhIO after 1000 s is obtained. As a matter of comparison,

		Substrate							Anisole	cyclooctene	cyclohexane
		Products					o	p	m	PhOH	epoxide diol	-ol	-one
	entry Oxidant Nx [b] [(TPEN)Fe IV =O] 2+ is accumulated in 88% yield after 26 Catalyst			
	1 s in the same conditions. 34 This difference is H2O2 N5 [(cyclenCB-CH2py)Fe(OTf)](OTf)	17.6	4.5	0.7	5.9	2.2	0	2.4	0.7
	2 tentatively ascribed to the spin state of the starting H2O2 N5 [(cyclenCB-CH2py)Fe(OTf)](OTf)	32.8	5.6	0.56	6.7	9.4	0.2	3.7	0.4
	+HClO [(L5 2 )Fe(OTf)](OTf) 32 Fe II complex. Indeed, 1 H NMR of [(cyclenCB-3 H2O2 N5 CH 2 py)Fe II (OTf)](OTf) is in line with a diamagnetic	66	7.1	6.3	10.2	48.1	0.3	34.5	18.4
	4 species. Addition of a proton (HClO 4 ) induces H2O2 N6 [(TPEN)Fe](PF6)2 32	36	4	1	6	17	/	7	7
	5 decoordination and protonation of the pyridyl group H2O2 N4 [(L4 2 )Fe(OTf)2] 32 but the spectrum still corresponds to a diamagnetic	62.0	/	/	8.0	135 [d]	/	59.4	17.4
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Figure 2. Evolution of the UV-vis spectrum of [(cyclenCB-CH 2 py)Fe II (OTf)](OTf) (C =1 mM) in MeCN (293 K), upon addition of 20 equiv H 2 O 2 : growth at 550 nm to pyridyl protonation (and thus decoordination) by m-

Scheme 2. Proposed species detected by EPR upon addition of HClO 4 and H 2 O 2 to a [(cyclenCB-CH 2 py)Fe II (MeCN)] 2+ solution in MeCN.
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