Introduction

On Earth, iron is by mass the most common transition element, existing in a wide range of oxidation states, -2 to +7, although +2 and +3 are the most common. In biological systems, iron also is one of the most abundant transition metal ions 1 , not only forming complexes with molecular oxygen in hemoglobin and myoglobin that are two common oxygen transport proteins in vertebrates, 2,3 but also acting as active sites or cofactors of many important redox enzymes dealing with cellular respiration and oxidation and reduction in organisms. 4,5,6 In these iron-containing enzymes, sulfur is frequently found as coordinating atom playing a significant role. Sulfur is the fifth most common element by mass on Earth, accompanying with range of oxidation states, -2 to 6. Though sometimes found in pure form, sulfur on Earth usually occurs as sulfide and sulfate minerals. Sulfur is elemental macronutrient for all living organisms, almost always in the form of metal-sulfur compounds or organosulfur including three amino acids (cysteine, cystine, and methionine) and two vitamins (biotin and thiamine). Disulfide bonds between two cysteine residues in peptide chains confer extra toughness and rigidity, and thus are of key importance in protein assembly and structure. Concerning metal-sulfur compounds, the presence of sulfur can lead to the formation of various iron-based proteins as well as zinc, copper, manganese -based proteins.

In almost all iron/sulfur-containing metalloenzymes, sulfur is present either as twoor three-coordinated sulfide in iron-sulfur clusters or as terminal/bridging thiolate in metalloenzymes active sites. Generally, iron-sulfur clusters mediate biological electron transfer in the metalloenzymes, and also participate in the substrate binding/activation, iron/sulfur storage, regulation of gene expression, and enzyme activity. 7 Clusters involved in electron transfer include [2Fe-2S], [3Fe-4S], [4Fe-4S], or [8Fe-7S] core units, with cysteine thiolate generally completing tetrahedral coordination at each iron site. Except the double cubane [8Fe-7S] cluster that is found only in nitrogenases and has the potential to act as a two-electron carrier, the vast majority of electron transfer iron-sulfur clusters are one-electron carriers. Iron-sulfur clusters are found in a variety of metalloproteins, such as the ferrodoxins 8 that serve as electron transfer agent in biological redox reactions. In bacteria, the important nitrogenase enzymes performs the essential function of nitrogen fixation, converting atmospheric nitrogen to ammonia that can be used by microorganisms and plants to make proteins, DNA, RNA, alkaloids, and the other organic nitrogen compounds necessary for life. Their active site contains an Fe-Mo-S cluster. 9 In addition, iron thiolate bonds are present in many classes of metalloenzymes active sites and make major contributions to function. The well-known heme enzyme, cytochrome P450, involved in O2 activation has an axial iron-sulfur bond. The non-heme iron enzyme superoxide reductase containing an iron-sulfur bond degrades superoxide. There are also many classes of enzymes with bridging thiolate groups. The dinuclear hydrogenases with two bridging thiolate groups mediate the interconversion of dihydrogen with protons and electrons. The sulfite reductase involved in reduction of sulfite consists of an iron porphyrin bridged to a [4Fe-4S] cluster through thiolate group. The prevalence of the iron-sulfur bond in these iron/sulfur-containing enzymes demonstrates the major role in the metabolic pathways of most organisms and leads some scientists to theorize that iron-sulfur compounds have a significant role in the origin of life.

Therefore, the remarkable importance of iron-sulfur bonds attracts scientists to study them. Furthermore, iron-sulfur rich active sites in metalloenzymes represent attractive targets for bioinspired and biomimetic synthetic modeling studies aiming to reproduce their structure and function. Therefore, this introduction begins by presenting the various and essential reactivity of iron/sulfur-containing enzymes, including activation of small molecules (dioxygen and dihydrogen), as well as the related synthetic models. In the following part, the sulfur-based redox reactions will be discussed since sulfur is involved in many redox processes in biological systems. The final section presents the motivation and plan of this thesis.

Activation of dioxygen by iron complexes

Molecular dioxygen (O2), an abundant and renewable component in air, is the most important molecule for sustaining aerobic life and plays a critical role in the industry and emerging energy technologies. 10 The biological respiratory chain couples O2 to drive nutrient metabolism and synthesis of various important biomolecules, such as amino acids and ATP. Due to the thermodynamic stability of O2 in its triplet ground state, the direct reaction of O2 with singlet organic molecules is spin-forbidden. In biological system, a number of enzymes containing iron have been employed to activate O2 and can be classified into two types: heme enzymes, which employ a tetradentate porphyrin macrocycle as ligand for the iron center, and non-heme enzymes, which contain monoor dinuclear iron centers with non-porphyrin ligand. 11 Both heme and non-heme activate dioxygen in their respective catalytic cycles for different purposes, such as aliphatic C-H hydroxylation and oxidative cleavage of an aromatic double bond. O2 is also employed as electron acceptor in fuel cells and metal-air batteries that are important next generation energy technologies. Such processes combine reduction of O2 and oxidation of fuel, such as H2, to generate electromotive force that can power electronics. 10 Because these processes convert chemical to electrical energy, the catalysis of the O2 reduction reaction (ORR) needs to occur with high rate, high selectivity and high energy efficiency. Inspiration from enzymatic systems has driven bioinorganic chemists to develop the synthetic bio-inspired modeling and functional complexes, to understand biologically catalytic processes and to develop efficient ORR catalysts. In protic media, O2 can undergo the two-proton/two-electron (2H + /2e -) reduction to hydrogen peroxide (O2 + 2H + + 2e -⇋ H2O2) or the four-proton/ four-electron (4H + /4e -) reduction to water (O2 + 4H + + 4e -⇋ 2H2O). 12 For energy applications, it is of importance that ORR is accomplished with high selectivity, especially for H2O, as the 2H + /2e -ORR provides much less free energy. The production of H2O2 from O2 is also important for other applications such as paper bleaching, waste water treatment. 10 

Activation of dioxygen by heme iron complexes

The most commonly known and studied bio-inorganic iron complexes (Figure 1.1a) are the heme-containing proteins that have been assumed to have a key position in our understanding of O2 activation mediated by metalloproteins. For O2 reduction, the general catalytic cycle (Figure 1.1b) starts with the binding of O2 to a ferrous heme to afford a ferric-superoxide adduct, followed its one-electron reduction to generate a ferric-peroxo. The ferric-peroxo is then protonated to afford ferric-hydroperoxo that evolves into a high-valent, iron(IV)-oxo intermediate via O-O bond scission. 13 The extremely rich chemistry occurring between the heme iron and dioxygen provides the basis for the diverse roles of heme proteins in O2 metabolism, including O2 transport (myoglobin and hemoglobin), reduction of O2 to water (cytochrome c oxidases), degradation of reactive oxygen species (catalases and peroxidases), and catalysis of a variety of oxygenation reactions of organic substrates such as steroid hydroxylation, a monooxygenation typical of cytochrome P450s, and dioxygenation reactions (heme dioxygenases). 6 15 In the same year, the structure of a hydroperoxo-ferric intermediate (Figure 1.2c) was reported through controlled photoreduction of ferrous-dioxygen intermediate of chloroperoxidase, which showed an Fe-O distance of 1.9 Å, an Fe-O-O angle of 131°, and a O-O distance of 1.5 Å. 16 The direct observation of an oxo-iron (IV) porphyrin π-cation radical intermediate is much more challenging. In 2010, Rittle and Green use m-chloroperbenzoic acid to oxidize ferric CYP119 in the absence of substrate to yield an oxo-iron (IV) intermediate, which was spectroscopically characterized by UV-vis (370, 610, 690 nm) and Mössbauer (δ = 0.11 mm/s, ∆EQ = 0.90 mm/s) spectroscopy, and is found to be highly reactive for C-H hydroxylation with apparent second-order rate constants ranging from 10 4 to 10 7 M -1 •s -1 . 17 These impressively biological oxidation reactions have attracted a number of biomimetic synthetic studies, therefore the synthesis and characterization of superoxo-, peroxo-or hydroperoxo-ferric complexes in synthetic heme models have also been reported. 18,19,20,21 In 2013, Scheidt and Schulz groups have used multi-temperature X-ray crystallography and Mössbauer spectroscopy to study three superoxo ferric complexes. 22 From X-ray structure of superoxo ferric complex 2 recorded at 80 K, they reported a Fe-O distance of 1.811( 5 As shown in Figure 1.4a, the reported ferrous model 3 20 reacts with dioxygen at -75 °C to yield the superoxo species 6 with UV/Vis data (426, 535, 589 nm). The addition of one equivalent of cobaltocene immediately produces the hydroperoxo complex 5 (427, 534, 564 and 610 nm) in the presence of excess methanol. When the initial complex 3 reacts with KO2 at -30 °C, it forms side-on ferric-peroxo species 4 (440, 574, 615 nm), which has a typical EPR signal at g =4.2 of a high spin ferric species. Resonance Raman spectroscopy and isotope labeling experiments show that the stretching vibrations of O-O and Fe-O are located at 807 and 475 cm -1 , respectively. This side-on ferric-peroxo species 4 can be protonated by excess methanol to afford the hydroperoxo ferric complex 5 at -65 °C. The EPR experiments show a low-spin ferric species with g = 2.31, 2.19, 1.95. Consistently, the Mössbauer spectrum of 5 exhibits a quadrupole doublet with an isomer shift of 0.25 mm/s and a quadrupole splitting of 2.16 mm/s. The Raman spectrum show that hydroperoxide v(O-O) and v(Fe-O) stretching vibrations are located at 810 and 570 cm -1 , respectively.

Introduction of a bulky xanthene substituent stabilizes the end-on peroxo iron (III) species (Figure 1.4b) that can be generated from the reduction of the superoxo ferric species 9 by cobaltocene at -70 °C. 23 This species was characterized by UV-vis (430, 568, 610 nm), EPR (g = 2.27, 2.16, 1.96), and Raman (νFe-O = 585 cm -1 , νO-O = 808 cm -1 ) spectroscopy. The synthetic oxo-iron(IV) model species were also reported and characterized by various spectroscopic techniques (UV/Visible, NMR, EPR, Mössbauer spectroscopy), where the oxo-donor oxidant, such as iodosobenzene (PHIO), meta-chloroperoxybenzoic acid (m-CPBA), H2O2 is needed. 24,25,26,27,28,29 The first preparation and characterization of an oxo-iron(IV) porphyrin radical model compound was reported by treatment of a sterically hindered iron porphyrin, 11 with m-CPBA at -78 °C producing a green compex 12 (Figure 1.5). 30 This species has a band at 406 nm and a broad absorption at 645 nm. The Mössbauer spectrum shows a quadrupole doublet centered at 0.05 mm/s (∆EQ= 1.49 mm/s). Although efforts have been made to utilize O2 to form and characterize oxo iron(IV) intermediate, successful examples remain limited due to their instability.

It is also important to note that a large number of studies based on iron-porphyrin have been carried out in the context of ORR catalysis. Interestingly, various porphyrins have been designed and synthesized with different substitutes leading to diverse steric, redox and electronic properties. Such series of iron-porphyrin complexes have been employed as homogeneous ORR catalysts in chemical catalytic and electrocatalytic systems.

The reactivity of iron porphyrin as ORR catalyst was firstly examined in 1989 with the complex 17 31,32 (Figure 1.6) which catalyzes the reduction of dioxygen by ferrocene derivatives in the presence of HClO4. The results indicated that the electron transfer from Fc or Me2Fc to iron was the rate determining step. Recently, the closed complex 17-Cl 33 was also studied by employing Me10Fc as reductant in the presence of HClO4 in DMF. The results show that 17-Cl can selectively catalyze the four electrons reduction of dioxygen with H2O as the main product (80~90%). At the same time, another work demonstrates that the introduction of the electron-donating imidazole ligand can enhance the ORR catalytic activity of 17 and improve the selectivity of the reaction for water. 34 The result was attributed to the increase of the electron density on iron that promotes O-O breaking. In a recent report, four carboxylic groups have been introduced on the terminal phenyl groups of complex 17 deriving complexes 13 and 19, the structures are shown in Figure 1.6. 35 High rate and selectivity for the reduction of O2 to H2O without forming significant amounts of H2O2 were achieved with complex 13. The authors proposed that the carboxylic groups acting as proton relays in the second coordination sphere in complex 13 is responsible of the high selectivity for 4e -ORR based on the comparison to the analogous 4-carboxy-substituted complex 19 which forms substantial H2O2 (~9%). In 2016, eleven soluble iron porphyrin ORR catalysts were analyzed in DMF and MeCN with turnover frequencies (TOFs) from 3 s -1 to 2.2 × 10 6 s -1 (complexes 13-23 shown in Figure 1.6). 36 This large range of TOF was found to be linearly correlated with the effective overpotential (ηeff = EO2/H2O -EFe(III/II)) of the catalysts. Consistently, computational studies show that the free energies for oxygen binding to the iron center and protonation of the superoxo complex are linearly correlated to the redox potential E1/2 of the catalyst.

The above mentioned complexes show ORR activity with high selectivity for H2O rather than H2O2. The water-soluble complex 24 was found to be an active ORR electrocatalyst and able to produce H2O2 with a yield of 95% via an EC mechanism in aqueous H2SO4 solution. 37 There is a remarkable effect upon changing from CH3 + in 24 to H + at the 4-pyridyl nitrogen in 25, which catalyzed the four electron/four-proton reduction of O2 to H2O (95 %). 38 This effect is likely due to differences in the proton delivery to O2-derived intermediates in the catalytic cycle. 38 It is also interesting that complex 25 has higher selectivity for 4e -ORR than complex 26 (89% H2O), which is likely attributed to the high overpotential for 25.

Activation of dioxygen by non-heme mononuclear iron complexes

Putting hemes aside, there remains a large family of non-heme iron enzymes (including mono-and dinuclear active sites) that also perform a wide range of important biological functions involving O2. 39 Mononuclear non-heme iron complexes will be presented in this section. Mononuclear non-heme iron enzymes can be divided into two categories depending on whether a high spin iron(III) site activates singlet organic substrates for the spin forbidden reaction with triplet O2 or a high spin iron(II) site activates O2. The intradiol catechol dioxygenases and lipoxygenases use iron(III) centers to activate substrate for the reaction with dioxygen. 40 The rest of the mononuclear non-heme iron enzymes use iron(II) to activate dioxygen. 41 Most of these enzymes employ a two histidine and one carboxylate binding motif for the iron center coordination, while solvent molecules occupy the rest of the coordination sites. 11 The catalytic cycles of such non-heme iron enzymes start with a Fe(II) center and pass through several intermediates such as iron-superoxo, -peroxo, -hydroperoxo and -oxo species, in parallel to heme systems, some of which are accountable for substrate oxidation reactions. 11 Model complexes provide essential tools for detailed studies that are aimed at understanding the nature and reactivity of such iron-oxygen species in non-heme environments. Therefore, a range of polydentate ligands with different combinations of nitrogen and oxygen donors were designed to model different active sites found in various enzymes and led to a large class of non-heme iron complexes used to develop catalysts with original reactivity and generate a number of biologically relevant "iron-oxygen" intermediates. 42 A superoxo iron(III) species is often proposed as the first intermediate for the activation of dioxygen by iron(II) complex in the catalytic cycle of non-heme iron enzyme. The first synthetic example of a mononuclear iron(III)-superoxo complex was described in 2014. 43 A bright yellow superoxo species 28 (λmax = 330 nm, ε = 9400 M -1 cm -1 ) was generated by bubbling O2 into a tetrahydrofuran solution of initial iron(II) complex 27, as shown in Figure 1.7. The characterization of 28 came from resonance Raman and Mössbauer spectroscopies: the rRaman spectrum exhibited a resonance enhanced vibration at 1125 cm -1 (λex = 413.1 nm) for the identification of the superoxo moiety, and Mössbauer spectroscopy revealed an isomer shift (δ = 0.58(3) mm/s) and hyperfine splitting pattern, which were consistent with a high spin (S = 5/2) iron(III) center that is exchange-coupled to the radical of the superoxo ligand. Complex 28 was able to oxidize dihydroanthracene (DHA) to form anthracene at -70°C, supporting that species 28 is capable of abstracting a H atom from a C-H bond even at low temperature. This result suggests that the Fe III -OOH species, presumably formed upon H atom abstraction by 28, must react further with the nascent DHA• radical. The first crystal structure of a mononuclear non-heme iron(III)-superoxo intermediate was reported at almost the same time. As shown in Figure 1.8, the reaction of complex 29 with solid potassium superoxide in the presence of 2.2.2-cryptand in acetonitrile generated a red intermediate 30 ( λmax = 490 nm, ε = 2600 M -1 cm -1 )), whose greater thermal stability allowed the isolation of single crystals suitable for structural and spectroscopic analyses and for reactivity studies. 44 The crystal structure revealed the O-O bonds distance of 1.302~1.323 Å and the Fe-O bonds distance of 1.902~1.957 Å (two independent molecules). Mössbauer data showed a doublet with an isomer shift (δ) of 0.10 mm s -1 and quadrupole splitting (∆EQ) of 2.66 mm s -1 , consistent with the presence of an intermediate spin (S = 3/2) iron(III) center. The infrared (IR) spectrum of the 30 exhibited an isotopically sensitive band at 1260 cm -1 , which shifted to 1183 cm -1 on substitution of 16 O2 -with 18 O2 -. A high valent iron(IV)-oxo species has been proposed as the key intermediate for substrate oxidation in the catalytic cycle of non-heme iron enzyme. The first observation of an iron(IV)-oxo species, obtained directly from the reaction of O2 with an iron precursor complex, was reported in 2005. 45 The iron(II) complex 31 (Figure 1.9) was stable to O2 in acetonitrile, but reactive to O2 in a solvent mixture (V/V = 1:1) of acetonitrile and ethanol, butyl ether or THF. The O2 adduct exhibited a weak UV-vis feature at λmax = 825 nm (ε = 370 M -1 cm -1 ), which was similar to the previously reported complex 34 (prepared from the reaction of 31 with PhIO or H2O2). 46 Here a µ-peroxo-bridged diiron intermediate was proposed for the generation of 34 although no evidence was presented. Mössbauer data implicated that complex 34 is an intermediate spin (S = 1) iron(IV) with an isomer shift of 0.17 There are three other crystal structures of iron(IV)-oxo 35 (dFe-O=1.639(5) Å) 47 , 36 (λmax = 834 nm, ε =260 M -1 cm -1 , δ=0.18 mm -1 , ∆EQ= 1.08 mm -1 , dFe-O=1.667(3) Å) 48 and 37 (dFe-O=1.680(1) Å) 49 were reported, as shown in Figure 1.10. The different reactivity of complex 31 was attributed to the different Fe III /Fe II redox potential in different solvents, and an E1/2 of Fe III /Fe II < -0.1 V versus Fc +/0 appears to be a prerequisite for O2-activation by non-heme iron(II) complexes. 42,45 The importance of redox potentials on the dioxygen activation process has also been examined by Goldberg in their systematic study of the reactivity of a series of thiolate and non-thiolate ligated iron(II) complexes 38-41(Figure 1.11). 50 The Fe III /Fe II redox potential of complexes 38 and 39 positively exceeded -0.1V versus Fc +/0 , resulting in the absence of reactivity toward O2. The ligation of thiolate donor in complexes 40 and 41 sufficiently lowers the redox potential so that significant O2 reactivity was observed.

During the generation of high valent iron(IV)-oxo intermediates, the formation of iron(III)-(hydro)peroxo species, which are precursors to the iron(IV)-oxo species, has been rarely observed. 11,42 The first crystal structure (Figure 1.9) of mononuclear side-on iron(III) peroxo complex 32 was reported in 2011. 51 Complex 32 (λmax = 782 nm) was prepared by reacting complex 31 with 5 equiv. H2O2 in the presence of 2 equiv. triethylamine in CF3CH2OH at 0 °C. The structure in Figure 1.9 determined an O-O bond length of 1.463 (6) Å, Fe-O bonds length of 1.906(4) and 1.914(4) Å, and Fe-O-O angles of 67.8(2) ° and 67.2(2) °. The iron(III) hydroperoxo 33 ( λmax = 526 nm) was generated by addition of slight excess of HClO4 to complex 32 and then evolved to the iron(IV)-oxo complex 34. Interestingly, complex 33 can rapidly revert back to complex 32 on addition of tetramethylammonium hydroxide. Complex 33 was characterized using a variety of spectroscopic techniques, including EPR (g = 6.8, 5.2, 1.96, high spin iron(III)), XAS/EXAFS (single Fe-O path at a distance of 1.85 Å) and resonance Raman(ν(Fe-O)= 658 cm -1 , ν(O-O)= 868 cm -1 ). Mononuclear non-heme iron complexes reported for ORR catalysis are very scarce. Two tetrapyridyl iron (II) complexes (Figure 1.12) and their reactivity towards O2 were reported by Chang 52 in 2009. Addition of O2 to 42 or 43 resulted in the quantitative formation of a Fe(III)-OH product with the O-atom originating from O2, as confirmed by dioxygen labeling experiments. The Fe(III)-OH complex can be reduced to Fe(II)-OH and protonated to yield H2O and the starting Fe(II) species by using cobaltocene (CoCp2) and triflic acid (HOTf).

Activation of dioxygen by non-heme diiron complexes

A growing subset of metalloenzymes utilizing non-heme diiron active sites with histidine and carboxylate ligands have been described to activate O2 for the catalysis of a broad set of oxidation reactions including hydroxylation, desaturation, monooxygenation, dioxygenation and provide radicals in DNA biosynthesis. 53 The reduced diiron(II) sites in these enzymes react with O2 to generate various dioxygen-derived intermediates that affect the broad range of substrate transformations. In the first step, O2 binds to one of the diferrous center to form a Fe II Fe III -superoxo species. Subsequent electron transfer from the other iron then generates a peroxo diferric species. In some well-studied examples, the peroxo diferric species undergoes O-O bond cleavage to form high valent (Fe IV 2 or Fe III Fe IV ) intermediates. 53 The synthetic models are useful in enhancing the understanding and gaining insight into mechanistic questions, as synthetic analogs provide the possibility of extending the lifetime of key intermediates to allow more detailed investigation.

For the synthetic peroxodiferric complexes, five examples have been characterized by X-ray diffraction until now. 54,55,56,57 The crystal structure of the most distinct complex 44 (Figure 1.13) shows that the dioxygen ligand binds in a cis mode with an average Fe-O-O-Fe dihedral angle of 52.9° with two 1,3-carboxylate bridges that support the Fe-O-O-Fe unit to afford an Fe•••Fe distance of 4.004(4) Å. 56 The average O-O distance is 1.408(9) Å, and the average Fe-Operoxo bond length is 1.885(12) Å. Mössbauer data exhibit a symmetric quadrupole doublet with δ = 0.66 mm s -1 and ∆EQ =1.40 mm s -1 indicating high spin iron(III) centers, and resonance Raman spectra give rise to v(O-O) and v(Fe-O) bands at 888 and 415 cm -1 , respectively. Complex 46 shows that the O-O bond length is 1.426(6) Å and the asymmetric Fe-Operoxo bonds are 1.944(4) and 1.864(4) Å revealing the two different iron centers. 55 The Fe-O-O-Fe unit is supported by one carboxylate bridge and one alkoxo bridge to afford an Fe•••Fe distance of 3.327(2) Å that is much shorter than that in complex 44. The dihedral angle Fe-O-O-Fe unit is 9.89° that is also much smaller than that in complex 44. The Mössbauer spectrum exhibits two sets of quadrupole doublets (δ1= 0.58 mm s -1 and ∆EQ1=0.74 mm s -1 , and δ2 = 0.65 mm s -1 and ∆EQ2 = 1.70 mm s -1 ), which are consistent with two distinct high-spin iron (III) centers. A few peroxo-diferric examples have been determined by extended X-ray absorption fine structure (EXAFS) analysis in the absence of diffraction quality crystals. 53 The Fe•••Fe distances range from 3.13 to 3.16 Å with Fe-Operoxo distance of ~1.8 Å in the complex with (μ-oxo)(μ-1,2-peroxo) diferric unit. The Fe•••Fe distances increase to 3.46 or 3.47 Å by the introduction of hydroxo or alkoxo ligands, and decrease to 3.25-3.27 Å by the introduction of 1,3-carboxylate bridge.

Unlike the synthetic peroxo-diferric complexes, there are only two crystallographically characterized complexes for high valent (μ-oxo)diiron(IV) species. 53 The crystal structure of complex 49 (Figure 1 A similar Fe-O distance is observed in complex 53 by EXAFS analysis, which was generated by the electrochemical oxidation of its diferric precursor 51 via the one electron oxidized Fe III Fe IV complex 52 (Figure 1.15) 59 Another synthetic high valent diiron complex 55 was reported with a [Fe IV 2(μ-O)2] core, which was also prepared by the one-electron electrochemical oxidation of the valence-delocalized complex 54 with a [Fe III Fe IV (μ-O)2] core, as shown in Figure 1.16. 60 Complex 55 exhibits a visible spectrum with λmax at 485 nm (9800 M -1 cm -1 ) and 875 nm (2200 M -1 cm -1 ). Mössbauer spectrum exhibits a quadrupole doublet with δ = -0.04 mm•s -1 and ∆EQ = 2.09 mm•s -1 (S = 1 iron (IV)) and Resonance Raman studies revealed the vibration mode of the Fe2(μ-O)2 core at 674 cm -1 . EXAFS analysis provided the Fe-O and Fe•••Fe distances of 1.77Å and 2.73Å, respectively. For the valence-delocalized complex 54, Mössbauer study provides an isomer shift δ = 0.11 mm•s -1 and quadrupole splitting ∆EQ = 0.44 mm•s -1 , consistent a type 2 mixed-valence species. 60 In addition, complex 54 was indirectly confirmed by the crystal structure of its derivative 56 shown in Figure 1.17. 61 Unfortunately, there is no reported dinuclear non-heme iron complex for ORR catalysis. 10 Therefore, there is clear opportunity to develop diiron complexes that can efficiently catalyze the reduction of O2.

Activation of dihydrogen by iron complexes

Iron is also employed by hydrogenases to activate dihydrogen (H2) in Nature. Three major classes of hydrogenases have been identified based on the metal composition of the active sites: [NiFe], [FeFe], and [Fe] hydrogenases. 62 The [FeFe] and [NiFe] H2ases have been shown to mediate the interconversion of dihydrogen with protons (H + ) and electrons (e -). In contrast to these two redox enzymes, [Fe] H2ases cleave H2 to then deliver H -to the organic substrate methenyltetrahydromethanopterin, with H + delivering to the bulk solvent. 5 Interest in renewable energy technologies has motivated the biological research on the biosynthesis, structure and function of hydrogenases. In parallel, inorganic chemists were motivated to prepare structural, spectroscopic, and/or functional mimics to give insights in the catalytic cycle of these enzymes and also to develop efficient catalysts. In this section, a focus will be given to [FeFe] hydrogenases.

Structure and function of [FeFe] hydrogenases

The crystal structures of [FeFe] hydrogenases have been reported from three different organisms. 62 The overall structure of the active site named H-cluster, which consists of a [2Fe] subcluster and a [4Fe4S] cluster, is well conserved among the different [FeFe] hydrogenases. The two iron centers in the [2Fe] unit are bridged by two thiolates arising from the unusual azadithiolate (adt) ligand and each of them is coordinated by one CN - and one CO ligands. The proximal iron (Fep) is linked to a cubane [4Fe4S] cluster via a bridging thiolate of a cysteine residue and the distal iron (Fed) features a vacant site for substrate binding. One CO ligand bridges both iron centers. Several crystallographic and spectroscopic studies confirm that the structure of the H-cluster is virtually invariant during the catalytic cycle. Therefore, the focus is placed on the oxidation and protonation states of the H-cluster in the proposed catalytic cycle (Figure 1.18). The most common state for biophysical studies is the oxidized state Hox featuring an [Fe(I)Fe(II)] site and a [4Fe-4S] 2+ cluster. Based on advanced spectroscopic investigation, is has been shown that the Hox state leads to a rhombic EPR spectrum at g = 2.10, 2.04, and 2.00 and to the stretching vibration of CO (1964, 1940 and 1800 cm -1 ) and CN - (2088 and 2072 cm -1 ) ligands. 5 When [FeFe] hydrogenase exists at potentials more negative than -395 mV, it shifts from Hox state to the reduced state Hred. The Hred state is thought to feature an [Fe(I)Fe(II)] site and a [4Fe-4S] + cluster. IR data (νCO: 1962, 1933 and 1791 cm -1 ; νCN: 2083 and 2067 cm -1 ) of Hred with slight red shift with respect to Hox state indicate that the reduction takes place at [4Fe4S] cluster. Protonation of Hred state triggers an electronic rearrangement to form HredH + . 63 The HredH + state has been observed at pH 6 with the characteristic CO (1968, 1914 and 1891 cm -1 ) and CN -(2071 and 2032 cm -1 ) bands. The forth state is observed at or below -540 mV and has been identified as a super reduced state Hsred with [Fe(I)Fe(I)] site and [4Fe-4S] + cluster. 64 The IR spectrum of Hsred featuring νCO bands (1954, 1919 and 1882 cm -1 ) is more similar to Hox than Hred, and the νCN bands (2070 and 2026 cm -1 ) shift to lower frequency. The EPR spectrum shows the rhombic signal of the paramagnetic [4Fe-4S] + cluster at 2.08, 1.94 and 1.87 in the Hsred state. Considering the Hsred state, a scheme of the catalytic cycle (Figure 1.18) has been proposed assuming proton coupled electron transfer steps. The protonated Hsred state can directly generate a hydride Hhyd that performs an electron transfer from the [4Fe4S] cluster to the [2Fe] site, which would then quickly combine with a proton available at the adt amine group to form H2 thus reestablishing the Hox state.

Synthetic functional models of [FeFe] hydrogenases

Chemists started to synthesize bio-inspired complexes to model this unusual active site and to investigate the catalytic mechanism since the first reported crystal structure of [FeFe] hydrogenases. 65 Owing to the presence of two irons, thiolate and CO, the first attention was focused on the hexacarbonyl Fe(I)Fe(I) complex [(OC)3Fe(SEt)2Fe(CO)3] (57), later on [(OC)3Fe(pdt)Fe(CO)3] (58, pdt 2-= 1,3-propanedithiolate), and followed by the replacement of two CO by CN -leading to [(OC)2(CN)Fe(pdt)Fe(CN)(CO)2] (59) (Figure 1.19). 66 Since the nature of the bridgehead ligand was unknown at that time, chemists synthesized the related [2Fe] units bearing azadithiolate (adt) (60-61) and oxodithiolate (odt) (62-63) derivatives. Based on those early works, various ligands have been developed to replace the CO ligands, from cyanide to Fe4S4 cubane, phosphine and carbene ligands. Different substituents have also been introduced into the secondary amine, which was considered to play a key role in shuttling H + to/from the active site. With respect to the archetypal complex 58, electrochemical and spectroelectrochemical measurements combined with DFT calculations haves revealed a hydrogen evolution reaction (HER) mechanism (Figure 1.20). 67,68 The neutral complex 58 is one-electron reduced to yield 69-that is protonated by toluenesulfonic acid (HOTs). The resulting bridging hydride species is more easily reduced than [58] -so that an additional reduction can occur. The [58(μ-H)] -can then undergo a second protonation at either on Fe or S atoms. Protonation at a metal site affords an Fe(II)Fe(II) dihydride that can slowly release H2 and regenerate 58 in an overall ECEC cycle. If protonation occurs on the thiolate, the resulting species can readily undergo a third reduction and quickly release H2 in an overall E(CECE) cycle, where [58] -is considered as the entry of the catalytic cycle.

Comparing the HER mechanism of 58 with that of native [FeFe] hydrogenases, the synthetic models require reduction below the Fe(I)Fe(I) state before the protonation can occur and it form bridging hydride not terminal hydride species. These reflect the low basicity of hexacarbonyl derivatives and that the donor ability of ligands bound to the 2Fe centers will govern which oxidation state is accessible during the catalytic cycle. The presence of basic sites such as adt in the models can have a strong influence on the HER mechanism because the basic sites can be protonated in acidic media resulting in less negative charge in catalyst leading to milder reduction potential. 70 The introduction of electron donors such as phosphine ligands to replace CO ligands can enrich the electron density at [2Fe] sites in models and further dominates which oxidation state can be protonated. The first model exhibiting proton reduction electrocatalysis through terminal hydride is complex 64. 71 It clearly presents the important combination of electron donors, diiron core and a pendant base, as shown in Figure 1.21. The terminal hydride derivative [64(t-H)] + yielded from the reaction between complex 64 and acid is relatively long-lived and catalyzes the mild and rapid HER (Ecat = -1.49 V vs Fc +/0 , TOF = 5000 s -1 ) from ClCH2CO2H in CH2Cl2. The bridging hydride tautomer [64(μ-H)] + is an inferior catalyst: Ecat = -1.72 V, TOF = 20 s -1 . These illustrate that the presence of a terminal hydride will display a milder reduction potential and give rise to higher TOFs. Complex [64(t-H)] + is further protonated by stronger acid CF3CO2H to generate doubly protonated dication [64(t-H)H] 2+ that catalyzes milder and faster HER at -1.11 V with a TOF of 58000 s -1 in comparison with [64(t-H)] + .

Mimicking the catalytic activity of [FeFe] hydrogenases requires a synthetic diiron complex to mediate not only the evolution of H2, but also its oxidation. While successes in catalytic H2 oxidation are less numerous than those in the HER, several synthetic Fe catalysts can cleave H2. The first synthetically complete mimic is the model 65, which bears three functional components: an active diiron center, a proton relay and a one-electron redox module. 72 The triiron complex 65 reversibly oxidizes its Fe(I)Fe(I) core at -700 mV vs Fc +/0 and its FcP module at -393 mV to generate [65] 2+ featuring an Fe(III)Fe(II)Fe(I) state. The [65] 2+ species can then activate H2 to produce an ammonium hydride product [65(t-H)H] 2+ with Fe(II)Fe(II)Fe(II) state involved a intramolecular electron transfer from the diiron subunit to the oxidized FcP ligand. The [65(t-H)H] 2+ intermediate can be deprotonated by the weak base tri(o-tolyl)phosphine (P(o-tolyl)3) to yield the bridging hydride [65(μ-H)] + that can also be produced by the protonation of 65. In the presence of excess Fc + (oxidizing agent) and P(o-tolyl)3 (proton acceptor), [65] 2+ catalytically oxidizes H2 to protons and electrons, resulting in complete conversion of Fc + to Fc and of P(o-tolyl)3 to [HP(o-tolyl)3] + , although the rate is slow (TOF = 0.4 h -1 ).

Synthetic metal hydride models of [FeFe] hydrogenases

As discussed above, the hydride intermediates are particularly important in the catalytic cycles. Synthetic metal hydride species analogues can be prepared by protonation of low valent metal complexes, dismutation of H2 and addition of an exogenous hydride.

Although a terminal hydride is proposed in the catalytic cycle of [FeFe] hydrogenases, it is generally found in bridging position in models because such species are typically more thermodynamically favorable. The first direct observation of terminal hydrides resulted from protonation of the asymmetric complex 66 (OC(dppe)Fe(pdt)Fe(CO)3, dppe =1,2-bis(diphenylphosphino)ethane) by HBF4•Et2O at low temperature (Figure 1.23). 73 At 203 K, the protonation of 66 results in a 1 H NMR singlet at -4.33 ppm corresponding to the formation of a terminal hydride at the distal iron atom in the Fe(CO)3 unit indicated by the absence of coupling to 31 P nuclei. Upon warming to 298 K, this terminal hydride 66(t-H) converts to a bridging hydride 66(μ-H) (Figure 1.25, X-ray: Fe-Fe, 2.581(5) Å; Fe-H, 1.627(3), 1.640(4) Å) with a 1 H NMR triplet at -14.1 ppm (JPH = 21.0 Hz). This study suggests that the thermal stability of bridging hydride is higher than that of terminal hydride. The first fully characterized terminal hydride arises from the treatment of diiron(II) precursor with an exogenous hydride source. The hydride 67(t-H) complex, formed by the reaction of the diferrous complex 67 with either LiAlH4 or NaBH4 at 248 K (Figure 1.24), exhibits a 1 H NMR resonance at -4.6 ppm coupled with 31 P nuclei (JPH = 50 and 96 Hz) and an Fe-H vibrational band at 1844 cm -1 in IR spectrum. 74 The X-ray analysis reveals Fe-Fe and Fe-H distances of 2.56667 (7) The catalytic cycle for H2 evolution requires the reduction of the diferrous hydrides species to mixed-valent derivatives, both for synthetic catalysts and in the native catalytic cycle. Some mixed-valent diiron hydride commplexes have been generated in situ and characterized by EPR spectroscopy, but these are not stable to isolate. 5 The first isolable mixed-valent hydride 68(μ-H) species (Figure 1.26) is formed by the chemical reduction of the diferrous hydride complex. 75 X-ray analysis (Figure 1.28) reveals an asymmetric Fe(II)(μ-H)Fe(I) core of 68(μ-H) with Fe-H distances of 1.82(3) and 1.62(2) Å. The structural and EPR data combined with DFT calculations indicate that the Fe(I), which bears two-thirds of the spin density, is more distant from the hydride than the Fe(II). In solution, a small fraction of this asymmetric species converts to a symmetric species with a delocalized mixed-valent diiron (1.5) 

Metal thiolate/disulfide interconversion

The cysteine residues exhibit diverse redox chemistry in proteins. For instance, the thiol group of the cysteine side chain is subject to a variety of oxidative modifications and can be converted to S-nitrosothiols, sulfenic acids, sulfinic acids, and various disulfides including intramolecular disulfide bridge and intermolecular disulfides with small molecules such as glutathione. These modifications often play key roles in cell signaling and protein function. Disulfides are important for maintaining the structure of proteins as well as participating in various catalytic and signaling processes. The reversible conversion and ubiquitous nature of cysteine disulfides is one reason for their key roles in redox-regulation and signaling. This thiolate/disulfide interconversion can be tuned by the presence of a metal center. 78 For example, copper thiolate/disulfide interconversion is involved in preventing the aberrant production of reactive oxygen species (ROS).

Copper binding to amyloid-β-peptide (Aβ) is linked with the neurotoxicity of Aβ and free radical damage. Due to its reactivity with O2, CuAβ generates neurotoxic ROS such as superoxide, hydrogen peroxide, and hydroxyl radicals. 79 Metallothionein-3 (MT-3) is a small cysteine-and metal-rich protein expressed in the brain. In cell cultures, the zinc-bound metallothionein Zn7MT-3 protects neurons by exchanging Zn(II) ions with Cu(II) (Figure 1.29). During the process, four Cu(II) ions are reduced by four cysteine thiolates ligands of Zn7MT-3 to form a Cu(I)4-thiolate cluster and two disulfide bonds along with the release of three Zn(II) ions. The Cu(I)4-thiolate cluster exhibits an unusual stability toward dioxygen. Thus, Zn7MT-3 plays an important protective role in Cu(II) toxicity in the brain through silencing the redox-active Cu(II) ions. 80 The exact mechanism of metal-based thiolate/disulfide interconversion in living organisms is not well understood. The characterization of metal thiolates and disulfide complexes and their interconversion could provide mechanistic insights into such a redox process. A few reports exhibit copper based thiolate/disulfide interconversion. The first copper thiolate/disulfide system is reported through ligand design (Figure 1.30). 81 The replacement of the methylene group (in complex 71) by ethylene linker (in complex 72) between the tertiary amine and the pyridine group gives the cis-μ-disulfide dicopper(I) complex 72 and the insertion of the 6-methyl groups on pyridine leads to the trans-μ-disulfide dicopper(I) complex 73 from the μ-thiolate dicopper(II) complex 71. Furthermore, another copper model displays the clean interconversion between thiolate and disulfide via the replacement of two pyridine groups by two 6-methyl phenyl groups (Figure 1.31). 82 Such interconversion process is controlled by the presence/absence of the external ligand chloride. The coordination of chloride to Cu(II) in the μ-thiolate dicopper(II)complex 74 induces electron transfer from the thiolate to Cu(II), resulting in the formation of cis-μ-disulfide dicopper(I) complex 75. The addition of second chloride induces further geometric change of 75 leading to the trans-μ-disulfide dicopper(I) complex 76. Chloride removal reverses this redox process. Based on complex 71, another copper thiolate/disulfide model system illustrates that this redox process also can be tuned by the nature of solvent and addition/removal of proton (Figure 1.32). 78 By different spectroscopic techniques, it has been shown that a solvent-dependent equilibrium exists between the μ-thiolate dicopper(II) complexes (71 or 77) and the μ-disulfide dicopper(I) complexes (78 or 79). Complete formation of the μ-disulfide dicopper(I) complexes only occurs after the addition of 2 equivalents of protons. The whole process is composed of protonation, intramolecular electron transfer and coordination of acetonitrile. The initial protonation of axial pyridines and coordination of acetonitrile promote the intramolecular electron transfer from thiolate to copper (II). Therefore, this redox behavior can be rationalized by the synergistic effects of protonation and coordination of an exogenous ligand such as solvent molecules.

Two asymmetric dipyridylamine ligands (Figure 1.33) 83 have been designed based on complexes 71-73. Similar with complex 71, two redox isomeric copper species 80 and 81 are shown to be in equilibrium, which depends on both temperature and solvent. Complex 82 can be irreversibly converted to complex 83 by heating. DFT calculations provide theoretical insight into the energies involved in the formation of the μ-thiolate copper(II) and μ-disulfide copper(I) complexes. An increase in energy difference between the μ-thiolate copper(II) and the μ-disulfide copper(I) species is observed with increasing steric bulk (methyl groups) or increasing number of ethylene bridges on the ligand. 84 . Opposite with the model system (74-76), the presence of chlorides leads to the cleavage of disulfide bond in the cis-μ-disulfide dicopper(I) complex 84 and the formation of the μ-thiolate dicopper(II) complex 85. Until here, all those disulfide/thiolate interconversion models are limited on copper based system. Recently, cobalt and manganese have been successfully used to develop disulfide/ thiolate interconversion systems mediated by (de)coordination of halides (Figure 1.35). 85,86 In the presence of chloride or iodide, the dinuclear-disulfide complexes 86 or 87 are converted into the corresponding mononuclear-thiolate species 88 or 89 that contain one coordinated halide. Inversely, the release of the halide provokes the oxidation of thiolates to disulfide accompanied by metal reduction.

All studies on thiolate/disulfide interconversion models have been discussed above. Firstly, in all systems, the existence of thiolate (or disulfide) complexes can be fine-tuned by ligand design since a little variation on ligand could give rise to the thiolate (or sulfide) complexes. Secondly, the external stimuli (including exogenous ligands, temperature, solvent, acid, etc.) can lead to thiolate/disulfide interconversion. Up to now, there is still a limited understanding about why or/and when the thiolate or disulfide metal complex is formed, and what dominates such redox reaction between sulfur and metal.

Motivation and plan of thesis

Development of new energy technologies is pressing. Fuel cells and metal-air batteries can be considered as the most promising devices for next generation energy technologies, which typically combine the reduction of O2 and the oxidation of fuel (e.g. H2) to produce electromotive force. High efficiency for ORR is required in such process. Despite decades of research, an inexpensive and efficient ORR catalyst is still undiscovered. The review of ORR catalysis also reminds us the blank in biomimetic or bio-inspired non-heme mono-or dinuclear iron ORR catalyst. The product selectivity in ORR is also difficult to predict. Therefore, the development of efficient and selective ORR catalyst is still one of the main challenges in chemical energy research. Different from O2, the source of H2 is limited. Hydrogenases are organometallic enzymes that catalyze hydrogen evolution at high catalytic rates. The remarkably high catalytic rates of [FeFe] hydrogenases are competitive with those exhibited by platinum metal. 87 The review for HER illustrates that it is still challenging to reproduce the high reactivity of [FeFe] hydrogenases. The aim of this thesis is to develop bio-inspired iron complexes containing thiolate groups as efficient catalysts for the reduction of O2 and protons. At the same time, it is a unique opportunity to take advantage of the iron/thiolate containing complexes for the investigation of the thiolate/disulfide interconversion based on iron. The targeted systems have been based on previous studies carried out in the laboratory. In this context, the thesis has been divided in the following aspects: I. Regarding the development of ORR catalysts, the dinuclear manganese complex 90 (Figure 1.36) is the first non heme Mn-based ORR catalyst. 88 It displays 80% selectivity for H2O2 under catalytic conditions, while it exhibits 4H + /4e -ORR activity under stoichiometric conditions. In addition, a stable monoiron (III) complex 92 89 (Figure 1.36) exhibits a quite negative redox potential (E1/2 = -0.865 V for iron (III)/iron (II) couple vs Fc +/0 ). Based on these reported complexes, it will be reasonable to synthesize air-sensitive iron (II) complexes by using the same ligand with N2S2 coordination sphere. Therefore, Chapter II focuses on the synthesis, characterization and reactivity of the iron (II) complexes. Motivated by the high reactivity of iron (II) complex to O2, the catalytic property to O2 will be investigated in chemical and electrochemical ways. Furthermore, the detailed catalytic pathways of ORR will be proposed according to experimental and computational results.

II. Concerning H2 production catalysts, the bio-inspired mimic 91 of [NiFe] hydrogenases displays a high catalytic rate for H2 production under electrocatalytic condition (Figure 1.36). 90 In Nature, [FeFe] hydrogenases are often more active in the production of H2. Inspired by complex 91, [Fe(CO)Cp] unit will be employed and introduced into the iron (II) complex described in Chapter II to derivate an asymmetric diiron(II) complex for aiming to mimic the active site of the [FeFe] hydrogenases. Complex 92 89 (Figure 1.36) displays a redox potential E1/2 = -1.895 V for iron (II)/iron (I) couple vs Fc +/0 , which demonstrates that the low oxidation state iron (I) in N2S2 coordination sphere is accessible. Besides the redox potential of iron (II)/iron (I) couple is expected to shift positively in comparison with that of complex 92 due to the presence of the [Fe(CO)Cp] unit with strong electron-withdrawing nature indicated in complex 91. In addition, the non-innocent bipyridine moiety can act as an electron reservoir. Therefore, the catalytic reactivity towards protons of this asymmetric diiron(II) complex will be investigated in Chapter III.

III. Motivated by the cobalt and manganese based thiolate/disulfide interconversion mediated by halides in complexes 86-89 and the stable complex 92 with iron-thiolate bonds, the project presented in Chapter IV aims to enlarge metal-promoted thiolate/disulfide interconversion to iron. Therefore, the iron based thiolate/disulfide interconversion is present and discussed in this chapter. Furthermore, a comparison between the redox properties of the complexes involved in the interconversion process allows to rationalize the different switching efficiency of the cobalt, manganese and iron systems. In addition, the iron-based system displays a special response to the nature of different solvents.

IV. Finally, Chapter V enriches the family of mononuclear iron(III)-thiolate halide adducts with interesting intermediate spin ground state by replacing the coordinated chloride in complex 92 with bromide and iodide. Magnetic anisotropy of these intermediate spin complexes will be investigated by different spectroscopies and theoretical calculations based on different theory levels.

Introduction

The development of efficient, stable and noble metal-free catalysts for the O2 reduction reaction (ORR), with selective production of either water or hydrogen peroxide, remains one of the central challenges in the energy conversion domain. [1][2] Fuel cells, ones of the most promising devices for future technologies, produce electricity based on the four-electron O2 reduction (to H2O) at the cathode, associated with oxidation of a fuel (such as H2, MeOH or NH3) at the anode. [3][4][5] On the other hand, the two-electron O2 reduction is an interesting strategy to produce H2O2, which represents an attractive chemical feedstock and a versatile and clean oxidizing agent. [6][7][8] Two main approaches have been explored for specific purposes: while heterogeneous catalysis should mainly lead to exploitable devices for future applications, 2, 9 investigation of homogeneous ORR catalysts should allow a deep understanding of the mechanism to identify the rate limiting steps for future optimization of the process and to highlight key structural/electronic factors with the aim of controlling its selectivity (two vs four electrons O2 reduction) and improving its efficiency (e.g. the presence of a proton relay or Lewis acid). 1,10 Regarding homogeneous ORR catalysts, the largest families correspond to iron and cobalt complexes with macrocyclic heme-like ligands (like porphyrins and phtalocyanines). [11][12] The investigation of series of complexes evidenced how Fe-based catalysts are generally more selective for 4-electron O2 reduction compared to their Co congeners. 1,10,13 This difference in reactivity is proposed to be a consequence of the better ability of macrocyclic Fe complexes to generate high-valent metal-oxo species with respect to complexes based on other metal ions, and thus to promote the rupture of the O-O bond during the catalytic process.

Catalysts with non-macrocyclic ligands have been much less explored, with the copper-based complexes [14][15][16][17][18] being the most described and, in a lesser extent, the manganese-based systems. [19][20][21][22] A study on a series of Cu II catalysts with tri-and tetrapodal nitrogen-donor ligands has evidenced how the electronic and structural properties of the generated peroxo intermediates are critical for tuning the selectivity of the ORR process. 14 In this sense, the nature of the acid and/or the presence of a proton relay can play a key role not only to stabilize the intermediate peroxo species but also to address its reactivity with protons. However, the selectivity towards 4-vs 2-electron ORR catalysis is difficult to predict. For example, while Kojima et al observed an enhancement for 4-electron ORR catalysis in the presence of pendant pyridine close to a Cu site, 23 Machan et al. described a Schiff-based Mn catalyst with a pendant phenol that displays selective 2-electron ORR activity. 21 Recently, Karlin et al. evidenced with Cytochrome c Oxidase bio-inspired Fe/Cu complexes that the strength of the acid can control the cleavage of peroxo intermediates, i.e. O-O vs M-O bond rupture: [24][25] a weak acid promotes the O-O rupture as a result of H-bonding interaction between acid and peroxo. Therefore, a second coordination sphere designed to offer adequate hydrogen bond interaction and proton relay in close proximity of the metallic ion may allow to enhance reactivity and to better control selectivity. 26 In this vein, Borovik et al. described a Mn complex containing a hydrogen-bond pocket above the metallic site capable of selectivity reducing O2 into H2O in the presence of diphenylhydrazine as electron and proton source. 22 Two ways to provide electrons have been adopted in the case of homogeneous catalysts: either through the use of an appropriate reducing agent or electrochemically (by applying a suitable electric potential). Both methods have been largely tested but rarely for the same catalyst. Using Fe-based porphyrin, Mayer et al. observed the same efficiency and selectivity for H2O2 production (~10%) for both the chemically-and electrochemically-driven process. 27 A mononuclear Cu complex supported by a tetrapodal nitrogen-donor ligand was also reported to be selective for 4-electron ORR catalysis in both cases. However, in this example electrocatalysis was performed in protic solvent, 28 while chemical reduction was carried out in acetone. 14 This chapter presents a non-macrocyclic dinuclear iron(II) complex, [Fe II 2(L)(LH)] (L = 2,2'-(2,2'-bipyridine-6,6'-diyl)bis(1,1-diphenylethanethiolate), acting as a homogeneous O2 reduction catalyst that displays a change of selectivity under chemical and electrochemical conditions. The process is selective for H2O2 production when octamethylferrocene (Me8Fc) is used as reducing agent, while H2O is mainly released when catalysis is driven electrochemically. With the aim of understanding how the selectivity could be tuned as a function of the different electron sources, the mechanism has been investigated both experimentally and theoretically by focusing not only on the catalytic process but also on O2 activation under non-catalytic conditions. Finally, we were also able to discuss on the role of the metal since we have previously reported ORR activity of the isostructural Mn complex. 20,29 This study not only reports on the first Fe-based ORR catalyst with a non-macrocyclic ligand, but also provides insights how to control the ORR selectivity.

Results and discussion

Synthesis and characterization of dinuclear iron(II) complexes.

The ligand L (2,2'-(2,2'-bipyridine-6,6'-iyl)bis(1,1-diphenylethanethiolate)) 30 reacts with Fe(BF4)2 . 6H2O (1.2 equivalents) in THF to yield a brown precipitate (Figure 2.1) under inert atmosphere at room temperature. Single crystal X-ray diffraction data collected on the isolated product reveal a dimercapto-bridged Fe II 20 In analogy to [Mn II 2SH] + , the structure of the [Fe II 2SH] + cation (shown in Figure 2.2, crystallographic data and selected bond distances and angles are tabulated in the Table 2.1 and Table 2.2 in Appendix) displays: (i) a planar {Fe2S2} diamond core (deviation from the Fe1S2Fe2S3 plane less than 0.010 Å), (ii) two distinguishable metal sites, each Fe II center being pentacoordinated and surrounded by an N2S3 donor set in a distorted trigonal bipyramidal environment (t5 = 0.59 for Fe1 and t5 = 0.68 for Fe2), 31 (iii) no direct metal-metal interaction, with a metal … metal distance of 3.1107(7) Å, and most importantly (iv) the unusual presence of one metal-bound thiol. [32][33][34][35] The protonation of one thiolate is attested by the difference between Fe1-S1 and Fe2-S4 bond lengths The cyclic voltammetry (CV, Figure 2.4) of Fe II 2S displays a quasi-reversible oxidation process (E1/2 = -0.58 V vs Fc +/0 , ∆Ep = 110 mV) assigned to the two-electron metal-based oxidation of the dinuclear complex (Fe II Fe II → Fe III Fe III ) followed by chemical rearrangements. A mixture of two different oxidized species is generated by bulk electrolysis carried out at -0.50 V of a MeCN solution of Fe II 2S (0.5 mM). By different spectroscopic techniques (including UV-vis, 1 H-NMR, Mössbauer and cw X-band EPR), they have been assigned to the mixture of: (i) a mononuclear Fe III -thiolate complex, Regarding [Fe II 2SH] + , thiolate protonation induces drastic changes in the Fe III Fe III /Fe II Fe II redox system. The process becomes totally irreversible with a 310 mV positive shift of the Epa value (from -0.19 to -0.50 V) compared to Fe II 2S, and a similar backward peak potential (Epc = -0.62 V). The irreversibility is attributed to fast deprotonation that accompanies the double electron transfer. Consistently, a bulk electrolysis of an MeCN solution of [Fe II 2SH] + at -0.17 V generates Fe ox , thus confirming that thiol deprotonation occurs during the oxidation process.

dinuclear complex [Fe II 2(L)(LH)]BF4 ([Fe II 2SH] + ), isostructural to the reported parent Mn II compound [Mn II 2(L)(LH)]ClO4 ([Mn II 2SH] + ).

Redox properties of Fe

The redox behaviors of [Fe II 2SH] + and Fe II 2S are similar to those observed for the parent Mn-based dinuclear complexes [Mn II 2SH] + and Mn II 2S, with a cathodic shift (≳130 mV) of M2 II /M2 III redox potentials for the Fe species, for both protonated (Epa = -0.19 V for Fe vs Epa = -0.01 V for Mn) and deprotonated (E1/2 = -0.58 V for Fe vs E1/2 = -0.45 V for Mn) forms. 20,29 This shift indicates that the [Fe II 2SH] + and Fe II 2S compounds are expected to be more easily oxidized by dioxygen with respect to the corresponding Mn complexes. For a previously described series of mononuclear M II -thiolate complexes, an even larger cathodic shift (290 mV) was observed between the Fe and Mn derivates. 37 

Homogeneous catalysis and electrocatalysis for dioxygen reduction.

The capability of [Fe II 2SH] + to catalyze the O2 reduction reaction was investigated in MeCN solution, in the presence of protons and electrons. The 2,6-lutidinium tetrafluoroborate acid ([LutH]BF4, pKa = 13.92 in CH3CN) was employed as proton source, whereas electrons were delivered alternatively by a chemical reducing agent (octamethylferrocene, Me8Fc, E1/2 = -0.40 V vs Fc +/0 ) or by applying an adequate electrochemical potential. , TOFi [Mn II 2SH] + ≈ 400 h -1 , TOFi = initial turnover frequency). The absence of catalysis when a common Fe or Mn salt (Fe(BF4)2 . 6H2O or Mn(ClO4)2 . xH2O) is used, highlights the remarkable positive effect of the coordination sphere provided by the thiolate-rich L ligand.

After completion of catalysis, the amount of hydrogen peroxide (0.57 mM) in the reaction solution was quantified by titration with Ti-TPyP regent (see Figure 2.6 and experimental section). [38][39] A production of H2O2 in a ~1:2 molar ratio vs reacted Me8Fc was estimated. Taking into account the reaction stoichiometry (Eq. 2), it implies a ~100% selectivity of the catalytic process for H2O2 production, i.e. for 2-electron ORR. Note that the selectivity to H2O2 is higher than with the parent Mn catalyst (~80-84%).

O2 + 2 Me8Fc + 2H + → 2 Me8Fc + + H2O2 (Eq. 2)
To test the ability of [Fe II 2SH] + to act as an ORR electrocatalyst, the air-stable oxidized form Fe ox , prepared in situ by bulk electrolysis from [Fe II 2SH] + , has been used. Cyclic voltammetry experiments were performed on Fe ox (0.1 mM) in the presence of [LutH] + (5 mM, 50 equiv.) under saturated argon or oxygen atmosphere (Figure 2

.6).

Under O2 saturated atmosphere, an irreversible oxygen-reduction peak appears at Ep = -0.59 V vs Fc +/0 only in the presence of Fe ox . In addition, the peak onset is only slightly shifted (to less negative potentials) with respect to the cathodic peak of Fe ox under Ar atmosphere (Epc = -0.62 V, with all the other experimental parameters unchanged). These data demonstrate the electrocatalytic activity of Fe ox towards O2 reduction in MeCN solution. The standard potentials for 2-and 4-electron ORR can be estimated in CH3CN, 1 in the presence of [LutH] + as proton source (pKa = 13.92 in CH3CN): E 0 (O2,2H + /H2O2) 40 = -0.144 V, E 0 (O2,4H + /2H2O) = 0.386 V vs Fc +/0 . Based on the experimental catalytic onset (Ep = -0.59 V), the corresponding overpotentials η(O2,2H + /H2O2) and η(O2,4H + /2H2O) (η= Ep-E 0 ) can be approximately estimated to 380 and 900 mV, respectively. These values are in the typical range for homogeneous 2e -/4e -ORR metal catalysts. 1,41 Rotating ring-disk electrode (RRDE) experiments were carried out in order to quantify the production of H2O2 during the electroreduction of O2 and thus for estimating ORR selectivity under electrochemical conditions (Figure 2.7). The experiment used 0.1 mM of Fe ox with 5.0 mM [LutH] + in MeCN under O2 atmosphere. The roration rate was 1500 rpm, and the platinum ring was poised at +0.44 V to oxidized any H2O2. When the disk potential was scanned from -0.4 V to -0.8 V, substantial cathodic currents were observed at disk (Figure 2.7), which are consistent with the CV in Figure 2.6. A small amount of anodic current at ring was also observed. The faradaic efficiency for H2O2 production (detected at the ring Pt electrode,) is in the 14-20% range in the explored potential window, corresponding to 3.6-3.7 electrons exchanged during the ORR process. It evidences that the Fe ox catalyst (i.e. the oxidized form of [Fe II 2SH] + ) is selective for H2O production (~80-86%), i.e. 4-electron ORR, under electrochemical conditions.

The overall data clearly establish that the difference in selectivity for the ORR catalysis arises from a difference in the electron delivering since, at a similar potential (~ 0.4 V), the catalysis is selective for the production of H2O2 with Me8Fc and H2O under electrochemical conditions.

Mechanistic investigations of the O2 reduction process

In the attempt to gain insights on the mechanism of oxygen reductive activation and to rationalize the different selectivity of the O2 reduction process under catalytic (Me8Fc) and electrocatalytic conditions, the reactivity of [Fe II 2SH] + and Fe II 2S towards dioxygen under non-catalytic conditions (Figure 2.8) has also been investigated. As a first step, we investigated the direct reaction of [Fe II 2SH] + and Fe II 2S with dioxygen. When a diluted (~0.1 mM) green MeCN solution of Fe II 2S is exposed to air or O2, the solution turned to brown instantaneously. The generated species has been assigned to the μ-oxo bridged Fe III dimer [(Fe III 2(L)2O] (Fe III 2O), which was previously synthesized by reaction of the chloride adduct [Fe III (L)Cl] with excess Bu4NOH and characterized by UV-vis and NMR spectroscopy. 30 In this work, we were able to isolate Fe III 2O from Fe II 2S and O2 and to resolve its structure by single crystal X-ray diffraction (Figure 2.9, crystallographic data and selected bond distances and angles reported in the Table 2.4 and Table 2.5 in Appendix). Both Fe centers are pentacoordinated and surrounded by an N2S2O donor set in two distinct geometries, i.e. in distorted square-pyramidal (τ5 = 0.33 for Fe1) and trigonal bipyramidal (τ5 = 0.59 for Fe2) environments. 31 The Fe-O distances (Fe1-O1 = 1.780(7) Å, Fe2-O1 = 1.803(8) Å) and Fe1-O1-Fe2 angle (145.1(5)°) are in the reported ranges for μ-oxo diiron(III) complexes. The zero-field powder Mossbauer spectrum recorded at 80 K (Figure 2.9) displays a single doublet (δ = 0.42 mm . s -1 and ΔEQ = 1.22 mm . s -1 ) typical of high-spin (S = 5/2) Fe III ions. The Fe K-edge EXAFS spectrum of solid Fe III 2O is fully consistent with the X-ray structure (Figure 2.10). Finally, the powder Raman spectrum of Fe III 2O (λexc = 633 nm, Figure 2.10) shows a band at 804 cm -1 shifted to 771 cm -1 for the 18 O-labeled compound (∆ν = 33 cm -1 ). This band can be assigned to an Fe-O-Fe stretching vibration, based on the isotopic shift and on previously reported data on μ-oxo Fe complexes. Besides, the predicted DFT-calculated value (812.6 cm -1 for the calculated Fe- 16 O-Fe stretching) for this vibration agrees well with the experimental data. The UV and 1 H NMR spectra recorded on an CH3CN solution of Fe II 2S exposed to air or O2 perfectly match with the respective spectra of isolated Fe III 2O (Figure 2.11 and 2.12), 30 thus confirming that the μ-oxo bridged Fe III dimer is generated under these conditions. The UV-vis absorption spectrum displays a band at 455 nm (ε ≈ 9000 M -1. cm -1 ), 30 corresponding to a thiolate → Fe III transition, 36,42 with a shoulder at 540 nm. The 1 H NMR spectrum shows two characteristic paramagnetically shifted peaks at 14.65 and 21.11 ppm. The ESI-mass spectrum of Fe III 2O (generated in situ in MeCN) displays a peak at 1323.2 m/z, corresponding to the sodium adduct of [(Fe2(L)2O] (Figure 2.13). When the complex is synthesized from 18 O2, the corresponding 18 O-labeled compound is observed in the ESI-mass spectrum with the expected shift of +2, thus demonstrating that the μ-oxo bridge derives from dioxygen. Concerning the O2 reactivity of the protonated Fe II complex, [Fe II 2SH] + , the ESI-mass spectrum of the in situ generated product displays exclusively a peak at 1285.3 m/z, corresponding to the protonated form of Fe III 2O (Figure 2.11). The UV-vis and 1 H NMR spectra of the generated mono-oxygenated adduct (see Figure 2.11 and 2.12) are similar to those obtained by addition of one eq. of protons ([LutH] + ) to Fe III 2O, demonstrating that the reaction of [Fe II 2SH] + with O2 affords the protonated form of Fe III 2O, [(Fe III 2(L)2O(H)] ([Fe III 2OH] + ). The UV-vis spectrum of [Fe III 2OH] + differs from that of Fe III 2O, with only one thiolate → Fe III CT transition (at 458 nm, ε ≈ 10800 M -1. cm -1 ). In the 1 H NMR spectrum, the paramagnetic peaks are shifted to -6.26 and 19.69 ppm.

The Fe III 2O and [Fe III 2OH] + complexes react instantaneously with [LutH] + to generate Fe ox in the presence of 2 and 1 equiv. of acid, respectively. Most importantly, in the presence of an excess of acid (150 equiv. of [LutH] + , as occurring under catalytic conditions), the reaction of [Fe II 2SH] + with O2 leads not only to the formation of Fe ox but also of H2O2, [38][39] up to ~35% vs [Fe II 2SH] + . The next step towards an ORR catalytic process is to investigate the ability of Me8Fc to reduce Fe ox . The redox potential of the Me8Fc + /Me8Fc couple is apparently too high (E1/2 = -0.40 V vs Fc + /Fc) to reduce Fe ox (Epc = -0.63 V, see above). Consistently, no reaction is observed by mixing Fe ox and Me8Fc in MeCN solution under Ar atmosphere. However, as shown by UV-vis (Figure 2 Even if feasible, the reduction of Fe ox appears to be the rate-determining step in the overall catalytic process, as indicated by the fact that Fe ox is accumulated during catalysis. Indeed, the UV-vis spectra recorded during chemical catalysis (Figure 2.5) display an initial increase of the band characteristic of Fe ox at λmax = 450 nm.

In combination with experimental data, DFT calculations have been carried out to gain insights on the reaction pathway for catalytic reduction of dioxygen by [Fe II 2SH] + . As a result we can propose the overall catalytic mechanism displayed in Figure 2.15, including calculated reaction free energies.

The activation of O2 is proposed to occur through the transient formation of a dinuclear Fe II Fe III -superoxo species, [Fe II SHFe III OO . ] + that evolves to a trans-μ-1,2-peroxo Fe III complex, [Fe III 2OO/SH] + . The exergonic character of the second step (-26.0 kcal . mol -1 ) is proposed to drive the entire process, and thus to overcome the thermodynamically uphill first reaction (+31.6 kcal . mol -1 ). It should be noted that the cis-μ-1,2 mode is the exclusive coordination mode found in reported non-heme peroxo-bridged Fe III complexes, [43][44][45] in which one or more additional bridges (e.g. carboxylate, phenolato) act to stabilize such species. Conversely, heme complexes with unsupported peroxo-bridged as in Fe III -tetraphenylphorphyrins displays a trans-μ-1,2 coordination mode as in the present case. 46 Under catalytic conditions, i.e. in the presence of both the proton donor [LutH] + and an electron source (Me8Fc or an applied electrode potential), the Fe III -peroxo intermediate [Fe III 2OO/SH] + can evolve in two different ways. The first route, exclusive when using Me8Fc as reductant, is the cleavage of the Fe-O bonds induced by protonation of the two oxygen atoms to generate H2O2. The second pathway, favored under electrocatalytic conditions, is the rupture of the O-O bond by multiple reduction and protonation steps leading to the release of H2O. Both mechanisms, which lead to Fe ox , are thermodynamically feasible, as evidenced by DFT calculations (-9.2 and -39.2 kcal . mol -1 for 2-and 4-electron ORR, respectively). In particular, the calculated standard potential of the 4-electron ORR (E 0 = 0.20 V vs Fc + /Fc) demonstrates that the process is thermodynamically allowed when driven electrochemically at the catalytic onset (-0.52 V, η = 720 mV). In chemical catalysis (e -from Me8Fc), only pathway A is followed. Reaction free energies (∆G 0 , kcal . mol -1 ) have been calculated using DFT at the BLYP/BS2//BLYP/BS1 level of theory. When relevant, the corresponding standard potentials are displayed in parentheses (in V, E 0 = -zF∆G 0 , in which z = number of electron, F = Faraday constant, and ∆G 0 is in J).

The last step of the (electro)catalytic cycle is the regeneration of the initial complex [Fe II 2SH] + by reduction and protonation of Fe ox . In the presence of Me8Fc and [LutH] + , the reaction is predicted to be strongly endergonic (35.4 kcal . mol -1 ), explaining why it occurs experimentally only in the presence of a large excess of [LutH] + . Conversely, under electrochemical conditions at the catalytic onset (-0.52 V) the reduction of Fe ox is predicted to be more easily achievable.

Under non-catalytic conditions, i.e. in the absence of protons and electrons (Figure 2.16), the generation of Fe III 2O from Fe III 2OO can occur via two different pathways, [46][47] both exergonic: i) the dismutation of two Fe III 2OO complexes to afford two molecules of Fe III 2O and O2; ii) the reaction between Fe III 2OO and the initial complex [Fe II 2S] + to afford two molecules of Fe III 2O.

In this last pathway the O-O rupture is proposed to occur through the formation of a transient bis μ-oxo bridged Fe IV dimer, Fe IV 2O2 (Figure 2.17), which then comproportionates with Fe II 2S. The same type of reactivity was previously observed for the parent Mn-thiolate complex, 29 except that the corresponding bis μ-oxo bridged Mn IV dimer Mn IV 2O2 is stable enough to be isolated and fully characterized. The generation of the Fe IV 2O2 intermediate is predicted to be more kinetically accessible than Mn IV 2O2, based on a lower calculated kinetic barrier (18.1-20.3 kcal . mol -1 vs >40 kcal . mol -1 , respectively). . Reaction free energy and kinetic barrier (∆G 0 and ∆G # , kcal . mol -1 , respectively) have been calculated using DFT at the BLYP/BS2//BLYP/BS1 level of theory.

Discussion and Conclusion

In this study, we reported the reactivity of an original dinuclear iron-thiolate complex, [Fe II 2SH] + , as an efficient ORR (electro)catalyst. Thiolate ligation has been previously proposed to promote the activation of molecular oxygen, 48 for many reasons (stabilization of metal-peroxo intermediates, [49][50][51][52][53][54] decrease of the activation barrier for O2 binding, 37,55 decrease of the metal redox potential, 56 increase of the basicity of bound substrates, 57 labilization of the trans sites 56 ). Our studies confirmed and generalized this aptitude: the thiolate-rich N2S2-donor L ligand, in the presence of Fe II (this study) or Mn II (previously reported work) 20,29 promotes O2 reactivity at the coordinated transition metal ion. In addition, the continuous regeneration of the initial complex [Fe II

2SH] +

during catalytic turnover entails that sulfur-oxygenation is only marginal in the present system, which is not the case for other Fe-thiolate complexes mainly reported by the Goldberg group. [58][59][60] The investigation of isostructural iron-and manganese-based catalysts evidences that even if both display similar selectivity in the presence of a chemical reducing agent, [Fe2 SH ] + is ~ 6 times more reactive than the [Mn2 SH ] + , (based on the TOFi values determined in the presence of Me8Fc). This difference in efficiency can be related to the reduction potential of the catalysts, [Fe2 SH ] + being more easily oxidized than [Mn2 SH ] + (see above). Another difference is that, under non-catalytic conditions, a bis μ-oxo M IV dimer intermediate can be trapped and isolated only for M = Mn, while it is only postulated as a transient species for M = Fe.

A peculiar feature of these [M 2 SH ] + catalysts (M = Fe, Mn) is the presence of one thiol group coordinated to the metal centers that can act as a proton relay during catalysis. It is a unique example of sulfur-based proton relay in ORR catalysis, since second coordination sphere acids are typically O-and/or N-based (carboxylic acids, ammonium, urea, etc). 1,26,61 The most attractive properties of [Fe II 2SH] + as an ORR catalyst are that: (i) this is the first homogeneous ORR catalyst based on non-heme iron and (ii) its selectivity depends on the mode of electron delivery (chemical vs electrochemical catalysis).

Although iron porphyrin systems have been largely investigated, 1,[10][11][12]62 this is not the case for non-heme iron complexes. To our knowledge, only one family of Fe complexes supported by non-macrocyclic ligands has been previously reported in the ORR domain. 63 However, the described tetrapyridyl mononuclear complexes only react with O2 stoichiometrically, and not catalytically (the initial complex can be regenerated only in a two-step process). We believe that the discovery of such non-macrocyclic iron catalyst for ORR catalysis will pave the way to new structure-reactivity correlation studies (heme vs non-heme).

The tunable selectivity of [Fe II 2SH] + catalyst implies that the catalytic process is different at the proximity of the electrode surface and in bulk solution. However, based on the fact that hydrogen peroxide is generated in both cases (quantitatively or in a 20% amount in chemical and electrochemical catalysis, respectively), it can be proposed that a common intermediate, i.e. the calculated iron-peroxo complex [Fe III 2OO/SH] + , is generated during catalysis (Figure 2.15). In the present system, we propose that depending how electrons are delivered, the peroxo [Fe2 OO/SH ] + intermediate can react whether with (i) one proton to produce H2O2 after Fe-O bond cleavage when a chemical reducing agent is used, (ii) at least one electron (coupled or not with proton(s)) under electro-assisted catalysis. The tuning of the selectivity can be thus interpreted in terms of a competition between acid-base reaction and redox process with the [Fe2 OO/SH ] + peroxo intermediate. Since DFT calculations have shown that both pathways are thermodynamically feasible, it can be proposed that the electron transfer kinetics for the reduction of the peroxo intermediate [Fe2 OO/SH ] + is faster when occurring at the electrode than when employing Me8Fc.

In conclusion, we believe that the present study represents a substantial contribution towards the understanding of the factors controlling catalytic efficiency and selectivity of homogeneous ORR catalysis, in terms of ligand design, nature of transition metal(s), proton and electron delivery.

Experimental section

General. All other reagents were used as received. Solvents were distilled over Na/benzophenone (THF) or over CaH2 (acetonitrile and dichloromethane) and degassed prior to use. The synthesis of the Fe II complexes was performed under argon (in a glove box with less than 5 ppm of O2). The infrared spectra were recorded on a Thermo Scientific Nicolet iS10 FT-IR spectrometer (equipped with ATR accessory) as neat solids. 1 H NMR spectra were recorded on Bruker Avance III 500 MHz spectrometers. The elemental analyses were carried out with a C, H, N analyzer (SCA, CNRS). The ESI-MS spectra were registered on a Bruker Esquire 3000 Plus or Amazon speed ion trap spectrometer equipped with an electrospray ion source (ESI). The samples were analyzed in positive ionization mode by direct perfusion in the ESI-MS interface (ESI capillary voltage= 2kV, sampling cone voltage= 40 V). The electronic absorption spectra were recorded on a ZEISS MC5601 absorption spectrophotometer in quartz cells (optical path length: 1 cm).

Synthesis of [Fe II 2(L)(LH)]BF4 ([Fe II 2SH]BF4

). Solid NaH (60% in mineral oil, 21.0 mg, 0.525 mmol) was added to a suspension of H2(L) (100.0 mg, 0.172 mmol) in THF (4 mL) at 293 K. The reaction mixture was stirred for 20 min. A yellow solution was obtained after the removal of the excess NaH by filtration. A solution of Fe(BF4)2 . 6H2O (60.0 mg, 0.178 mmol) in THF (4 mL) was added under stirring: during the addition, the color of the solution turned from yellow to green, and successively to dark brown. A dark brown precipitate was finally formed. After stirring for 1 hour, the precipitate was filtered and washed with THF (3 x 4 mL). The powder was extracted in CH2Cl2 to remove inorganic salts. After removing the solvent under vacuum, a brown powder was obtained and collected ([Fe II 2SH]BF4, 94.0 mg, 0.069 mmol, 80%). Anal. Calcd. for C76H61N4S4Fe2BF4•0.8NaBF4 : C, 63.17 

Synthesis of [(Fe III 2(L)2O] (Fe III 2O

). Solid NaH (60%, 6.0 mg, 0.150 mmol) was added to a suspension of [Fe II 2SH]BF4 (20.0 mg, 0.015 mmol) in MeCN (8 mL). After stirring the suspension for 5 min under argon and filtering-off the excess of NaH, a green solution of Fe II 2S was obtained. Dry dioxygen (3 mL) was injected into this solution, which turned from green to brown. After few minutes, a brown precipitate was formed. The reaction mixture was stirred for 10 minutes. The precipitate was separated by filtration, washed with CH3CN (5 mL), dried and collected as a brown powder (Fe III 2O, 15 BF4 and Fe II 2S were measured on an Nonius-Bruker 4 circles diffractometer with a APEXII CCD detector and an Incoatec high brilliance microsource with multilayer mirrors to monochromatize the MoKa radiation (λ = 0.71073Å) at 200 K. For both complexes Eval, Sadabs and Xprep (Nonius-Bruker) were used for cell refinements, integration, absorption correction and data reduction. Single-crystal diffraction data of Fe III 2O was collected at beamline Gemini1 of the ESRF synchrotron (Grenoble, France) using a Dectris Pilatus 6M detector and a Maatel 2 circles Mini-diffractometer at 100 K with a toroidal Si 111 mirror monochromator at λ = 0.729317 Å. Integration, of the data were performed using XDS Package. Absorption correction and scaling was eperformed with Sadabs and Xprep. Subsequent steps were run under Olex2 for the three complexes: the molecular structures of [Fe II 2SH]BF4 and Fe II 2S were solved by charge flipping methods and refined on F 2 by full matrix least-squares techniques using SHELXL package. For Fe III 2O we decided not to refine the solvents using a mask procedure and cctbx to refine instead of SHELXL; it has sense from a physical point of view since there are solvent channels inside the crystal and a dynamical disorder inside them preventing the solvents molecules to be set properly. All non-hydrogen atoms were refined anisotropically for the three complexes. All hydrogen atoms but not the thiol one were set geometrically and constrained to ride on their carrier atoms. For compound [Fe II 2SH]BF4 the hydrogen atom from the thiol was found on the Fourier difference map then refined isotropically.

Mossbauer spectroscopy. Mössbauer spectra were recorded with a 57 Co source in a Rh matrix using an alternating constant acceleration Wissel Mössbauer spectrometer operated in the transmission mode and equipped with a Janis closed-cycle helium cryostat. The isomer shift is given relative to iron metal at ambient temperature. Simulation of the experimental data was performed with the Mfit program using Lorentzian line doublets.

Electrochemistry. Electrochemical experiments were performed in CH3CN solution under an argon-saturated (in a glove box) atmosphere. The supporting electrolytes tetrabutylammonium perchlorate and tetrafluoroborate (Bu4NClO4, Bu4NBF4) were used as received and stored in glove box. Cyclic voltammetry and controlled potential electrolysis experiments were carried out by using a PGSTAT100N Metrohm-Autolab potentiostat/galvanostat. A standard three-electrode electrochemical cell was used. Potentials were referred to an Ag/0.01 M AgNO3 reference electrode in CH3CN + 0.1 M Bu4NClO4 and measured potentials were calibrated through the use of an internal Fc/Fc + standard. The working electrode was a vitreous carbon disk (3 mm in diameter) polished with 2 μm diamond paste (Mecaprex Presi) for cyclic voltammetry (Epa, anodic peak potential; Epc, cathodic peak potential; E1/2 = (Epa + Epc)/2; ∆Ep = Epa -Epc).

Exhaustive electrolyses were carried out on reticulated vitreous carbon electrode 45 PPI (the electrosynthesis Co. Inc.; 1 cm 3 ). The auxiliary electrode was a Pt wire in CH3CN + 0.1 M Bu4NClO4.

Computational Methods. Calculations were performed using density functional theory as implemented in the ORCA and Gaussian-09 program packages. Two different unrestricted density functional methods, namely UBLYP and UB3LYP for geometry optimizations and frequencies have been employed. All geometries were fully minimized without constraints in antiferromagnetic spin states. Initial geometry optimizations and frequencies were performed with a double- quality LANL2DZ basis set on Fe (with core potential) and 6-31G* on the rest of the atoms: basis set BS1. [8] Energies were improved by single point calculations utilizing a triple- quality LACV3P+ basis set on Fe (with core potential) and 6-311+G* on the rest of the atoms: basis set BS2. Finally, a single point calculation with a polarized continuum model included with a dielectric constant mimicking acetonitrile was done at the BLYP/BS2 level of theory. Raman and vibrational frequencies were calculated in Gaussian-09 from an analytical frequency calculation and unscaled values are reported here unless otherwise mentioned.

Detailed procedure for the detection of H2O2 by the Ti-TPyP reagent. The Ti-TPyP reagent (~4.5*10 -5 M) was prepared by dissolving 3.44 mg of the [TiO(tpyp)] complex (≥90%, from TCI) in 100 mL of 0.05 M HCl(aq) and stored at 277 K. A small portion (15 μL) of each sample solution was added to a mixture of Ti-TPyP reagent (250 µL), 4.8 M perchloric acid (250 µL) and water (235 µL). The resulting solution was then allowed to stand for 5 min at 293 K. After dilution to 2.5 mL with water in a 1 cm pathlength UV-vis cuvette, the absorbance at λ = 433 nm was measured. A blank solution was prepared in a similar manner by adding the corresponding solvent (15 µL) instead of sample solutions. All the experiments were repeated 3 times, obtaining highly reproducible data (in the 2% range). A decrease in the absorbance from the blank value is expected if the sample contains H2O2. In particular, H2O2 concentration in the sample is related to ΔAsample(i) = Ablank -Asample(i). The method was calibrated by replicating the same procedure using aqueous solutions of H2O2 (in the 0-5 µM range, prepared by dilution of a 0.105 M standard solution), instead of the sample solutions. The obtained ΔA values (ΔAcal(i)) were plotted against H2O2 concentration in the final sample, [H2O2]final sample (µM), giving the following calibration equation (Equation 3):

[H2O2]final sample = (∆A+0.0035) / 0.1488 (Eq. 3)

Based on this equation, the amount of hydrogen peroxide in the different final samples (Asample(i)) was determined. The concentration of H2O2 in the original samples (i.e. before addition to the Ti-TPyP reagent solution) is determined by taking into account the dilution factor:

[H2O2]original sample (µM)=[H2O2]final sample *2500/15 (Eq. 4)

Note. The amount of H2O2 lost by decomposition during catalytic oxidation of Me8Fc in MeCN at 293 K was roughly estimated by performing the Ti-TPyP test, both at t = "0 s" and at t = 600 s, on a stirred 1 mM solution of H2O2 (corresponding to the maximum expected amount of H2O2) in the presence of 2.0 mM Me8Fc, 15.0 mM LutHBF4, 100 µM Fe II 2SH under Ar atmosphere.

Introduction

Hydrogen economy requires clean low-carbon and low cost techniques for producing H2 from renewable sources. 1 Hydrogenases are a diverse group of metalloenzymes that catalyze the reversible reduction of protons to molecular hydrogen (2H + + 2e -⇋ H2) with extremely high efficiency. 2 The remarkable catalytic rates of hydrogenases are competitive with those exhibited by platinum, which is currently the state-of-the-art catalyst for H2 production. 3 Aiming at the development of highly efficient catalysts and the replacement of noble metals like platinum by earth abundant metal based catalysts, research on hydrogenases has grown significantly in recent years. 4 The investigation of hydrogenases and the detailed understanding of their enzymatic reactions can provide a structural and functional basis for the chemical development of artificial hydrogenases for the production and oxidation of H2. Hydrogenases are wide spread in Nature and can be classified in [NiFe] and [FeFe] hydrogenases according to the composition of the active sites. 1 These enzymes contain cysteine thiolate bridged bimetallic centers, typically including an open metal site. The [FeFe] hydrogenases are more active than [NiFe] hydrogenases, and they more commonly function as catalysts for H2 production. 5 In the case of [FeFe] hydrogenases, the active site consists of a [4Fe4S] cluster linked through a cysteine-derived thiolate bridge to a [2Fe] subsite that is bridged by an azadithiolate moiety. [6][7] Both iron centers of [2Fe] subsite are coordinated by terminal carbonyl (CO) and cyanide (CN -) ligands, and a bridging CO. [8][9] Several redox and protonation states have been assumed to be relevant for the catalytic cycle (Figure 3.1). 1,[10][11] The most common oxidized state Hox is represented as [4Fe4S] 2+ -Fe(I)Fe(II). Two singly reduced states have recently been identified: Hred = [4Fe4S] + -Fe(I)Fe(II) and HredH + =[4Fe4S] 2+ -Fe(I)Fe(I)(NH2 + ) where protonation of the amine is coupled to electronic rearrangement 10 . The doubly reduced state is characterized as HsredH + = [4Fe4S] + -Fe(I)Fe(I)(NH2 + ). The protonated HsredH + can directly generate a terminal hydride Hhyd state which would then quickly combine with an available proton to form H2 thus reestablishing the resting Hox state.

Hundreds of diiron carbonyl complexes of the forms (μ-SRS)[Fe I

2(CO)xL6-x] have been synthesized in recent years as synthetic structural and functional models of the [2Fe] subsite within the active site of [FeFe] hydrogenases. 2 The electron-poor models (i.e. with six CO ligands) exhibit low basicity because of that they require reduction below an Fe(I)Fe(I) state before their protonation can occur. The result is that model complexes require considerable overpotential to initiate proton reduction catalysis. Strong σ-donor ligands have been proven useful in controlling and modulating the properties of model complexes. For example, Rauchfuss has reported few synthetic models with bidentate biphosphines ligand (dppv = cis-C2H2(PPh2)2]) for active site of the [FeFe] hydrogenases. 5,12 In addition, η 5 -cyclopentadienide (η 5 -C5H5 or η 5 -C5Me5, i.e., Cp or Cp*) groups recently became popular in the development of molecular catalysts. A series of homo-or hetero-bimetallics complexes with Cp*Fe unit has been reported by Qu, which can catalyze the reduction of proton. [13][14][15][16] The Cp* group has also been employed by Ogo in the synthetic heterobinuclear NiFe/NiRu complexes for the activation of dioxygen. 17 The CpFe(CO) unit has also been employed in few functional NiFe models for the proton reduction, resulting in efficient molecular catalysts for proton reduction. [19][20][21] There is one example of synthetic FeFe' model containing the CpFe(CO) unit for electrocatalytic hydrogen production. 21 The one-electron redox [4Fe4S] cluster in the [FeFe] hydrogenases plays as electron reservoir. Therefore, an electron relay can be incorporated into synthetic models in the form of a redox-active moiety that may serve as an electron sink. Rauchfuss has reported a hydrogenase mimic containing a redox-active ferrocenyl phosphine that is active for the hydrogen oxidation. 22 Although seldom used in hydrogenase models, redox active ligands have proven useful in promoting catalytic properties. Reek has demonstrated the role of a redox-active dipyridyl phosphole ligand as an electron reservoir in a symmetric model that catalyzes proton reduction in sulfuric acid. 23 Jones has described a diiron complex featuring a redox-active bipyridine ligand that is involved in proton reduction. 24 A similar bipyridyl ligand is also present as electron reservoir in the functional model of [NiFe] hydrogenases, 20 where the CpFe(CO) unit has been demonstrated to modulate the electronic structure of the nickel unit. Inspired by the reported NiFe model, an iron center can be introduced to replace nickel center and yield an asymmetric FeFec complex (Figure 3.2). Therefore, this chapter focuses on the synthesis of the targeted FeFec complex and the capabilities of hydrogen production. The structure consists of a [(t-CO)LFe II Fec II (s-CO)] + cation, one ClO4 -anion and one MeCN molecule. The [(t-CO)LFe II Fec II (s-CO)] + cation reveals two iron centers bridged by two thiolates. The Fe-Fe distance of 2.5611(12) Å is similar to the corresponding length (2.55-2.62 Å) in the natural enzymes. [6][7][8] The Fe1S1S2 plane is almost perpendicular to the Fe2S1S2 plane with a dihedral angle of 87.93 °. The Fe1 center is five-coordinated with one terminally bound CO molecule, two sulfur and two nitrogen atoms in a distorted square pyramidal geometry with a τ5 value of 0.12. The Fe2 center is surrounded by one CO molecule, two thiolate groups and a cyclopentadienyl ring (Cp) in triangle stool geometry. The CO ligand on Fe2 center is semi-bridging between the two iron centers, which match well with the crystallographic data for the Hred state of the enzyme from D. desulfuricans. The Fe1•••C44 distance of 2.345 ( 6) Å (∡O1-C44-Fe1: 122.3 (4) °) and the Fe2-C44 bond length of 1.770( 6) Å (∡O1-C44-Fe2: 162.1(5) °) compares favorably with the corresponding distances of 2.40 and 1.69 Å found for the protein. 25 The molecular structure of the resulting complex corresponds to the combination of the cationic [CpFe(CO)] + unit and the neutral [(CO)FeN2S2] unit. This structure is obtained from the cleavage of the [Fe II 2SH] + dimer, which provides a metallodithiolate donor ligand to the [CpFe(CO)] + unit. Unexpectedly, two iron-bound CO molecules are present in the structure, necessitating the use of an excess [CpFe(CO)] + as CO source for the synthesis of this asymmetric diiron complex [(t-CO)LFe II Fec II (s-CO)] + . The powder IR spectrum of [(t-CO)LFe II Fec II (s-CO)] + shown in Figure 3.5 displays the CO stretching vibration bands at 1959 and 1918 cm -1 , which are assigned to both the terminal and semibridging CO ligands, respectively. The powder zero-field 57 Fe Mössbauer spectrum of [(t-CO)LFe II Fec II (s-CO)] + recorded at 80 K (Figure 3.4) exhibits two quadrupole doublets with δ (∆EQ) =0.23 (0.69) and 0.35 (2.32) mm/s that can assigned to the two different iron centers. Based on the Mossbauer parameters measured for the low spin iron(II) in the reported NiFe (δ (∆EQ) = 0.39 (1.82) mm / s) 20 , the δ (∆EQ) = 0.35 (2.32) mm/s can be attributed to Fec unit. The Mossbauer parameters of the second Fe ion are still in agreement with a low spin Fe(II) but in a different environment. The powder UV-vis spectrum of [(t-CO)LFe II Fec II (s-CO)] + (Figure 3.5) displays two absorption bands at around 381 nm and 483 nm with a broad shoulder around 650 nm. After identifying this diiron complex in the solid state, the subsequent step is to check the stability of its structure in solution (dichloromethane, acetonitrile). Its IR spectrum in CH2Cl2 displays similar CO stretching vibration bands at 1971 (shifted 12 cm -1 ) and 1918 cm -1 with that in solid state (Figure 3.5), indicating that the solid-state structure is retained in CH2Cl2 solution. On the other hand, the IR spectrum in a concentrated MeCN solution (1.0 mM) exhibits the two previous νCO bands, with an additional peak at 1822 cm -1 , attributed to a bridging CO. In a diluted MeCN solution (0.2 mM), the νCO band at 1822 cm -1 is almost exclusively observed. The disappearance of the bands associated with the terminal and semi-bridging CO with the concomitant appearance of a band assigned to a bridging CO could be rationalized by the presence of a new species, in which the terminal CO is released and the semi-bridging CO is shifted towards a bridging position. Therefore, it can be proposed that, in MeCN, [(t-CO)LFe II Fec II (s-CO)] + evolves into [LFe II (μ-CO)Fec II ] + (Figure 3.6) by releasing the terminal CO. The UV-vis spectrum of a CH2Cl2 solution of [(t-CO)LFe II Fec II (s-CO)] + (382 nm, 4110 M -1 •cm -1 and 475 nm, 1800 M -1 •cm -1 ) is similar to the solid-state spectrum. This further confirms that the structure of [(t-CO)LFe II Fec II (s-CO)] + is retained in CH2Cl2 solution (Figure 3.5). The UV-vis spectra in MeCN (Figure 3.5) at different concentrations of [(t-CO)LFe II Fec II (s-CO)] + show different absorption features. At high concentration (1.0 mM), the UV-vis spectrum displays three absorption bands at 381 nm, 429 nm and 536 nm, which are attributed to a mixture of both complexes in MeCN in agreement with the IR and NMR data. At low concentration (0.2 mM), the UV-vis spectrum shows two absorption bands at 434 nm (2989 M -1 •cm -1 ) and 536 nm (2024 M -1 •cm -1 ), which are assigned to the absorption features of [LFe II (μ-CO)Fec II ] + in MeCN.

Results and Discussion

Characterization of [(t-CO)LFe II Fec II (s-CO)] + in solution.

The equilibrium between [(t-CO)LFe II Fec II (s-CO)] + and [LFe II (μ-CO)

Fec II ] + in MeCN has also been further studied by CO bubbling. As described above, the mixture of both species is present in MeCN resulting in three absorption bands (381, 429 and 536 nm) in UV-vis spectrum (blue line in Figure 3.9). When CO is bubbled into a MeCN solution of the mixture of both species, the absorption at 381 nm increases and the absorption at 429 and 536 nm disappears with the appearance of a new absorption band at 472 nm. The resulting UV-vis spectrum (red line in Figure 3.9) is consistent with that of [(t-CO)LFe II Fec II (s-CO)] + in CH2Cl2, which indicates that CO bubbling leads to the formation of [(t-CO)LFe II Fec II (s-CO)] + in MeCN. When CO is removed by argon bubbling from the CO-saturated MeCN solution of [(t-CO)LFe II Fec II (s-CO)] + , the two absorption peaks at 381 and 472 nm of [(t-CO)LFe II Fec II (s-CO)] + disappear and two new absorption bands at 432 and 538 nm appears (pink line in Figure 3.9). The yielded UV-vis spectrum can be assigned to the [LFe II (μ-CO)Fec II ] + species, which indicates that [(t-CO)LFe II Fec II (s-CO)] + can convert into [LFe II (μ-CO)Fec II ] + by the removal of CO. In both forward and backward processes, an isosbestic point at 415 nm is observed, indicating the interconversion between [(t-CO)LFe II Fec II (s-CO)] + and [LFe II (μ-CO)Fec II ] + accompanied by no other structural changes or decomposition of the complexes. 

Redox properties of [(t-CO)LFe II Fec II (s-CO)] + and [LFe II (μ-CO)Fec II ] +

The redox properties of [(t-CO)LFe II Fec II (s-CO)] + have been examined by cyclic voltammetry (CV) in different solvents: in CH2Cl2, where only [(t-CO)LFe II Fec II (s-CO)] + is present, in MeCN at 0.2mM where only [LFe II (μ-CO)Fec II ] + is present and in MeCN at 1.0 mM, where there is a mixture of both complexes. On the cathodic direction (Figure 3.10), the CV of [LFe II (μ-CO)Fec II ] + exhibits two reversible one-electron reduction waves at E1/2 = -1.21 V (∆E = 91 mV) and E1/2 = -1.65 V (∆E = 82 mV) versus Fc +/0 in MeCN solution (0.2 mM). The assignment of these two reduction waves are referenced on the two reported models. The FeFe' model bearing a [CpFec(CO)] + unit (see 3.1. Introduction) displays an irreversible reduction at -2.07 V (predicted by DFT calculations at -1.99 V) assigned to the reduction of the Fec II/I couple in [CpFec(CO)] + unit accompanied by the dissociation of one S-Fec bond, as proposed by a computational study. 21 Concerning the parent NiFe model (see 3.1. Introduction), the second reversible reduction at -1.90 V has been proposed to occur at the bipyridine moiety, but not at the iron center. 20 This has been further confirmed by a detailed mechanistic DFT investigation that calculated the predicted reduction potential for this redox event at E =-1.73 V, corresponding to a two-electron reduced species with a Ni I ion and a radical on the bipyridine moiety. 26 In the CV of [LFe II (μ-CO)Fec II ] + , taking the reduction potentials and reversibility of these two redox systems into consideration, it is reasonable to assign the first reductive wave to the Fe II/I couple in FeN2S2 unit and the second reductive wave to the reduction of the bipyridine unit. Plots of the peak current (ip) versus the square root of the scan rate (Figure 3.11) are linear for both waves in MeCN, indicating that these redox processes are diffusion-controlled. The CV of [(t-CO)LFe II Fec II (s-CO)] + (Figure 3.11) in CH2Cl2 displays a poorly reversible reduction process at Epc = -1.34 V versus Fc +/0 (Epa = -1.17 V) that can be assigned to the Fe II/I couple in FeN2S2 unit. The mixture of both [LFe II (μ-CO)Fec II ] + and [(t-CO)LFe II Fec II (s-CO)] + complexes in MeCN (1.0 mM) presents same reductive process with that of [LFe II (μ-CO)Fec II ] + in a diluted MeCN solution (0.2 mM, see above). This strongly supports the fact that a CO release process occurs leading to the conversion of

[(t-CO)LFe II Fec II (s-CO)] + into [LFe II (μ-CO)Fec II ] + in the CV timescale. The CO release leads to the absence of reduction process of [(t-CO)LFe II Fec II (s-CO)] + in MeCN.

The CV of an MeCN solution of [LFe II (μ-CO)Fec II ] + presents an irreversible anodic peak at 0.10 V (Figure 3.10), assigned to the Fe II/III redox couple in the FeN2S2 unit. The corresponding cathodic peak at -0.62 V is attributed to the reduction of the mononuclear complex [Fe III MeCN] + (described in Chapter II). This clearly indicates that the electrochemically oxidized product [LFe III (μ-CO)Fec II ] 2+ undergoes a fast decomposition into [Fe III MeCN] + and [CpFe(CO)(MeCN)2] + (Figure 3.12). In CH2Cl2, no oxidation process for [(t-CO)LFe II Fec II (s-CO)] + occurs on the anodic side.

Electrocatalytic activity of [LFe II (μ-CO)

Fec II ] + for H2 production. The electrocatalytic H2 production of [LFe II (μ-CO)Fec II ] + has been evaluated using Et3NHBF4 as a mild proton source (pKa = 18.6 in MeCN)(Figure 3.13). In the presence of 1 equivalent of acid, a catalytic wave appears at -1.91 V versus Fc +/0 , i.e. at a lower potential with respect to the second-electron reduction of [LFe II (μ-CO)Fec II ] + . This clearly indicates that the species generated from the reaction between the two-electron reduced species and a proton is further reduced before the second protonation and the release of H2. The current intensity of the catalytic wave continuously increases by increasing the amount of Et3NHBF4. Interestingly, the proton reduction potential for Et3NHBF4 at the GC electrode is observed at -2.16 V versus Fc +/0 in the absence of catalyst, demonstrating the catalytic role of the complex. The plots (Figure 3.13) of catalytic current intensity (icat) versus the concentration of added Et3NHBF4 provide a linear correlation. 5 .

Characterization of the one-electron reduced species [LFe I Fe II (s-CO)].

On the basis of electrochemical properties of [LFe II (μ-CO)Fec II ] + , cobaltocene (CoCp2, E1/2 = -1.33 V) has been employed as a reductant to generate the one-electron reduced species of [LFe II (μ-CO)Fec II ] + . The chemical reduction of [LFe II (μ-CO)Fec II ] + by CoCp2 in MeCN leads to the disappearance of the νCO bands of [LFe II (μ-CO)Fec II ] + (νCO = 1822 cm -1 ) accompanied by the appearance of a new νCO band at 1896 cm -1 , suggesting the formation of a mixed valence species [LFe I Fec II (s-CO)] with a semi-bridging CO. The mixed valence state has been proved by X-band EPR spectroscopy. The EPR spectrum of [LFe I Fec II (s-CO)] in solid state (22 K) exhibits an axial signal with gǁ = 2.262 and g⏊= 1.947 (Figure 3.14), corresponding to a localized S = 1/2 spin system. A similar EPR signal is observed for a THF/MeCN solution of [LFe I Fec II (s-CO)] (7 K). In contrast, the EPR spectra at 100 K feature a broader, much more isotropic signal (g = 2.064), indicating that the unpaired electron is in a more symmetrical environment, in agreement with a class II delocalized mixed-valent Fe 1.5 Fe 1.5 species. 3.3). The latter Mössbauer parameters are closed to those of reported four-coordinate Fe(I) complexes with high-spin states, [27][28] corresponding to iron(I) in FeN2S2 unit. The former Mössbauer parameters can be assigned to the low spin iron(II) in the FeCOCp unit. In addition, there are two minor species with δ (∆EQ) =0.10 (2.16) mm/s (16.90%) and 1.17 (3.29) mm/s (6.86%), which can be assigned to impurity possibly caused by the decomposition of initial complex. The former (δ (∆EQ) =0.10 (2.16) mm/s) parameters are closed to those of a complex CpFe(CO)2CH2SiMe3 (δ (∆EQ) =0.099 (1.75) mm/s) 29 , therefore could be attributed to the [FeCOCp(MeCN)2] + unit. The latter (δ (∆EQ) = 1.17 (3.29) mm/s) parameters are typical character of high spin iron(II) and similar to those of the dimer [Fe II 2SH] + (δ (∆EQ) = 0.87 (3.76) mm/s) (described in Chapter II). in THF (poor solubility) displays similar absorption (378 and 475 nm with a broad shoulder around 640 nm) with that in CH2Cl2 and solid state, which indicates that the structure of complex [(t-CO)LFe II Fec II (s-CO)] + is retained in THF. The reduced species [LFe I Fec II (s-CO)] shows three absorption bands at 531, 690 and 837 nm that is different from that of the starting complex [(t-CO)LFe II Fec II (s-CO)] + .

The g values and Mossbauer parameters are quite different from those observed for Hox state from native [FeFe] hydrogenase (g1 = 2.10, g2 = 2.04, g3 = 2.00; 0.1 < δ < 0.3 mm/s, 0.7 < ∆EQ < 1.2 mm/s) or the hundreds of synthetic models based on the simple precursor [(CO)3Fe(pdt)Fe(CO)3]. These discrepancies are probably related to the replacement of CO, CN -and [4Fe4S] units by the bidentate bipyridine and cyclopentadienyl ligand, and also to the missing of the strong coupling of the [2Fe] center with a [4Fe4S] unit.

Characterization of terminal metal-hydride [LHFe II Fec II (s-CO)].

A metal-hydride intermediate is proposed to be generated during the electrocatalytic process for H2 production. Interestingly, a metal-hydride species has been detected and characterized by different spectroscopic techniques. After the addition of 1 equivalent of Li[BEt3H], a hydride donor, on a d8-THF solution of [(t-CO)LFe II Fec II (s-CO)] + , the 1 H NMR spectrum (Figure 3.16) displays a sharp singlet at -11.9 ppm that can be assigned to the terminal hydride [LHFe II Fec II (s-CO)]. The assignment of terminal hydride is supported by the 1 H NMR signal at -9.6 ppm of the intermediate terminal hydride of the [FeFe] hydrogenase HydA1 from Chlamydomonas reinhardtii 9 and IR data (see blew). The IR spectrum (Figure 3.16) features a one νCO band at 1919 cm -1 same to that of the starting complex [(t-CO)LFe II Fec II (s-CO)] + , indicative of a semi-briding CO ligand between the diiron center. Considering the CO ligand in the semi-bridging position, the terminal hydride can be located on the Fe atom in the FeN2S2 unit. It can be considered as the replacement of terminal CO ligand in FeN2S2 unit of [(t-CO)LFe II Fec II (s-CO)] + by H - ligand. The presence of a terminal hydride is also indirectly reflected by the presence of the semi-bridging CO ligand instead of fully bridged in [LFe II (μ-CO)Fec II ] + due to the trans effect of the Fe-bound hydride. The additional peak at 1851 cm -1 in the IR spectrum can be tentatively assigned to Fe-H stretching. This value is in agreement with the only IR peak reported for terminal iron-hydride in a synthetic model (1844 cm -1 ). 30 The hydride complex [LHFe II Fec II (s-CO)] (Figure 3.15) displays an absorption band at 583 nm in THF.

A few hydride models have been reported with bound terminal hydrides that are frequently detected by 1 H NMR spectroscopy at relatively low frequency between -2 and -7 ppm. 5,[30][31][32][33][34] Most reported hydride models contain bridging hydride due to such species thermodynamically being more stable. 2 Bridging hydrides resonate at lower frequency (-14 to -21 ppm) than terminal hydrides due to the additional shielding effect from the two iron centers. 9 In those cases, 1 H NMR chemical shifts of transition metal hydrides are strongly influenced by their coordination to the metal. In our model, from the X-ray crystal structure (Figure 3.4) of [(t-CO)LFe II Fec II (s-CO)] + , we can see that the chemical shift of the hydride located on the iron in the FeN2S2 unit is influenced by not only the shielding effect of the iron center, but also the aromatic ring current effect of ligand (especially the bipyridine). Therefore, the chemical shift in our model is little more negative than those of the reported hydride models. In addition, a dihydride diiron dithiolate model has been reported to contain a bridging as well as a terminal hydride with chemical shifts at -12.2 and -18.9 ppm, respectively. 35 

Mechanism of the electrocatalytic activity

A minimum of two electrochemical steps (E steps, i.e., reduction) and two chemical steps (C steps, i.e., protonation) is required to produce H2 from protons and electrons. The exact sequence of C and E steps depends on the pKa of the acid and the redox properties of the catalyst, respectively. In the active site of [FeFe] hydrogenases, the diiron unit reacts with protons via an amine that plays the role of a proton relay, strategically placed to hold and transfer a proton to the available open site present on the reduced iron (I) center. This reaction generates a terminal Fe-bound hydride, whose existence has been recently confirmed by different spectroscopic techniques including NMR spectroscopy 9 , nuclear resonance vibrational spectroscopy (NRVS) 11 , Mössbauer 36 and Fourier transform infrared spectroscopies (FTIR) 37 . The amine then accepts a second proton and the H + /H -pair is positioned within a convenient distance for coupling to produce H2. The parent NiFe model has previously been revealed to electrochemically produce H2 at high rates near its second reduction potential with an EECC 20 or E(ECEC) mechanism for H2 production 26 (Figure 3.17). Experimental and theoritical studies reveal that the crystallographically characterized [LNi II Fe II ] + undergoes a one-electron reduction at the Ni center to afford [LNi I Fe II ], which is further reduced to produce the Ni-bipyridine diradical [L • Ni I Fe II ] -. Initially, it has been proposed that the protonation of [L • Ni I Fe II ] - occurs at the Ni site and forms the nickel hydride [LNi II HFe II ], which further reacts with protons to produce H2 and to regenerate the initial [LNi II Fe II ] + complex in EECC mechanism.

While the theoritical study predicts that the protonation of [L • Ni I Fe II ] -occur at Fe center affording the semibridging hydride LNi II Fe II H with one S-Fe bond broken by calculating the relative free energies of different isomers. And the direct reaction of LNi II Fe II H with acid is slightly unfavorable based on calculated thermodynamic data, thus the EECC mechanism could only serve as a minor pathway for H2 evolution. Therefore, a third electron is needed and located on the bipyridine moiety resulting [L • Ni II Fe II H] -, which is basic enough to be protonated at the free thiolate to form thiol-hydride LNi I Fe II H(SH). H2 can be evolved by fast coupling H + /H -to yield the Fe-H2 adduct. Thus, DFT study reveals a E(ECEC) mechanism for NiFe model, where the first E step serves as an activation step. Based on our experimental results and the studies of the parent NiFe model, a similar E(ECEC) mechanism for electrocatalytic H2 production is proposed for our new FeFec model and shown in Figure 3.18, where an activation step is also required. Firstly, the resting state [LFe II (μ-CO)Fec II ] + is activated by one-electron reduction to generate LFe I Fec II (s-CO). This active species undergoes a second one-electron reduction to form [L • Fe I Fec II (s-CO)] -. It can be proposed that the active [L • Fe I Fec II (s-CO)] -reacts with a proton to form new species corresponding to the characterized hydride species LHFe II Fec II (s-CO) via intramolecular electron transfer from bipyridine unit to iron. The observation of the catalytic wave occuring as a third reductive process evidences that a third electron is needed before the protonation of LHFe II Fec II (s-CO) by weak acid. This third reduction process is proposed to occur at the bipyridine moiety due to the cathodic effect of the bound H -on the iron center. The resulting [L • HFe II Fec II (s-CO)] -is basic enough to react with a second proton to produce H2 and regenerate the LFe I Fec II (s-CO) with an electron transfer for completing the catalytic cycle.

One of the interesting features of the catalytic mechanism is that an electron is transferred from the bipyridine unit to an iron center, which is similar to the proton coupled electron transfer (PCET) in the catalytic cycle of the native [FeFe] hydrogenases where the Hhyd state is protonated with concomitant electron transfer from the [4Fe4S] cluster to iron centers 38 . The redox active bipyridine moiety of the N2S2 ligand thus acts as an electron reservoir two times during electrocatalytic process, and mimics the role of the [4Fe4S] cluster, which has also been observed in the NiFe model 20 .

In our model, an activation step (first one-electron reduction) is required in the electrocatalytic mechanism, possibly originating from the oxidation state of iron(II) centers. After activation, the E step localized on the bipyridine ligand that acts as electron reservoir is similar to the process that occurs in [FeFe] hydrogenases. The first C step in the catalytic cyle of the [FeFe] hydrogenases occurs at bridgehead amine coupled with a electronic rearrangement between [4Fe4S] cluster and iron center, resulting in a protonated HredH + state. Conversely, in our model system the first C step occurs at the iron(I) center in the FeN2S2 unit accompanied with the formation of hydride via intramolecular electron transfer, possibly due to the absence of proton relay that could kinetically assist protonation of the iron(I) center. Then the bipyridine moiety again acts as electron reservoir for the following E step. In the [FeFe] hydrogenases, the second E step on the electron reservoir affords a protonated super reduced state HsredH + that directly generate a terminal hydride Hhyd state. The last C step generates H2 and regenerate Hox state coupled by an electron transfer from electron reservoir to iron center in both cases. 

Conclusion

Experimental section

General. All solvents were dried and distilled before use according to conventional methods. All reactions and manipulations were performed under an inert atmosphere (argon, in a glove box or in Schlenk tubes). The infrared spectra were recorded on a Thermo Scientific Nicolet iS10 FT-IR spectrometer (equipped with ATR accessory) as neat solids. The infrared spectra in solution were registered on a Magna-IR TM 550 Nicolet spectrometer. 1 H NMR spectra were recorded on Bruker Avance III 400 and 500 MHz spectrometers. Electronic absorption spectra were recorded on a ZEISS MCS 601 UV-NIR photodiode-array spectrophotometer. Cw X-band EPR spectra were recorded on a Bruker EMX, equipped with the ER-4192 ST Bruker cavity and an ER-4131 VT at 100 K and the same spectrometer equipped with an ER-5106 QTW Bruker cavity at 7 or 22 K.

X-ray Crystallography. Single-crystal diffraction data were measured on a Bruker-AXS-Enraf-Nonius Kappa diffractometer with an APEXII area detector and an Incoatec high brilliance microfocus source (MoKα radiation, Multilayers mirrors monochromator, λ 0.71073Å) at 200 K. The OLEX2 program package was used for cell refinements and data reductions. An absorption correction (SADABS) was applied to the data. Molecular structures were solved by charge flipping and refined on F2 by full matrix least-squares techniques, using the SHELXTL package. 32 All non-hydrogen atoms were refined anisotropically and all hydrogen atoms were placed at their calculated positions.

Mössbauer spectroscopy. Mössbauer spectra were recorded with a 57 Co source in a Rh matrix using an alternating constant acceleration Wissel Mössbauer spectrometer operated in the transmission mode and equipped with a Janis closed-cycle helium cryostat. The isomer shift is given relative to iron metal at ambient temperature. Simulation of the experimental data was performed with the Mfit program using Lorentzian line doublets (E. Bill, Max-Planck Institute for Chemical Energy Conversion, Mülheim/Ruhr, Germany. E-mail: eckhard.bill@cec.mpg.de; webpage: http://www.cec.m pg.de/research/molecular-theory-and-spectroscopy/moessbauer-mcd.html?L=1).

Electrochemical measurements. n-Tetrabutylammonium perchlorate (Bu4NClO4) was used as received and stored in glove box. MeCN (99.99%) and CH2Cl2 (99.99%) were degassed with argon prior to use. Electrochemical experiments were performed under argon in a glove box with less than 5 ppm of O2 by using a PGSTAT100N Metrohm potentiostat/galvanostat. A standard three-electrode electro-chemical cell was used. Potentials were referenced to an Ag/0.01M AgNO3 electrode in CH3CN / 0.1 M Bu4NClO4 and measured potentials were calibrated through the use of an internal Fc + /Fc standard. The working electrode was a vitreous carbon disk (3 mm in diameter) polished with 2 mm diamond paste (Mecaprex Presi) for cyclic voltammetry (Epa = anodic peak potential; Epc = cathodic peak potential). The auxiliary electrode was a Pt wire in CH3CN / 0.1 M Bu4NClO4.

Synthesis of [(CO)LFe II Fec II (s-CO)]BF4.

A dark brown MeCN solution (5 mL) of [CpFe(CO)(MeCN)2]BF4 (95 mg, 0.299 mmol) was added into a MeCN solution (5 mL) of [Fe II 2SH]BF4 (100 mg, 0.074 mmol). The resulting mixture was stirred for 2 days at room temperature. The formed precipitate was isolated by filtration, washed with MeCN (3 × 3 mL) and dried under vacuum. The product was isolated as brown powder (100 mg, 75.5 %). X-ray suitable dark brown crystals were obtained by the slow diffusion of diethyl ether into the MeCN solution of product (1.0 mM) with tetrabutylammonium perchlorate (TBAP, 0.1 M). ATR-IR (cm - 

Synthesis of [LFe I Fec II (s-CO)].

A solution of bis(cyclopentadienyl)cobalt(II) (7.4 mg, 0.039 mmol) in MeCN (3 mL) was added into a solution of [(CO)LFe II Fec II (s-CO)]BF4 (30 mg, 0.033 mmol) in MeCN (5 mL). The resulting mixture solution was stirred for 20 minutes at room temperature. The black precipitate was separated by filtration, washed with MeCN (2 × 3 mL), dried under vacuum and collected as a black powder (15.0 mg, 57.3%). ATR-IR (cm -1 ): 3056 (w), 2988 (w), 2900 (w), 2359 (vs), 2341 (vs), 1896 (vs), 1701 (vs), 1594 (m), 1488 (s), 1464 (w), 1441 (s), 1411 (w), 1373 (s), 1330 (m), 1266 (w), 1236 (w), 1207 (vw), 1182 (w), 1080 (w), 1033 (vw), 1001 (m), 973 (w), 905 (vw), 801 (w), 781 (m), 756 (m), 747 (m), 716 (w), 699 (s), 669 (vw), 654 (vw), 599 (w), 584 (vw), 517 (w). Li[BEt3H]. A THF solution of Li[BEt3H] (34 μL, 0.1 M) was injected into a suspension of [(CO)LFe II Fec II (s-CO)]BF4 (3 mg, 3.34 μmol) in THF (3 mL) at room temperature. The mixture solutions became clear violet solution immediately. The infrared spectrum of the obtained violet solution shows a νCO band at 1918 cm -1 and a νFeH band at 1851 cm -1 . The 1 H NMR spectrum, recorded on a sample prepared with the same method and by replacing THF with d8-THF, presents a very sharp singlet at -11.95 ppm (Fe-H).

Reaction of [(CO)LFe II Fec II (s-CO)]BF4 with

Introduction

Sulfur-containing compounds, especially those including cysteine, glutathione or thioredoxin that are known to be prone to thiolate/disulfide interconversion processes, are largely found in different cellular compartments where they act as structural and chemical transducing agents. [1][2][3] The fine-tuning of the equilibrium potential 4 in each cellular space affects the relative concentration of the oxidized and reduced forms of these molecules and thus have an impact on the specific chemical organization and function of each cellular compartment. Transition metal ions can participate in the control of this thiolate/disulfide (inter)conversion, especially copper. Such process has been proposed to be involved in the formation of copper-based biological active sites, [5][6][7] as the CuA, or in the control of the concentration of reactive oxygen species (ROS). [8][9] For a better understanding of the factors that govern such copper-based thiolate/disulfide (inter)conversion, chemists have characterized different Cu I -disulfide/Cu II -thiolate switches with conversion processes controlled by temperature, 10 solvent polarity, 10 acido-basic conditions [11][12] or (de)coordination of chloride. [13][14] More recently, the group has extended this family of copper-based systems to isostructural cobalt-and manganese-based complexes that display M II -disulfide/M III -thiolate interconversion processes mediated by (de)coordination of halides. [15][16] In the presence of chloride or iodide, the dinuclear M II -disulfide complexes (M = Co and Mn; Figure 4.1) are converted into the corresponding mononuclear M III -thiolate species that contains one coordinated halide. Binding of the halide to the metal promotes the reduction of the disulfide into two thiolates, combined with metal oxidation. Inversely, the release of the halide provokes the oxidation of thiolates to disulfide accompanied by metal reduction. The comparison between the reactivity of these Co and Mn systems highlighted the fact that controlling such a process is challenging to predict since it depends on several factors including the covalency of the metal-sulfur bond and the redox properties of the different complexes. Unfortunately, it was not possible to induce the process via other external stimuli than halide binding/release. In this chapter, the main objective was to enlarge this investigation to iron, which represents together with copper the most abundant redox active metal in biological media. Iron-sulfur complexes are broadly present in biology as electron transfer agents ([Fe-S] clusters), 17 or in the active sites of enzymes involved in the reduction of small molecules such as hydrogenases, 18 CO dehydrogenases 19 or nitrogenases. 20 Iron is also proposed to be involved in the production and destruction of ROS. 21 In analogy to the copper-sulfur chemistry proposed to be implicated in number of biological processes, it can be envisaged that similar thiolate/disulfide interconversion controlled by iron is involved in iron delivery for the biosynthesis of Fe-S complexes and in the regulation of the ROS concentration. In addition, a thiolate/disulfide switch has been proposed to be directly implicated in the reaction mechanism of iron-containing nitrile hydratase (even if in this case the Fe ion is thought to remain in the +3 oxidation state during the entire catalytic cycle). [22][23] We describe herein iron complexes isostructural to the previously described Co and Mn derivatives, which undergo thiolate/disulfide conversion mediated by halide (de)coordination. A comparison between the redox properties of the complexes involved in the interconversion process allows to rationalize the different switching efficiency of the cobalt, manganese and iron systems. This study also shows that, even in the absence of halides, the relative stability of the Fe II -disulfide and Fe III -thiolate forms is strongly influenced by the nature of the solvent. 

Result and Discussion

Synthesis and solid state characterization of a complex [Fe II 2SS] 2+ .

The Fe II -disulfide [Fe II 2(LSSL)](ClO4)2 complex, [Fe II 2SS] 2+ , was isolated as an orange precipitate by protonation of the previously reported μ-oxo complex [Fe III 2(LS)2(μ-O)] 24 (Fe III 2O) via addition of a excess of HClO4 (4 equiv. vs oxo) in acetonitrile (Figure 4.2). Complex [Fe II 2SS] 2+ can be also synthesized by electrochemical oxidation of [Fe II 2SH] + at -0.17 V (vs Fc +/0 ) in acetonitrile (experiment described in Chapter II). Single-crystals of the product were grown by slow diffusion of diethyl ether into the acetonitrile mother liquid. The corresponding X-ray structure reveals a µ1,2-η 1 :η 1 -disulfide bis(µ-thiolate) dinuclear Fe II complex containing a {Fe2S2(SS)} core, as displayed in Figure 4.3 (crystallographic data and selected bond lengths and angles are tabulated in Tables 4.1 and 4.2 in Appendix). Such a core is relatively rare in coordination chemistry and unprecedented for iron complexes (if only organic disulfides are considered, with the exclusion of the S2 2+ , respectively) and similarly it displays a quasi-planar {Fe2S2} core (less than 0.094 Å deviation from the mean plane formed by Fe1S2Fe1'S2', 13.88 ° angle between the S2Fe1S2' and S2Fe1'S2' planes). The disulfide remains coordinated to both Fe atoms in a cis-μ-1,2 mode. The short S2-S2' distance of 2.0233( 16) Å is typical of a disulfide bond and is similar to that found in the reported Co and Mn complexes (2.0243(13) and 2.0357(17) Å, respectively). The long Fe … Fe distance of 3.095 Å implies the absence of direct metal-metal interaction. The Fe sites are equivalent because of a C2 symmetry axis that is orthogonal to the mean {Fe2S2} plane. The N2S3 coordination sphere around each Fe II center displays a distorted square pyramidal geometry with a τ5 value of 0.12 similar to the Mn and Co derivatives (τ5 values of 0.07 and 0.13, respectively). More specifically, the plane is formed by two N atoms of the bipyridine unit of one L N2S2 ligand and two bridging S atoms from thiolates, while the axial position is occupied by one S atom of the disulfide bridge. Due to the weaker donor ability of disulfide vs thiolate, the axial Fe II -SS-S bond (2.5513(9) Å) is significantly longer than the basal Fe II -Sthiolate bonds (2.4131(9) and 2.3641(10) Å). All the iron-related bond lengths are slightly longer than those in [Co II 2SS] 2+ and shorter than in [Mn II 2SS] 2+ , which is in agreement with the periodic trend. The +II oxidation state of the Fe ions has been confirmed by the powder zero-field 57 Fe Mössbauer spectrum of [Fe II 2SS] 2+ recorded at 80 K (Figure 4.3). It displays a quadrupole doublet with an isomer shift δ = 0.91 mm . s -1 and a quadrupole splitting ΔEQ = 3.62 mm . s -1 , corresponding to the main feature (89%). The δ value is consistent with two identical high-spin ferrous (S = 2) ions. Despite several trials (synthesis and purification procedures), the isolated complex invariably contains a minor Fe-based impurity that was not unambiguously identified. The five-coordinated iron center displays a distorted square pyramidal geometry (τ5 value of 0.29) with a N2S2O coordination sphere. The oxygen atom from DMF occupies the apical position, while the two N and two S atoms of the tetradentate ligand are located in the equatorial plane. The iron center resides approximately 0.484 Å out of the mean equatorial plane towards the axial oxygen from DMF (vs 0.531 Å for the reported [Fe III (LS)Cl] complex, Fe III Cl). 24 The zero-field 57 Fe Mössbauer spectrum of [Fe III DMF] + (80 K, Figure 4.4) evidences the intermediate spin state (S = 3/2) of the Fe III complex. Indeed, both the isomer shift (δ = 0.41 mm . s -1 ) and the quadrupole splitting (ΔEQ = 3.09 mm . s -1 ) of the observed doublet are close to the parameters reported for the intermediate spin state Fe III -halide complexes [Fe III (LS)X] (FeLX, δ = 0.43, 0.42, 0.41 mm . s -1 and ΔEQ = 2.74, 2.82, 2.85 mm . s -1 , for X = Cl, Br, I, respectively. The spectroscopic properties of this series of complexes are described in Chapter V. The single-crystal X-ray diffraction analysis shows a quasi-perfect square pyramidal geometry around Fe, with τ5 values of 0.032 / 0.005 (values are given for the two independent molecules present in the crystal). Its overall structural properties are similar to those of its reported oxidized form, 24 with the expected increase of all Fe-ligand bond distances. Concerning the Fe-Cl bond lengths, these distances are close in both complexes (2.306(3) and 2.3390(11)/ 2.3409(11) Å, respectively in Fe III Cl and [Fe II Cl]‾). This is compensated by the different location of the iron center that resides approximately 0.480 Å and 0.716 Å, respectively, out of the mean N2S2 plane towards the axial chloride ion. The zero-field 57 Fe Mössbauer spectrum of [Fe II Cl] -(80 K, Figure 4.5) displays a doublet with an isomer shift of 0.91 mm . s -1 and a quadrupole splitting of 4.15 mm . s -1 evidencing a high-spin state (S = 2) for the mononuclear Fe II center.

Solvent-dependent equilibriums between Fe II -disulfide ([Fe II 2SS] 2+ ) and Fe III -thiolate ([Fe III Solv] + ) forms.

The isolation of [Fe III DMF] + from the corresponding dinuclear Fe II -disulfide compound [Fe II 2SS] 2+ in DMF (see above) suggests that Fe II -disulfide/Fe III -thiolate conversion process can occur in solution under particular conditions. The fact that one DMF molecule is coordinated in [Fe III DMF] + indicates the main role of the solvent in driving the process and stabilizing the Fe III -thiolate form.

To gain further insight into the Fe II -disulfide/Fe III -thiolate conversion process, we thus investigated the speciation of [Fe II 2SS] 2+ in solvents with different coordination abilities (dichloromethane, acetonitrile, N,N-dimethylformamide). These studies, supported by multiple experimental techniques in combination with DFT calculations, attest how in coordinating solvents the Fe II -disulfide complex is partly or totally converted into the 2+ (Figure 4.7) with an absorption band at around 450 nm (ε ≈ 2700 L•mol -1 •cm -1 ) is similar to that observed in the solid-state spectrum suggesting the preservation of the Fe II -disulfide complex in CH2Cl2 solution. When [Fe II 2SS] 2+ is dissolved in MeCN or DMF, a much more intense band is observed in the same region (at 449 and 475 nm (ε ≈ 6800 L•mol -1 •cm -1 ), respectively), which can be assigned to a charge transfer transition from thiolate to Fe III . 26 Two weaker features also appear at lower energies (at 641 and 745 nm in MeCN and at 605 and 710 nm in DMF).

Coherently, when a small amount of DMF (corresponding to 1% v/v) is added to a CH2Cl2 solution of [Fe II 2SS] 2+ , the progressive increase of the thiolate to Fe III band at 475 nm and of the two weaker visible transitions is observed, the process being complete in approximately 50 min, as shown in In agreement with UV-vis data, the ESI-mass spectrum of [Fe II 2SS] 2+ in CH2Cl2 further confirms the preservation of dinuclearity, since a +2 main peak is observed at 634.1 m/z and a +1 peak is observed at 1367.1 m/z, corresponding to [Fe2(LSSL)] 2+ and [Fe2(LSSL)ClO4] + , respectively (Figure 4.8). Conversely, the mass spectra in MeCN and DMF display a +1 main peak (at 634.1 and 706.9 m/z, respectively) attributed to the mononuclear species, [Fe(LS)] + and [Fe(LS)(DMF)] + , respectively (Figure 4.8 and 4.9). The absence of a mass-adduct in MeCN and its presence in DMF may reflect a poorer affinity of Fe III for MeCN than for DMF.

The presence of mononuclear Fe III adducts in coordinating solvents has been confirmed by cw X-band EPR spectroscopy (Figure 4.9): in the spectra recorded at 100 K, an intense transition at g ≈ 3.8 has been observed in both MeCN and DMF, but not in CH2Cl2. This feature has been attributed to an S = 3/2 ground spin state corresponding to a mononuclear intermediate spin Fe III complex, analogous to the reported chloride adduct Fe III Cl. 24 Finally, the analysis of the 1 H NMR spectra of [Fe II 2SS] 2+ dissolved in CD2Cl2, CD3CN and d7-DMF allows for the supply of an overall picture of the speciation in these different solvents. All the spectra are paramagnetic, showing peak shifts in the NMR spectra that span from around +45 to -35 ppm (Figure 4.10). The 1 H NMR spectrum in d7-DMF displays three shifted resonances of equal intensity at δ = 33.17 (1H), -1.08 (1H) and -26.44 (1H), a pattern very similar to that observed for Fe III Cl. 24 The longitudinal relaxation times (T1, Table 4.4) are also comparable to those of Fe III Cl. This is a definitive confirmation of the presence of the mononuclear [Fe III DMF] + complex as main species in DMF solution. In the same solvent, a χT = 1.71 cm 3. K . mol -1 was determined by the Evans method, [27][28] which is in reasonable agreement with the presence of an S = 3/2 state (spin-only value 1.875 cm 3. K . mol -1 ). The 1 H NMR spectrum of [Fe II 2SS] 2+ in CD2Cl2 displays a completely different pattern, with at least thirteen paramagnetically shifted signals. By considering their relative intensities (see Table 4.4), all of these peaks are assigned to a single species. Taking into account the UV-vis, ESI-mass, EPR and X-ray diffraction data (see above), this species is assigned as the original [Fe II 2SS] 2+ complex. Finally, the 1 H NMR spectrum in CD3CN solution clearly shows a mixture (in a ~1:2 ratio) of both the Fe II -disulfide [Fe II 2SS] 2+ complex and a mononuclear Fe III -thiolate solvent adduct similar to [Fe III DMF] + ([Fe III MeCN] + ). The fact that the equilibrium between [Fe II 2SS] 2+ and the corresponding solvent adduct [Fe III Solv] + (Solv = MeCN or DMF) is less displaced towards the mononuclear complex in MeCN than in DMF, is in agreement with the DFT-calculated thermodynamic parameters of both reactions (∆E = -3.4 and -7.6 kcal . mol -1 for X= MeCN and DMF, respectively, see Table 4.7 in 4.4 Experimental section). An additional minor species is also present in MeCN, whose peaks disappear under acidic conditions (addition of [LutH]BF4, [LutH] + = 2,6-lutidinium). This compound has been assigned to an hydroxo-bridged Fe III complex [Fe III 2(LS)2(OH)] + ([Fe III 2OH] + ), formed by reaction of [Fe III MeCN] + with water molecules that are present in CD3CN. This species can be also detected by ESI-MS (peak at 1285.3 m/z, Figure 4.8) and CV (see below), and it is proposed to be similar to the previously reported Mn III 2-hydroxo adduct [Mn III 2(LS)2(μ-OH)] + ([Mn III 2OH] + ). 29 The mixture of both the Fe II -disulfide [Fe II 2SS] 2+ complex and a mononuclear Fe III -thiolate solvent adduct [Fe III MeCN] + in MeCN has also been confirmed by Mössbauer spectroscopy. The zero-field 57 Fe Mössbauer spectrum of complex [Fe II 2SS] 2+ in MeCN (80 K, Figure 4.11) exhibits two quadrupole doublets with δ1,2 = 0.91, 0.44 mm s -1 and ∆EQ1,2 = 3.57, 3.07 mm s -1 , respectively. The δ1 (∆EQ1) can be attributed to the complex [Fe II 2SS] 2+ (δ1 = 0.91 mm s -1 and ∆EQ1 = 3.62 mm s -1 ). The δ2 (∆EQ2) are very closed to that of complex [Fe III DMF] + (δ1 = 0.41 mm s -1 and ∆EQ1 = 3.09 mm s -1 ) and thus can be assigned to the complex [Fe III MeCN] + . DFT calculations have been performed to highlight the role of the solvent in this solvent-dependent equilibrium by understanding the electronic modifications induced by removing the solvent-bound molecule of the [Fe III Solv] + complexes. The Mulliken spin population analysis performed on the DFT-optimized geometry of [Fe III (LS)] + (initiated from the X-ray data of [Fe III DMF] + after removing the DMF molecule) evidences a notable increase of the spin population on the sulfur atoms in comparison to [Fe III (LS)Solv)] + (0.23 for [Fe III (LS)] + , 0.08 for [Fe III (LS)MeCN)] + and -0.04 for [Fe III (LS)DMF)] + , see Table 4.9 in 4.4 Experimental section). The manifested thiyl character of the thiolates leads to an increase of their reactivity and their likely conversion into a disulfide bridge between two [Fe III (LS)] + units to generate[Fe II 2SS] 2+ .

Redox properties of [Fe II 2SS] 2+ and [Fe III Solv] + (Solv = MeCN, DMF).

The redox properties of these three species have been examined by cyclic voltammetry (CV) of [Fe II 2SS] 2+ dissolved in CH2Cl2, MeCN and DMF (Figure 4.12). The CH2Cl2 solution displays a poorly reversible reduction process at Epc = -0.84 V vs Fc/Fc + (Epa = -0.67 V, ipa/ipc = 0.45) that can be assigned to the two-electron reduction of the disulfide bridge of [Fe II 2SS] 2+ . [15][16] By contrast, the CV in DMF solution shows a reversible cathodic process (E1/2 = -0.71 V, ∆Ep = 80 mV, ipa/ipc = 0.94), assigned to the Fe III → Fe II one-electron reduction in [Fe III DMF] + . A similar fully reversible metal-based one-electron reduction process is observed in MeCN (E1/2 = -0.59 V, ∆Ep = 70 mV, ipa/ipc = 0.72), which can be attributed to the reduction of [Fe III MeCN] + . The second reversible reduction system observed in MeCN at E1/2 = -0.82 V (∆Ep = 110 mV) disappears after addition of [LutH] + , and can be attributed to the reduction of the dinuclear Fe III -hydroxo side product [Fe III 2OH] + , that has been detected by 1 H NMR and ESI-MS in acetonitrile (see above). It should be noted that the peak corresponding to the reduced species of [Fe II 2SS] 2+ , which was also detected in the NMR spectrum in CD3CN, is not observed in this CV. Consequently, we can propose a fast equilibrium (in the CV timescale) between The overall data are thus consistent with the fact that the solid state isolated Fe II -disulfide complex [Fe II 2SS] 2+ remains stable in solution in non-coordinating CH2Cl2, while it partly or fully converts into a mononuclear Fe III -thiolate solvent adduct, [Fe III Solv] + , in coordinating solvents (see Figure 4.6). This process corresponds to an intramolecular electron transfer that involves concomitantly the oxidation of the two Fe II ions to Fe III and the reduction of the bridging disulfide into two terminal Fe-bound thiolates.

Halide-dependent thiolate/disulfide interconversion.

With the objective of interconverting Fe II -disulfide and Fe III -thiolate complexes in a controlled manner, addition of halide co-ligands to [Fe II 2SS] 2+ and their subsequent removal seems to be a convenient strategy, [15][16] especially since the [Fe III (LS)X] (Fe III X, X = Cl, I) complexes have been already isolated and described. [24][25] This investigation has been carried out in CH2Cl2, wherein the Fe II -disulfide form of the complex ([Fe II 2SS] 2+ ) is the only stable form in the absence of halides (see previous paragraph).

In the presence of ~2 equivalents of Et4NCl, the colour of a CH2Cl2 solution of [Fe II 2SS] 2+ changes immediately from yellow to pinkish brown in less than 5 seconds (Figure 4.13). The UV-vis spectrum of this species corresponds to the [Fe III (LS)Cl] complex (Fe III Cl). 24 Based on the extinction coefficient of the intense transition at 495 nm determined in CH2Cl2 (ε≈ 7200 L•mol -1 •cm -1 ) we conclude that the reaction is not only rapid but also quantitative. The feasibility of the reversible reaction has been investigated. After the addition of ~1 equivalent of Li The role of the halide nature in triggering the interconversion between Fe II -disulfide and Fe III -thiolate has also been investigated. After the addition of two equivalents of n-Bu4NI into a CH2Cl2 solution of [Fe II 2SS] 2+ , the UV-vis spectrum displays three absorption bands at 516 nm, 630 nm and 770 nm (Figure 4.15), which can be attributed to [Fe III (LS)I] (Fe III I) (described in Chapter V). 25 Based on the absorption properties of Fe III I, it can be concluded that the reaction is still quantitative and fast (about 10 seconds) as for Fe III Cl. However, the reverse process is only partial and requires the presence of a large excess (20 equiv.) 2+ . While the CV of Fe III I displays a poorly reversible reduction process at Epc = -0.86 V vs Fc +/0 (Epa = -0.72 V, ipa/ipc = 0.59), the electron transfer becomes fully reversible for Fe III Cl at E1/2 = -0.92 V (∆Ep = 99 mV, ipa/ipc = 0.93). In both systems, this signal is assigned to the one electron reduction of the Fe III ion to Fe II . In the latter case, the metal-based reduction process has been unambiguously confirmed by the structure of the one-electron reduced form of Fe III Cl, [Fe II Cl] -(see above). 

Discussion

The [Fe II 2SS] 2+ complex shows solvent-dependent properties. Although in noncoordinating CH2Cl2, [Fe II 2SS] 2+ is the only stable form, in the presence of coordinating solvents like MeCN or DMF, it is partly or fully converted into mononuclear Fe III -thiolate species having a bound solvent molecule ([Fe III Solv] + ). In DMF, the equilibrium lies far on the adduct ([Fe III DMF] + ) side, whereas both [Fe III MeCN] + and [Fe II 2SS] 2+ are present in MeCN. The affinity of the coordinating solvent for iron(III) (DMF > MeCN) seems thus to be crucial to control the (inter)conversion process. Solvent dependency for M n -disulfide/M n+1 -thiolate (inter)conversion has been previously reported only in the case of a dicopper complex. In that case, both the nature of the solvent and the temperature allowed the control of the equilibrium in favour of one of these species. [10][11] However, different from the present case, the Cu I -disulfide/Cu II -thiolate interconversion process was driven by solvent polarity and not by its coordinating properties. As a result, the Cu I -disulfide species is preferably formed in polar solvents, 10 whereas the formation of the present Fe II -disulfide complex is promoted in apolar solvents. This demonstrates that the effect of the solvent is system-dependent and no general conclusion can be drawn. In the absence of halides, in the cases of the Co and Mn complexes isostructural to [Fe II 2SS] 2+ , the corresponding M III -thiolate forms could not be observed (for [Co II 2SS] 2+15 ) nor stabilized (in the case of [Mn II 2SS] 2+16 ) in any solvent. All these data highlight how the nature of the metal has a drastic effect on the M n -disulfide/ M n+1 -thiolate interconversion process. A Mn III -thiolate complex could only be detected as a transient species towards the irreversible formation of the Mn II -disulfide complex ([Mn II 2SS] 2+ ) during the electrochemical oxidation of the Mn II precursor. In the previous study, this species was assigned to a dinuclear thiolate-bridged Mn III species ([Mn III 2] 2+ ). 16 However, because the redox properties of the Fe-and Mn-systems are comparable, it cannot be excluded that this Mn III -thiolate complex is a mononuclear Mn III -MeCN adduct ([Mn III MeCN] + ) similar to [Fe III MeCN] + .

We have previously shown for the parent Co-and Mn-based complexes [8] that the M II -disulfide/M III -thiolate interconversion process can be controlled by (de)coordination of halide anions. To investigate the role of the metal in this halide-mediated process, the reactivity of the disulfide Fe complex with chloride and iodide has been explored. While the conversion from the Fe II -disulfide to the Fe III -thiolate species is quantitative and fast in the presence of X = Cl or I, the removal of the halide with Li[B(C6F5)4] . 2.5Et2O leads to the slow but quantitative formation of the Fe II -disulfide complex for X = Cl, and only to partial reaction for X = I. It thus appears that the behaviour of the Fe switch is just in between to that of the Co switch (fast and quantitative conversion in both directions) and that of the Mn-based system (slow and only partial disulfide to thiolate conversion).

The efficiency of the Fe-based switch controlled by the addition/removal of halides and to a lesser extent by the nature of the solvent can be rationalized from the redox properties of the involved complexes, which are directly related to the electronic density distribution between the metal and the sulfur atoms. In the absence of halide, the small reduction potential difference between the Fe III -thiolate and the Fe II -disulfide forms (Epc = -0.62 or -0.75 V vs Fc +/0 for [Fe III Solv] + , Solv = MeCN or DMF, respectively, and -0.84 V for [Fe II 2SS] 2+ ) agrees with the fact that both species can be stabilized by tuning the experimental conditions. In the case of the parent Mn compounds, the reduction potential difference was much higher, with the Mn II -disulfide form being much more difficult to reduce (Epc = -1.17 V for [Mn II 2SS] 2+ vs Epc = -0.47 V for [Mn III 2] 2+ ([Mn III MeCN] + )). These results are coherent with the fact that the Mn III thiolate complex slowly but irreversibly evolves in solution to [Mn II 2 SS ] 2+ , while the [Fe III MeCN] + and

[Fe II

2SS]

2+ forms can coexist in equilibrium. 16 In the presence of halide, one condition for an efficient M II -disulfide to M III -thiolate conversion to occur is that the reduction potential of the M III X/ [M II X] -couple is lower or similar to that of the corresponding [M II 2SS] 2+ / M II 2 pair (M II 2 = [M II 2(LS)2], that is, the two-electron reduced form of [M II 2SS] 2+ ). This is the case of the Fe-based system, for which the generated mononuclear Fe III X (X = Cl, I) complexes are less easily reduced (E1/2 = -0.92 V and Epc = -0.86 V vs Fc +/0 for X = Cl and I, respectively) compared to [Fe II 2SS] 2+ (Epc = -0.84 V). This is also the case for the Co system but not for the Mn-based one, for which the Mn II -disulfide form, [Mn II 2SS] 2+ , is much more difficult to reduce. The trend of Epc values for the [M II 2SS] 2+ complexes (Mn << Fe < Co, Table 4.5) is directly correlated with the stability of the S-S bond (Mn >> Fe > Co). This is most likely due to the decrease in the covalent character of the M-SS-S bond from cobalt to manganese, iron being an intermediate case. 30 Concerning the reverse process, that is, the M III -thiolate to M II -disulfide conversion, the ability for this reaction to occur requires that the reduction potential of [M II 2SS] 2+ should be lower than that of the corresponding M III -thiolate species, as in the case of both the Fe and Mn systems (Table 4.5). However, other factors can affect the process. As an example, the difference of reactivity between Fe III Cl and Fe III I can be explained by the different solubility in CH2Cl2 of the LiX salts co-generated during the anion exchange process (LiI being more soluble than LiCl). Concerning the Co system, this conversion is too fast to observe the transient formation of Co III species (as [Co III 

Conclusion

In M n+ -disulfide/M (n+1)+ -thiolate interconverting systems, the nature of the metal notably modulates the redox properties of the sulfur-based ligand by controlling its electronic structure. Our data collected on a series of closely related Fe-, Mn-and Co-based systems evidence how the efficiency of this interconversion relies on the fine-tuning of the redox properties of the different complexes involved, and on the nature of the M-S bond for the different metal ions. However, these properties are difficult to predict: even if trends can be extracted, the analysis remains qualitative. Amongst the three different switches, the Fe system is the only one displaying Fe II -disulfide / Fe III -thiolate (inter)conversion controlled by the coordinating abilities of the solvent and not just by addition/removal of halides.

Thiolate/disulfide interconversion processes mediated by a metal ion have been previously proposed only in the case of copper for different biological purposes including copper delivery and protection of cells against reactive oxygen species (ROS). From the present study, it can be anticipated that a similar reactivity can be mediated by iron in the suitable ligand environment especially by considering that it is the main metal at the origin of the formation of ROS via the Fenton reaction.

Experimental section

Theoretical calculations. We utilized the density functional theory (DFT) method B3LYP [33][34] for geometry optimizations of dinuclear [Fe III 2] 2+ , [Fe III 2O] and [Fe II 2SS] 2+ complexes as well as conjugated monomers with solvent bound, i.e. [Fe III MeCN] + and [Fe III DMF] + and other related small molecules (HClO4, ClO4 -, H2O, CH3CN, DMF). 35 In all calculations a 6-31G* basis set was employed on all atoms for geometry optimizations and frequencies, except on the metals where LANL2DZ with ECP was used. 36 Further single point corrections were done at the 6-311+G* 37 level of theory on all atoms, with LANL2DZ as ECP on Iron: basis set BS2 including the polarized continuum model with dielectric constant of ε = 35.688. All calculations were run in Gaussian-09. 38 and of [Fe III (LS)X] (X = Cl, Fe III Cl and X = I, Fe III I) were previously reported. [24][25] All reactions were carried out under an atmosphere of dry nitrogen (glove box). The elemental analyses were carried out with a CHN analyser (SCA, CNRS). The ESI-MS spectra were recorded on an amaZon speed and TQ QUATTRO II ion trap spectrometers equipped with an electrospray ion source (ESI). The samples were analysed in positive ionization mode by direct perfusion in the ESI-MS interface. The infrared spectra were recordeD on a Magna-IR TM 550 Nicolet spectrometer as KBr pellets and a Thermo Scientific Nicolet iS10 FT-IR spectrometer (equipped with ATR accessory) as neat solids. Electronic absorption spectra were recorded on a ZEISS MCS 601 UV-NIR photodiode-array spectrophotometer. The 1 H NMR spectra have been recorded on a Bruker Avance III 500 MHz spectrometer using standard Bruker pulse sequence. Longitudinal relaxation time (T1) measurements have been carried out by using standard inversion recovery sequence. Magnetic susceptibility measurements in solution have been performed by the Evans method. [27][28] Cw X-band EPR spectra were recorded on a Bruker EMX, equipped with the ER-4192 ST Bruker cavity and an ER-4131 VT at 100 K. II 2(LSSL)](ClO4)2 ([Fe II 2SS](ClO4)2).Method A: A MeCN solution of HClO4 (60 μL, 1 M, 0.06 mmol) was added to a suspension of [Fe III 2(LS)2(μ-O)] (20 mg, 0.016 mmol) in MeCN (4 mL) at room temperature. The reaction mixture was stirred over 20 min to give a dark brown solution in 20 min. The volume was reduced to 2 mL and then Et2O (8 mL) was slowly added. An orange-red precipitate was formed after standing the resulting mixture overnight. The precipitate was isolated by filtration, washed by MeCN and dried ([Fe II 2SS](ClO4)2, 10.1 mg, 0.007 mmol, 44%). Method B: In a standard three-electrode electrochemical cell, the electrolysis was performed at controlled potential (-0.17 V vs. Fc +/0 ) on a dark greenish brown suspension of [Fe II 2SH] + (51 mg, 0.0376 mmol) in CH3CN/0.1M Bu4NClO4 (6 mL). During the electrolysis, the mixture turned dark brown, and the orange precipitate was observed. The experiment was stopped when the current was seen to decay to about 5 % of its initial value. The precipitate was isolated by filtration, washed by CH3CN (31mg, 0.02mmol, 55.55%). IR (cm - 

Synthesis of [Fe

Crystallization of [CoCp2][Fe II (LS)Cl] ([CoCp2][Fe II Cl]).

A MeCN solution (2 ml) of cobaltocene (CoCp2, 2.83 mg, 0.015 mmol) was added to a suspension of Fe III Cl (10 mg, 0.015 mmol) in MeCN (2 mL). The light purple reaction mixture quickly turned to a green solution. After stirring for 1 h, the solution was filtered and diethyl ether was slowly diffused onto it at 293 K. After few days, X-ray suitable dark green single crystals were obtained, corresponding to X-ray Crystallography. Single-crystal diffraction data were measured on a Bruker-AXS-Enraf-Nonius Kappa diffractometer with an APEXII area detector and an Incoatec high brilliance microfocus source (MoKα radiation, Multilayers mirrors monochromator, λ 0.71073Å) at 200 K. The OLEX2 program package was used for cell refinements and data reductions. 31 An absorption correction (SADABS) was applied to the data. Molecular structures were solved by charge flipping and refined on F2 by full matrix least-squares techniques, using the SHELXTL package. 32 All non-hydrogen atoms were refined anisotropically and all hydrogen atoms were placed at their calculated positions.

Mössbauer spectroscopy. Mössbauer spectra were recorded with a 57 Co source in a Rh matrix using an alternating constant acceleration Wissel Mössbauer spectrometer operated in the transmission mode and equipped with a Janis closed-cycle helium cryostat. The isomer shift is given relative to iron metal at ambient temperature. Simulation of the experimental data was performed with the Mfit program using Lorentzian line doublets (E. Bill, Max-Planck Institute for Chemical Energy Conversion, Mülheim/Ruhr, Germany. E-mail: eckhard.bill@cec.mpg.de; webpage: http://www.cec.m pg.de/research/molecular-theory-and-spectroscopy/moessbauer-mcd.html?L=1).

Electrochemical measurements. n-Tetrabutylammonium perchlorate (Bu4NClO4) was used as received and stored in glove box. DMF (99.8 %, extra dry), MeCN (99.99%) and CH2Cl2 (99.99%) were degassed with argon prior to use. Electrochemical experiments were performed under argon in a glove box with less than 5 ppm of O2 by using a PGSTAT100N Metrohm potentiostat/galvanostat. A standard three-electrode electrochemical cell was used. Potentials were referenced to an Ag/0.01M AgNO3 electrode in CH3CN / 0.1 M Bu4NClO4 and measured potentials were calibrated through the use of an internal Fc + /Fc standard. The working electrode was a vitreous carbon disk (3 mm in diameter) polished with 2 mm diamond paste (Mecaprex Presi) for cyclic voltammetry (Epa = anodic peak potential; Epc = cathodic peak potential). The auxiliary electrode was a Pt wire in CH3CN / 0.1 M Bu4NClO4.

Introduction

Predicting and rationalizing the electronic and magnetic properties of transition metal ions is a core challenge in coordination chemistry. This is particularly important for complexes that exhibit non-standard ground states, such as intermediate spin systems. The latter are relatively uncommon but critically important in, for example, the study of spin-cross-over processes, single ion single-molecule magnets, and in (enzymatic) catalysis. [1][2][3][4] In the case of iron (III) (d 5 ), intermediate spin ground states are observed mainly for complexes of square pyramidal coordination geometry with few exceptions found in octahedral or square planar complexes in case of suitable ligand environments. [5][6][7] Although the electronic and magnetic properties of a number of mononuclear S = 3/2 Fe(III) complexes have been the subject of detailed experimental studies, the corresponding computational studies are limited to the determination of the spin of their ground states. 1,4,[8][9][10] This chapter will focus on three closely related mononuclear square pyramidal iron (III) complexes that display an intermediate spin ground state. We have taken advantage of this series to carry out a combined experimental and theoretical study, essential to develop rational correlation between their structural and magnetic properties. The synthesis of three complexes Fe III X (X = Cl, Br and I) has been carried out under argon. The reactions of one equivalent of iron(III) chloride or bromide with ligand L (L = 2,2'-(2,2'-bipyridine-6,6'-diyl)bis(1,1'-diphenylethanethiolate) in tetrahydrofuran (THF) yield brown precipitate that is isolated by filtration. The purification by dissolving the precipitate in dichloromethane (CH2Cl2) and removing the insoluble sodium chloride or bromide gives brown powders Fe III X (X = Cl, Br). Complex Fe III I is isolated by the reaction of [Fe II 2SS] 2+ (described in Chapter IV) with an excess of tetra-n-butylammonium iodide in acetonitrile (MeCN). The synthetic routes are shown in Figure 5.1. These three complexes have been characterized by single crystal X-ray crystallography, attenuated total reflection infrared spectroscopy (ATR-IR) and ultraviolet-visible spectroscopy (UV-Vis).

Results and Discussion

X-ray structures of complexes Fe III X (X = Cl, Br and I)

The X-ray suitable single crystals can be obtained by slow diffusion of diethyl ether into the solution of the product in CH2Cl2:CH3CN (4:1) at ambient temperature. The crystal structures are shown in Figure 5.2 (crystallographic data and selected bond lengths and angles are tabulated in Table 5.1 and 5.2 in Appendix). All three complexes crystallize in the monoclinic space group P 21/c. X-ray structures reveal that all complexes consist of a five-coordinated iron center in a distorted square pyramidal geometry (τ5 value of 0.328 in Fe III Cl, 0.317 in Fe III Br and 0.291 in Fe III I) with the halide occupying the apical position and the N2S2 donor atoms of ligand L constituting the equatorial plane. All Fe-N/S distances and valence angles are similar, however an expected difference arises from the Fe-X distances (2.313 Å in Fe III Cl, 2.473 Å in Fe III Br and 2.673 Å in Fe III I) in agreement with the different ionic radii of the halides. The iron ion resides 0.537, 0.512 and 0.476 Å out of this plane towards the axial chlorido, bromide and iodido ligands, respectively. The long Fe•••Fe distances observed in each crystal demonstrate that the three mononuclear Fe (III) complexes are magnetically isolated species (the shortest Fe…Fe distance: 7.884, 7.845 and 7.961 Å, in Fe III X, X = Cl, Br, I, respectively). Temperature-dependent magnetic susceptibility measurements were carried out with a Quantum-Design MPMS-XL-5 SQUID magnetometer equipped with a 5 Tesla magnet in the range from 2 to 210 K in a magnetic field of 0.5 T. The temperature dependence of the χT product for Fe III X (X = Cl, Br and I) is shown in Figure 5.3. Above 30 K, the χT of the three complexes remain constant around 2.0 cm 3 mol -1 K that is consistent with the expected values for S = 3/2 species. This is also confirmed by DFT calculations performed at OPBE and S12g/TZ2P level of theory, which was shown to be accurate for spin state energetics (see below) .

The magnetic properties of an S = 3/2 system, such as the present Fe III X complexes, can be described by a Spin Hamiltonian that includes the zero field splitting (ZFS) terms and the electronic Zeeman interaction [Eq. ( 1)], in which S is the spin, D and E are the axial and rhombic ZFS parameters, respectively, and g is the isotropic electronic Zeeman interaction. At lower temperatures, the χT values decrease, as expected for moderate ZFS. The temperature dependence of χMT and variable temperature-variable field (VTVH) magnetization data were simultaneously fitted using the E/D values (estimated by EPR spectroscopy, see 5.2.4) to estimate the D values, 3.7, 5.2 and 11.5 cm -1 for Fe III Cl, Fe III Br and Fe III I, respectively. The trend, that is, an increase of D with the increase of the halide spin-orbit coupling (SOC), is generally observed [11][12][13][14][15][16][17] in mononuclear 3d complexes with only a few exceptions. [18][19][20][21][22] 
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EPR Spectroscopy of complexes Fe III X (X = Cl, Br and I)

Figure 5.4. Simulated (dashed line) and experimental (bold line) powder EPR X-spectra (left) of Fe III Cl. Parameters used for the simulation with S= ½ with geff approach, g1= 4.6, g2= 2.7, g1= 1.9. Q-band spectrum (right) of Fe III Cl.

Powder cw X-and Q-band EPR spectra recorded at low temperatures (5-30 K) display features at low field corresponding to transitions between the Kramers doublet MS= ±3/2 (Figures 5.4 to 5.6). For Fe III Cl, at X-band the geff values are at 4.6 and 2.7. The resonance at g = 2 is attributed to the third geff contaminated by an isotropic g = 2 values (as confirmed at Q-band). From these two geff values, an E/D of about 0.18 can be estimated from rhombograms. At Q-band the geff values are at 5.4 and 4.0. In this case the rhombogram cannot be used any more, illustrating the limitation of this approach (for isotropic g = 2 species).

The resolution of the spectra of Fe III Br and Fe III I at X-band is very bad and only one large resonance can be observed. The simulation on both spectra using S = 3/2 approach with the full spin Hamiltonian gives the E/D values of about 0.13 and 0.12 for Fe III Br and Fe III I, respectively. The E/D values decrease from Fe III Cl to Fe III I is consistent with the distortion around the iron center that increases concomitant with the τ5 values. singly occupied unrestricted natural orbitals (uno) 33 . Since the predicted ZFS values are highly sensitive to the level of theory employed, we explored different density functional approximations (OLYP 34 , BP86 35 , OPBE 36 and TPSS 37 ) and basis sets (ZORA-def2-TZVP and ZORA-def2-TZVPP). [38][39] For iodine atom old-ZORA-TZVPP basis set was used. The resolution of the identity (RI) approximation 40 in the Split-RI-J variant with the scalar relativistically recontracted SARC/J 38,[41][42] Coulomb fitting sets has been used. As it can be seen from Table 5.4, the influence of basis set is very small. This is particularly for chloride complex, where ZFS parameters are essentially the same. For iodide complex difference is up to 0.2 cm -1 . Density functional approximation employed is more important. For chloride and bromide complexes values for D are consistent and go from around 2.0-2.3 and 3.5-4.7, respectively, depending on the employed functional. TPSS is underestimating D values, while OLYP and OPBE are giving very similar results in these complexes. However, for iodide complex OPBE gives right order of magnitude for D value but with opposite sign, comparing to other, GGA (OLYP and BP86) or metaGGA (TPSS) functionals, and to the experimental findings. E/D values for iodide complex have been calculated to be large, coming close to the rhombic limit of 1/3 where the sign of D is ambiguous. Generally, the main factor driving the magnetic anisotropy is the spin-orbit coupling (SOC). Interestingly, the trend in magnetic anisotropy is seen where D is decomposed into its SOC (DSOC) and spin-spin dipolar contribution (DSSC) terms using CP-DFT (Table 5.5). As expected, DSOC dominates over DSSC. The contribution of DSSC is not negligible in the case of Fe III Cl (around 13% of the total D) but decreases from Fe III Cl to Fe III I. The importance of dominant DSOC contribution increases from the chlorido to the iodido metal complexes, explaining the observed trend in D values. In an attempt to rationalize the origin of the difference in DSOC between the three complexes, DSOC is further decomposed into four terms according to single electron excitations: α→α-from singly occupied molecular orbitals (SOMO) to the virtual orbitals (VMOs); β→β-from doubly occupied orbitals (DOMO) to SOMO; α→β-spin lip between SOMOs; β→α-from DOMO to VMO. The first two contributions arise from excitations that lead to S=3/2 excited states, the third to S=1/2 excited states, and the last to S=5/2 excited states. In the case of Fe III Br, excitations to both doublet and quartet states contribute to DSOC, while for Fe III Cl and Fe III I excitations to doublets represent the main contribution. Besides, it should be noted that in the iodido and chlorido complexes the first excited states differ being S = 5/2 and S = 1/2, respectively. These data can be thus related to a larger DSOC (αβ) magnitude for Fe III I with respect to that of Fe III Cl. Figure 5.9 displays the energy diagram of the 5 d orbitals that is consistent with distorted square pyramidal geometry for all three complexes. The main contribution to D arises from the   contributions corresponding to transitions between the xz and yz orbitals. As it can be seen the energy gap is comparable for the three complexes, demonstrating that the SOC contribution of the halide is essential in controlling D in this series.

Conclusion

Three mononuclear pentacoordinated iron (III) complexes with different halide displaying intermediate spin ground state have been investigated to show distinct magnetic anisotropy. The calculated D values are in good agreement with the experimental data. The magnitude of D increases from the chlorido to the iodido complexes. The spin-orbit coupling is the main factor for driving magnetic anisotropy and the DSOC contribution increases from chlorido to iodido complexes. In summary, the present combined experimental and theoretical approach enables the rationalization of experimental data leading to a more complete understanding of the electronic structure of such systems and of the factors that govern the contribution of the different excited spin states in the magnetic anisotropy of intermediate spin state Fe III complexes. The origin of the magnetic anisotropy, and even the trend in values, differs from earlier studies on the same ligand system with Co III (S=1) 22 , and different complexes with S = 3/2 (Mn IV ) 44 , which is a clear indication that any change induces different magnetic behavior depending on the spin system and analogies cannot be drawn a priori with systems that are yet to be investigated. Understanding of these effects and the potential for DFT methods to predict them opens new opportunities in the rational design of magnetic materials with desired properties.

Experimental section

General. Cw-X-band electron paramagnetic resonance (EPR) spectra were recorded with a Bruker EMX, equipped with an Oxford Instruments ESR-900 continuous-flow helium cryostat and an ER-4116 DM Bruker cavity for the 4.5 K experiments. Cw-Q-band EPR spectra were recorded on the same spectrometer equipped with an ER-5106 QTW Bruker cavity. All spectra were recorded at 7K on powder samples. Temperaturedependent magnetic susceptibility measurements were carried out with a Quantum-Design MPMS-XL-5 SQUID magnetometer, and Mössbauer spectra were recorded with a 57 Co source in a Rh matrix using an alternating constant-acceleration Wissel Mössbauer spectrometer operated in the transmission mode and equipped with a Janis closed-cycle helium cryostat.

X-ray crystallography. Single-crystal diffraction data were measured on a Bruker-AXS-Enraf-Nonius Kappa diffractometer with an APEXII area detector and an Incoatec high brilliance microfocus source (MoKa radiation, Multilayers mirrors monochromator, λ 0.71073Å) at 200 K. The OLEX2 program package was used for cell refinements and data reductions. An absorption correction (SADABS) was applied to the data. Molecular structures were solved by charge flipping and refined on F2 by full matrix least-squares techniques, using the SHELXTL package. All non-hydrogen atoms were refined anisotropically and all hydrogen atoms were placed at their calculated positions.

Mössbauer measurement. Mössbauer spectra were recorded with a 57 Co source in a Rh matrix using an alternating constant acceleration Wissel Mössbauer spectrometer operated in the transmission mode and equipped with a Janis closed-cycle helium cryostat. The isomer shift is given relative to iron metal at ambient temperature. Simulation of the experimental data was performed with the Mfit program using Lorentzian line doublets (E. Bill, Max-Planck Institute for Chemical Energy Conversion, Mülheim/Ruhr, Germany. E-mail: eckhard.bill@cec.mpg.de; webpage: http://www.cec. mpg.de/research/molecular-theory-and-spectroscopy/moessbauer-mcd.html?L=1).

Magnetism measurement. Temperature-dependent magnetic susceptibility measurements were carried out with a Quantum-Design MPMS-XL-5 SQUID magnetometer equipped with a 5 Tesla magnet in the range from 2 to 210 K (Fe III Br and Fe III I) or 295 K (Fe III Cl) in a magnetic field of 0.5 T. The polycrystalline samples were contained in a gel bucket, covered with a drop of low viscosity perfluoropolyether based inert oil Fomblin Y45 to fix the crystals (for Fe III Br and Fe III I), and fixed in a non-magnetic sample holder. The maximum measuring temperature of 210 K was chosen because of the pour point of the oil, in order to keep the oil in the frozen state and to avoid therefore the orientation of the crystals parallel to the magnetic field. Each raw data file for the measured magnetic moment was corrected for the diamagnetic contribution of the gel bucket and of the inert oil according to M dia = χg • m • H, with experimentally obtained gram susceptibility of gel bucket (cg = -5.70•10 -7 emu/(g•Oe) and of the oil (cg = -3.8•10 -7 emu/(g•Oe)). The molar susceptibility data were corrected for the diamagnetic contribution according to χM dia (sample) = -0.5•M•10 -6 cm 3 •mol -1 . Full-matrix diagonalization of the spin Hamiltonian for zero-field splitting and Zeeman splitting was performed with the julX_2s program (E. Bill, Max-Planck Institute for Chemical Energy Conversion, Mülheim/Ruhr, Germany, 2014). Matrix diagonalization is done with the routine ZHEEV from the LAPACK numerical package. Parameter optimization is performed with the simplex routine AMOEBA from NUMERICAL RECIPES.

Synthesis of Fe III Cl. Solid NaH (60% in mineral oil, 14 mg, 0.3 mmol) was added to the solution of H2L (50 mg, 0.086 mmol) in THF (2 mL) at 293 K. After 20 minnutes, the excess NaH was filtered off and a solution of FeCl3 (16 mg, 0.099 mmol) in THF (3 mL) was added to the yellow solution under stirring. During the addition, the color of the solution turned to red, and subsequently to deep red. After few minutes, brown-red precipitate was formed. The mixture was stirred for 1h and then exposed to the air. The precipitate was isolated by filtration and redissolved in excess dichlromethane. This mixture was filtered to remove the residual solid and the clear filtrate was obtained. The solvent was removed in vacuum. The residual solid was dried and collected as brown red powder (51.3mg, 88.9%). The X-ray suitable single crystal can be obtained by slow diffusion of diethyl ether into the solution of the product in CH2Cl2:CH3CN (4:1) at 293 K. IR: v = 3052 (s), 1599(vs), 1569(vs), 1488 (vs), 1469(s), 1442 (vs), 1424 (s), 1346 (w), 1309(m), 1266(m), 1208 (w), 1181 (m), 1155 (m) , 1126(m), 1100 (w), 1082(m), 1025 (m), 1017(m), 1000 (w), 918 (w), 837(w), 805(w), 792(s), 746(s), 694 (vs), 665(m), 649(m), 598(s), 584(m), 577(m), 570(m), 563(w), 557 (w), 543 (w), 537(m), 524 (w), 519 (m), 512 ( vs), 505 (vs).

Synthesis of Fe III Br. The deep red powder Fe III Br was prepared according to a similar procedure of Fe III Cl by using FeBr3 (28 mg, 0.095 mmol) instead of FeCl3 (16 mg, 0.099 mmol). The residual solid was dried and collected as deep red powder (39mg, 63.4%). IR: v = 3050 (s), 1600(vs), 1570 (s), 1487 (vs), 1468 (s), 1442 (vs), 1423 (s), 1346 (w), 1309(m), 1265 (m), 1208 (w), 1184 (m), 1155 (m) , 1126(m), 1100 (w), 1082(m), 1025 (m), 1017(m), 1000 (w), 956 (w), 912 (w), 882 (w), 838(w), 808(w), 792(s),752(s) 744(s), 694 (vs), 663(m), 648(m), 618 (m), 598(s), 581(m), 571(w), 564(w), 555(m), 548( w), 544 (m), 532 (m), 520 (m), 517 (m), 502 (m).

Synthesis of Fe III I. Solid tetra-n-butylammonium iodide (44 mg, 0.119 mmol) was added to a suspension of [Fe II 2SS](ClO4)2 (35 mg, 0.0238 mmol) in CH3CN (10 mL). After few minutes, brown precipitate was formed. After stirring for 1 h, the precipitate was isolated by filtration, washed with MeCN, dried under vacuum and collected as dark brown powder (32 mg, 0.042mmol, 88.2%). The X-ray suitable single crystal can be obtained by slow diffusion of diethyl ether into the solution of the product in CH2Cl2:CH3CN (4:1) at 293 K. IR: v = 3050 (s), 1600(vs), 1569 (s), 1486 (vs), 1467 (s), 1442 (vs), 1422 (s), 1322 (m), 1309(m), 1266 (m), 1246 (w), 1208 (w), 1183 (m), 1155 (m) , 1122(m), 1100 (w), 1081(m), 1023 (m), 1017(m), 1000 (m), 956 (m), 909 (w), 883 (w), 837(w), 810 (w), 790(s),762 (m), 752(s), 743(s), 694 (vs), 663(m), 648(m), 597(s), 583(m), 569(w), 563(w), 555(m), 540 (m), 536 (m), 527 (m), 520 (m), 507 (m).

Summary

This thesis presented the design and synthesis of several bioinspired iron complexes bearing thiolate groups. Their structural, electronic, magnetic properties and their relationship also have been investigated by using different spectroscopic methods in combination with computational ones. This manuscript mainly focused on their catalytic or electrocatalytic propreties towards the reduction of O2 and protons. In addition, iron-based thiolate/disulfide interconversion presented in the context enriched the family of the metal-promoted interconversion between thiolate and disulfide. First of all, a unique non-heme diiron(II) complex [Fe II 2SH] + (Figure 6.1) bearing a thiol group in the coordination sphere of one iron(II) center has been presented in the Chapter II. The thiol group in complex [Fe II 2SH] + can be deprotonated by base to afford a neutral Fe II 2S. Both complexes displayed highly reactivity towards O2 to yield μ-hydroxo and μ-oxo bridged diron(III) complexes. In the presence of 2,6-lutidinium, [Fe II 2SH] + is an efficient ORR catalyst with 100% selectivity for H2O2 production in the presence of a one-electron reducing agent (octamethylferrocene). When the reaction is electrochemically-driven, H2O is the main product during electrocatalysis (~14-20% of H2O2). Based on the fact that hydrogen peroxide is generated in both cases (quantitatively or in a 20% amount in chemical and electrochemical catalysis, respectively), it can be proposed that a common intermediate, i.e. the calculated iron-peroxo complex [Fe III 2OO/SH] + , is generated during catalysis. DFT calculations have shown that the alternative rupture of the Fe-O or O-O bonds of [Fe III 2OO/SH] + (acid-base vs redox reaction) are both thermodynamically feasible. The mechanism has been experimentally and theoretically investigated revealing that the control of the selectivity arises from the efficiency of the electron donor system (reducing chemical or applied potential).

Chapter III describes a synthetic FeFec complex for electrocatalytic H2 production. This asymmetric FeFec model (Figure 6 [LFe II (μ-CO)Fec II ] + has been demonstrated as an active electrocatalyst for H2 production in an E(ECEC) mechanism with an activation step, where the bipyridine moiety acts as electron reservoir in the catalytic cycle. Chapter IV presents a new family of thiolate/disulfide interconversion mediated by iron (Figure 6.3). The reported parent Co-and Mn-based disulphide/thiolate interconversion processes can be controlled by (de)coordination of halide anions. To investigate the role of the metal in this halide-mediated process, the reactivity of the disulfide complex [Fe II 2SS] 2+ with chloride and iodide has been explored. While the conversion from the Fe II -disulfide [Fe II 2SS] 2+ to the Fe III -thiolate species Fe III X is quantitative and fast in the presence of X = Cl or I, the removal of the halide with Li[B(C6F5)4] . 2.5Et2O leads to the slow but quantitative formation of the Fe II -disulfide complex for X = Cl, and only to partial reaction for X = I. It thus appears that the behaviour of the Fe switch is just in between to that of the Co switch (fast and quantitative conversion in both directions) and that of the Mn-based system (slow and only partial disulfide to thiolate conversion). In addition, the complex [Fe II 2SS] 2+ showed solvent-dependent properties: it is partly or fully converted into mononuclear Fe III -thiolate species having a bound solvent molecule ([Fe III Solv] + ) in the presence of coordinating solvents like MeCN or DMF. Finally, all three mononuclear iron(III)-thiolate complexes Fe III X (X=Cl, Br, I) had interesting intermediate spin ground state (Figure 6.4). Susceptibility measurements, powder cw X-and Q-band EPR spectra, and zero-field powder Mössbauer spectra showed that all complexes display distinct magnetic anisotropy. Theoretical approach demonstrated that the main factor driving the magnetic anisotropy is the spin-orbit coupling (SOC). Interestingly, the zero-field splitting axial parmeter D was decomposed into its SOC (DSOC) and spin-spin dipolar contribution (DSSC) terms using coupled-perturbed DFT approach (CP-DFT). The contribution of DSSC decreased from Fe III Cl to Fe III I.

Perspectives

The work described in Chapter II focuses on the catalytic reduction of O2 by a non-heme diiron(II) complex that exhibits different product selectivities in different catalytic ways (chemical and electrochemical). For 4H + /4e -reduction process, the μ-hydroxo and μ-oxo bridged diron(III) intermediates have been fully isolated and characterized. However, the peroxo diiron(III) intermediates that should be generated during O2 activation and ORR catalysis has not yet been observed and studies are only proposed from DFT calculations. Therefore, low temperature technique should can be employed to stabilize the peroxo diiron(III) intermediates. What's more, the unique thiol group in complex [Fe II 2SH] + and [Mn II 2SH] + is proposed to play a key role as a proton relay to deliver proton, promoting the reduction of O2. Therefore, the parent dinuclear complex [Fe II 2SMe] + and [Mn II 2SMe] + (Figure 6.5) can be developed by introducing methyl group to replace the proton on thiol group. The

A.5 Preparation of Ligand H2L

All commercial reagents are used as received. THF and Et2O are distilled before using. All synthesis are performed under argon atmosphere using Schlenk or glovebox . Scheme 1. Synthesis of 1 and 2.

Diphenylmethylthiol (1). Diphenylmethylchloride (64.14 mmol, 13.0 g) and thiourea (58.69 mmol, 4.5 g) are refluxed in 100 mL of ethanol under argon for 4 h; the reaction solution was cooled to room temperature. Aqueous NaOH (4 g, 2 M) is then added, and the reflux is continued for an additional 2 h. After cooling, HCl (37%) is added until Ph = 2. The product is extracted from the aqueous solution with dichloromethane. The organic phase is dried over MgSO4, filtered and reduced to oil (this thiol decomposes easily, and could not therefore be obtained in a pure state). 1 H NMR: δ 7.2-7.5 (10H, phenyl), 5.4 (1H, CH), 2.3 (1H, SH). 1 2-[(Diphenylmethyl)thio]tetrahydro-2H-pyran (2). HCl (1 mL, 37 %) was added dropwise to the 2,3-dihydropyrane solution of diphenylmethylthiol 1 (10.0 g, 0.050 mol), giving a colour change from light to dark brown. After 3 h of stirring, diethyl ether (200 mL) was added and the mixture was then washed with Na2CO3 (saturated, aq., 2 * 100 mL). The organic phase was extracted and washed with NaCl (saturated, aq., 2* 50 mL). Organic phases were then combined and dried over Na2SO4, filtered and reduced to give an orange oil. The crude product was purified by column chromatography (eluent diehtyl acetate : cyclohexane = 1:50 v/v). A white solid was obtained. 6,6'-Dibromo-2,2'-bipyridine (3). This compound was prepared according to the literature procedures. A solution of 43.7 mL of 1.6 M of n-BuLi in n-hexane was dropped to a solution of 2,6-dibromo-pyridine (69.93 mmol, 16.56 g) in dry Et2O (166mL) over 30 min under -80 ˚C. Stirring was continued for 1 h. Then, anhydrous CuCl2 (34.97 mmol, 4.70 g) was slowly added with keeping the temperature at -80˚C. After the stirring was continued for 60 min under the same temperature, O2 was bubbled through the solution for 60 min with vigorous stirring. Then, the mixture was hydrolyzed with 171.31 mL of 1.2 M HCl under -20 ˚C. The precipitate thus formed was separated by filtration and washed with water at room temperature. The collected yellowish-green precipitate was recrystallized from 180.0 mL of hot erhanol (7.26 g, 66.13%). 1 H NMR (400 MHz, CDCl3): δ 8.41-8.39 (2H), 7.71-7.67 (2H), 7.54-7.52 (2H).

2,2'-bipyridine-6,6'-dicarbaldehyde (4). 3 (7.26g, 23.12mmol) was dissolved in THF (150mL) and slowly added to a solution of n-BuLi (2.5 M in hexane, 48.54mmol, 19.41mL) in THF (50mL) at -80 ˚C. After 1h at -80 ˚C, DMF (82.03mmol, 6.33mL) was added dropwise to the mixture. After 1h at -80 ˚C, the dark violet mixture was warmed to -30 ˚C and quenched with 4M HCl (81.66mL). It was basified with Na2CO3 (aq, sat.) and concentrated under vacuum to remove the organic solvent. The aqueous suspension was extracted with CHCl3 (5 X 100mL). The organic layers were combined and dried with Na2SO4. After filtration and remove of the solvent under vacuum, the residual solid was washed with methanol and dried under vacuum. (2.77 g, 56.46 %). 1 H NMR (400 MHz, CDCl3): δ 10.12 (2H), 8.77-8.75 (2H), 8.02-7.96 (4H).

2,2'-bipyridine-6,6'-diyldimethanol (5). 4 (2.77 g, 13.05 mmol) and NaBH4 (1.2342 g, 32.62 mmol) in methanol (150 mL) were stirred at ambient temperature for 2h. HCl ( 1.2 M, 50 mL) was added to the solution and stirring was continued. After 10 min, the mixture wad basified with Na2CO3 (aq, sat.) and concentrated under vacuum to remove the organic solvent. The aqueous suspension was extracted with CHCl3 (5 X 100 mL) . The organic layers were combined and dried with Na2SO4. After filtration and remove of the solvent under vacuum, the residual solid was washed with methanol and dried under vacuum. (2.4 g, 85 %). 1 6,6'-bis(bromomethyl)-2,2'-bipyridine (6). The HBr solution in AcOH (w/w: 33%, 75mL, divided into four or five times) and 5 (2.4g, 11.10 mmol) were stirred and refluxed for 3h. After cooling to room temperature and stirring at room temperature for 14 hours, it was basified with K2CO3 (aq, sat, excess). The precipitate was filtered, and washed with water (6 x 100 mL) and EtOH (2 x 20 mL). The crude product was recrystallized in EtOH (100 mL). the powder was filtered, dried, collected and sonicated during 15 min yielding a pale white powder 6 (2.84 g, 8.34 mmol, 63 %). 1 H NMR (400 MHz, CDCl3): 8.33-8.31 (2H), 7.77-7.73 (2H), 7.41-7.39 (2H), 4.56 (4H). 3 . A solution of compound 2 (3.89 g, 13.68 mmol) in anhydrous diethyl ether (60 mL) was cooled to -78 o C and 1.6 M n-BuLi in hexane (9 mL) was added dropwise (yellow). The reaction mixture was allowed to warm to -10~0 o C over 1 h (red) and then cooled again to -78 o C. A solution of 6,6'-bis(bromomethyl)-2,29-bipyridine (6, 2.34 g, 6.83 mmol) in THF (137 cm 3 ) and P(NMe2)3O (12 mL), was added dropwise yielding a lightening of the reaction mixture from brown to yellow. The mixture was allowed to warm to 0 o C over 4 h and then added to water. The organic layer was set apart and the aqueous layer extracted with ethyl acetate (3 × 100 mL). The combined organic layers were dried over Na2SO4, and the solvent removed to give a yellowish oil, which crystallized after addition of acetone. The product was filtered off and washed with methanol to afford 2.3 g of a 1:1 mixture of diastereoisomers. Color change : 0~-80 o C : colorless solution to colorless precipitate ; add nBuLi : yellow ; warm process : yellow to orange red(before -10) to yellow precipitate(0 o C) ; add 2pyCH2Br : dark precipitate, then organe red ; warm process : orange to yellow. Scheme 3. Synthesis of ligand H2L. 3 . To a suspension of compound LDHP (2.3 g) in ethyl acetate (65 mL) and methanol (50 mL) was added a solution of AgNO3 (1.3 g, 2.5 equivalents) in pyridine (1 mL) and methanol (90 mL). The solid material dissolved immediately and the solution became yellow. After 5 h at room temperature the solvent was removed under vacuum yielding a yellow powder. The material was dissolved in deaerated dichloromethane (50 cm 3 ) and H2S bubbled through the solution. The black precipitate was filtered off and washed with dichloromethane. The combined filtrates were washed with NaHCO3 aqueous solution and the aqueous layer extracted with ether. The combined organic layers were dried over MgSO4 and the solvent was removed, washed with methanol and dried to yield 1.78 g of the product as a white powder. All commercial reagents are used as received. CHCl3, THF and Et2O are distilled before using. All synthesis is performed under argon or nitogen using Schlenk or glovebox. The synthesis of (Carbonyl)(η5-cyclopentadienyl)(diacetonitrile)iron(II)Tetrafluoroborate ([(CO)CpFe(MeCN)2]BF4) 4,5 is shown in Scheme 4.

6,6'-bis(2,2-diphenyl-2-((tetrahydro-2H-pyran-2-yl)thio)ethyl)-2,2'-bipyridine (LDHP)

2,2'-([2,2'-bipyridine]-6,6'-diyl)bis(1,1-diphenylethanethiol) (H2L)

A.6 Preparation of [(CO)CpFe(MeCN)2]BF4

Sybthesis of b.

CHCl3 was distilled with CaH2 and degased by argon. Complex a (11.90g, 33.61mmol) was added in CHCl3 (200ml) under argon to yield a red solution. And this solution was cooled down to 0 o C, then I2 (19.62g, 77.3mmol) was added into this solution. The reaction was kept stirring for 4 days. The resulted solution was washed with aqueous Na2S2O3 (3 x 150ml) and H2O (2 x 150ml), dried with Na2SO4. Organic solvent was removed by rotorvapor. The residual solid was dissolved in 200 mL dry Et2O and filtered through Al2O3. Et2O was removed and dried under vacuum. Yield: 19.1g. Synthesis of c. THF was distilled with Na and benzophenone, degased by argon. AgBF4 (6.41g, 32.9mmol) was dissolved in THF (100 mL) in Schlenk. The solution of a (10g, 32.9 mmol) in THF was added into the solution of AgBF4. And the precipitate was formed during the addition. The reaction was kept stirring overnight. The solvent was removed under vacuum and the residual solid was dissolved in CH2Cl2. The insoluble was removed by filtration. The red powder was obtained by removing CH2Cl2 under vacuum. Yield: 10 g. Note: Put Aluminum around schlenk.

Synthesis of [(CO)CpFe(MeCN)2]BF4. c (3 g, 8.93 mmol) was placed in an oven dried photolysis flask and dissolved in MeCN (15 mL) to give a red solution. The flask was carefully placed under a partial vacuum and exposed to a UV filtered Xenon Hg/Xe lamp (only IR wavelength), resulting in the evolution of gas bubbles. The reaction was monitored by FTIR and after 7 days the solution was filtered, layered by slow diffusion with Et2O to give [(CO)CpFe(MeCN)2]BF4 as a dark brown crystal. Yield: 2.6 g. IR (cm -1 , MeCN): 2009 (CO). Note: at around 3days, the flask was carefully placed under a partial vacuum again. IR (cm -1 ): At the beginning: 2125. 29 
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 11 Figure 1.1. (a) Molecular structure of ironporphyrin in heme proteins. (b) Interaction of dioxygen with heme and heme-oxygen intermediates in heme proteins.
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 12 Figure 1.2. Structures of ferric-(a) superoxide, (b) peroxo and (c) hydroperoxo intermediate of representative heme proteins (P450cam oxygen, myoglobin peroxo, chloroperoxidase hydroperoxo complexes).
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 1214 Figure 1.4. (a) Formation of iron(III)-superoxo, peroxo and hydroperoxo species generated from complex 3. (b) Formation of iron(III)-superoxo, peroxo and hydroperoxo species generated from complex 7 with a bulky xanthene substituent.
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 15 Figure 1.5. Formation of the oxo-iron(IV) complex 12 generated from complex 11 .

Figure 1 . 6 .

 16 Figure 1.6. Molecular structure of iron porphyrin ORR catalysts.
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 17 Figure 1.7. Formation and reactivity of the iron complexes 28.
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 18 Figure 1.8. Formation and crystal structure of the iron complexes 30.
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 19 Figure 1.9. Formation of the iron-oxygen intermediates 32-34 from complex 31.

  (1) mm s -1 and quadrupole splitting of 1.24 (1) mm s -1 . The crystal structure of 34 (Figure1.9) derived from the reaction of 31 with H2O2 show a Fe-O bond distance of 1.646(3) Å.
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 110111 Figure 1.10. Crystal structures of the iron(IV) oxo complexes 34-37.
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 112 Figure 1.12. Molecular structure and reactivity of the complexes 42 and 43.

Figure 1 . 13 .

 113 Figure 1.13. Crystal structures of the reported diiron(III) peroxo complexes 44-48.

  .14 ) shows the Fe-O distance of 1.7284(8) Å and the Fe•••Fe distance of 3.3497(9) Å. Similar bonds distance (Fe-O: 1.744(3) and 1.730(2) Å, Fe•••Fe: 3.3834(8) Å) have also been observed in complex 50.58 The Fe-O-Fe angles in 49 and 50 are 151.4 (2) and 153.8(2) °, respectively. Mössbauer spectra of 49 and 50 showed single quadrupole doublets with δ (∆EQ) =-0.07 (3.3) and -0.03 (3.00) mm/s, respectively. These parameters are characteristic of an S = 1 iron (IV) site.

Figure 1 . 14 .Figure 1 . 15 .

 114115 Figure 1.14. Crystal structures of the reported diiron(IV) μ-oxo complexes 49-50.

Figure 1 . 16 .

 116 Figure 1.16. Formation of the reported high valent complexes 55 with [Fe IV 2(μ-O)2] core.

  Complex 56 has Fe-O distances of 1.805(3) Å and 1.860(3) Å, an Fe•••Fe distance of 2.683(1) Å, and an Fe-O-Fe angle of 94.1(1)°.

Figure 1 . 17 .

 117 Figure 1.17. Crystal structure of the reported high-valent valance-delocalized complex 56 with [Fe III Fe IV (μ-O)2] core.

Figure 1 . 18 .

 118 Figure 1.18. Catalytic cycle proposed for the [FeFe] hydrogenase.

Figure 1 . 19 .

 119 Figure 1.19. Molecular structures of the synthetic diiron thiolate complexes 57 -63.

Figure 1 . 20 .

 120 Figure 1.20. HER mechanism associated with 58.

Figure 1 . 21 .

 121 Figure 1.21. HER mechanism with two sub-cycles based on acid strength associated with 64.

Figure 1 . 22 .

 122 Figure 1.22. Proposed catalytic cycle for H2 oxidation by model 65.

Figure 1 . 25 .

 125 Figure 1.25. X-ray structures of the metal hydride 66(μ-H), 67(t-H) and 67(μ-H) species. Non-hydride hydrogen atoms are omitted for clarity.

  and 1.52(4) Å, respectively (Figure 1.25). At room temperature (294 K), 67(t-H) isomerizes to a symmetric bridging hydride 67(μ-H) ( 1 H NMR: -20.6 ppm for μ-H, Fe-Fe: 2.6102(8) Å, Fe-H: 1.65(3) Å) in first order with k = 2*10 -4 s -1 .

Figure 1 . 27 .

 127 Figure 1.27. Formation and isomerism of the mixed-valent hydride 68(μ-H).

Figure 1 .

 1 Figure 1.28. X-ray structures of the hydride 68(μ-H), and [70(t-H)] + complexes. Nonhydride hydrogen atoms are omitted for clarity.
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Figure 1 . 29 .

 129 Figure 1.29. Schemes for the formation of ROS produced by copper complex and the formation of Cu4Zn4MT-3 (non-reactive to O2) generated from the exchanging reaction of copper complex and Zn7MT-3.

Figure 1 . 30 .

 130 Figure 1.30. Formation of copper thiolate/disulfide complexes mediated by ligand design.

Figure 1 . 31 .

 131 Figure 1.31. Copper thiolate/disulfide interconversion mediated by chloride.

Figure 1 . 32 .

 132 Figure 1.32. Copper thiolate/disulfide interconversion mediated by proton and solvent.

Figure 1 . 33 .

 133 Figure 1.33. Copper thiolate/disulfide interconversion mediated by temperature.

Figure 1 . 34 .

 134 Figure 1.34. Copper thiolate/disulfide interconversion mediated by chloride.

Figure 1 . 35 .

 135 Figure 1.35. Cobalt and manganese thiolate/disulfide interconversion mediated by halide.

Figure 1 . 36 .

 136 Figure 1.36. Molecular structures of three reported complexes 90-92.

( 2 .Figure 2 . 1 .

 221 Figure 2.1. Synthetic routes for the different iron-thiolate complexes described in this chapter.

Figure 2 . 2 .

 22 Figure 2.2. X-ray crystal structure (left) of [Fe II 2SH] + BF4•1.5CH3CN•0.5Et2O with the thermal ellipsoids of the metal cores drawn at 30% probability level. All hydrogen atoms except H4, all anions and solvent molecules are omitted for clarity. Solid-state zero-field Mössbauer spectrum (right) of [Fe II 2SH] + recorded at 80 K. [Fe II 2SH] + + Mn II 2S →Fe II 2S + [Mn II 2SH] + (Eq. 1)

Figure 2 . 3 .

 23 Figure 2.3. X-ray crystal structures of Fe II 2S•0.5CH3CN•0.75Et2O with the thermal ellipsoids of the metal cores drawn at 30% probability level. All hydrogen atoms and solvent molecules are omitted for clarity.

  II dinuclear complexes. In CH3CN solution, both complexes ([Fe II 2SH] + and Fe II 2S) remain dinuclear, as indicated by ESI-mass spectrometry (peaks at 1269.3 m/z and 1291.3 m/z, corresponding to the proton and sodium adducts of [Fe II 2(L)2], respectively). Electrochemical data show that the Fe-bound thiol in [Fe II 2SH] + is still present.

[

  Fe III (L)(MeCN)] + ([Fe III MeCN] + ), and (ii) a dinuclear Fe II -disulfide complex, Figure 2.1). This assignment is based on investigation (described in Chapter IV) showing that an identical mixture is obtained when [Fe II 2SS] 2+ is dissolved in MeCN. For simplicity, in the following paragraphs the [Fe III MeCN] + /[Fe II 2SS]2+ is named Fe ox .36 

Figure 2 . 4 .

 24 Figure 2.4. CVs of 0.5 mM solutions (MeCN, 0.1 M Bu4NClO4) of [Fe II 2SH] + (black line) and Fe II 2S (red line) before (left) and after (right) oxidative electrolysis (at -0.17 V for [Fe II 2SH] + and at -0.50 V for Fe II 2S). GC working electrode, scan rate is 100 mV . s -1 .

  As revealed by UV-vis (Figure2.5), the addition of a catalytic amount of [Fe II 2SH] +(100 μM) to an air-saturated (~8.1 mM . atm -1 O2) CH3CN solution of Me8Fc (2 mM, 20 equiv.) and [LutH] + (15 mM, 150 equiv.) results in the progressive oxidation of Me8Fc to Me8Fc + (λmax = 750 nm), up to a ~80% amount. In the absence of catalyst and in the same timescale, Me8Fc is not oxidized by O2.

Figure 2 . 5 .

 25 Figure 2.5. UV-vis spectral changes (left) observed during ORR catalyzed by [Fe II 2SH] + in the presence of [LutH] + and Me8Fc in CH3CN at 293 K (2.0 mM Me8Fc, 15 mM LutHBF4, 0.1 mM [Fe II 2SH] + , air-saturated solution, 1 cm path length). Kinetic profile (right) for the formation of Me8Fc + at 750 nm in the presence (and absence) of the different catalysts (or iron and manganese salts). As indicated by the kinetic profiles for the generation of Me8Fc + catalyzed by [Fe II 2SH] + and [Mn II 2SH] + (Figure 2.5), a faster apparent kinetics is observed for [Fe II 2SH] + (TOFi [Fe II 2SH] + ≈ 2500 h -1, TOFi [Mn II 2SH] + ≈ 400 h -1 , TOFi = initial turnover frequency). The absence of catalysis when a common Fe or Mn salt (Fe(BF4)2 . 6H2O or Mn(ClO4)2 . xH2O) is used, highlights the remarkable positive effect of the coordination sphere provided by the thiolate-rich L ligand.

Figure 2 . 6 .

 26 Figure 2.6. Detection (left) of H2O2 by the Ti-TPyP method: (black) blank sample (CH3CN only); (red) air-saturated solution of Me8Fc + LutHBF4 + [Fe II 2SH] + (2.0 : 15 : 0.1 mM) at 293 K in MeCN after reaction completion. CVs (right) of [LutH] + (5 mM) in MeCN under under saturated oxygen atmosphere (black) and Fe ox (0.1 mM) in MeCN with [LutH] + (5 mM, 50 equiv.) under saturated argon (blue) or oxygen atmosphere (red) (GC working electrode, 100 mV . s -1 , 0.1 M Bu4NBF4).

Figure 2 . 7 .

 27 Figure 2.7. Rotating ring-disk electrode (RRDE) measurements (left) in CH3CN (disk: GC, ring: Pt at +0.44 V, 5 mV . s -1 , 1500 rpm). Supporting electrolyte: 0.1 M Bu4NBF4. The percentage (%) of produced H2O2 and the number of electrons exchanged during ORR (n) vs applied potential (right).

Figure 2 . 8 .

 28 Figure 2.8. Dioxygen reactivity of the studied Fe-thiolate complexes under non-catalytic conditions (simplified representation).

Figure 2 . 9 .

 29 Figure 2.9. X-ray crystal structure (left) of Fe III 2O (thermal ellipsoids of the metal core drawn at 10% probability level, hydrogen atoms omitted for clarity). Zero-field Mossbauer spectrum (right) of Fe III 2O in solid state recorded at 80 K.

Figure 2 . 10 .

 210 Figure 2.10. Fe K-edge EXAFS spectra (left) of Fe III 2O in solid state: blue, synthesized by reaction of Fe III (L)Cl with Bu4NOH; red, obtained from Fe II 2S and O2; green, the simulated spectrum. Raman spectra (right) of the 16 O-(black) and 18 O-labeled (red) Fe III 2O in solid state, and the blue line indicates the difference between black and red lines.

Figure 2 . 11 .

 211 Figure 2.11. UV-vis spectra (left) (0.1 mM, 1 cm path length) of [Fe II 2SH] + (black), Fe II 2S (red), Fe III 2O (purple), [Fe III 2OH] + (pink) and Fe ox (blue) in MeCN. Molecular peak (m/z 1285.3) in the ESI-mass spectrum (right) of [Fe III 2OH] + in CH3CN (experimental and simulated data).

Figure 2 .

 2 Figure 2.12. 1 H NMR (500 MHz) spectra of [Fe II 2SH] + (black), Fe II 2S (red), Fe III 2O (purple), [Fe III 2OH] + (green) and Fe ox (blue) in CD3CN (∎ indicates the main species).

Figure 2 . 13 .

 213 Figure 2.13. Experimental and simulated ESI-mass spectra of Fe III 2O generated from Fe II 2S with 16 O2 (left) and 18 O2 (right) in MeCN (in situ).

  .14), Fe ox is efficiently reduced by Me8Fc to (re)generate the active catalyst [Fe II 2SH] + in the presence of a large excess of [LutH] + (150 equiv. as under catalytic conditions). The protonation step affording [Fe II 2SH]+ from Fe II 2S, that occurs after the reduction of Fe ox , is thus proposed to trigger the electron transfer process. Accordingly, in the CV of Fe ox the cathodic wave is 60 mV shifted to a less negative potential (Epc = -0.57 V) after the addition of 150 equiv. of [LutH] + (Figure2.14).

Figure 2 .

 2 Figure 2.14. UV-vis spectral changes (left) observed during the reaction (electron transfer) between Fe ox (0.2 mM, 1.5 mL) and the Me8Fc reductant (2.0 mM, 1.5 mL) in the presence of 2,6-lutidinium tetrafluoroborate ([LutH]BF4, 15.0 mM, 150 equiv). The inset shows the final spectrum. No reaction occurs in the absence of [LutH]BF4. CVs of Fe ox (0.16 mM) in the absence (black) and presence (red) of [LutH]BF4 (24.0 mM, 150 equiv) in CH3CN, 0.1 M Bu4NClO4 (scan rate: 100 mV•s -1 ).

Figure 2 . 15 .

 215 Figure 2.15. Proposed mechanism for electrocatalytic ORR with [Fe II 2SH] + (simplified representation).In chemical catalysis (e -from Me8Fc), only pathway A is followed. Reaction free energies (∆G 0 , kcal . mol -1 ) have been calculated using DFT at the BLYP/BS2//BLYP/BS1 level of theory. When relevant, the corresponding standard potentials are displayed in parentheses (in V, E 0 = -zF∆G 0 , in which z = number of electron, F = Faraday constant, and ∆G 0 is in J).

Figure 2 . 16 .

 216 Figure 2.16.Two pathways for the conversion of Fe III 2OO to Fe III 2O under non-catalytic conditions (simplified representation). Reaction free energies (∆G 0 , kcal . mol -1 ) have been calculated using DFT at the BLYP/BS2//BLYP/BS1 level of theory.

Figure 2 . 17 .

 217 Figure2.17. Proposed generation of the bis μ-oxo bridged Fe IV dimer Fe2 (O)2 (simplified representation). Reaction free energy and kinetic barrier (∆G 0 and ∆G # , kcal . mol -1 , respectively) have been calculated using DFT at the BLYP/BS2//BLYP/BS1 level of theory.

  ; H, 4.26; N, 3.88; Found: C, 62.91; H, 4.63; N, 3.74. ATR-IR (cm -1 ): 3051 (w), 1598 (m), 1573 (m), 1488 (m), 1463 (w), 1442 (m), 1272 (w), 1181 (w), 1055 (s), 1034 (s), 1016 (s), 911 (w), 840 (w), 790 (w), 744 (m), 695 (s), 668 (w), 660 (w), 644 (w), 616 (w), 598 (m), 589 (w), 573 (w), 550 (w), 533 (w), 529 (w), 520 (m), 511(m). ESI-MS (CH3CN, m/z): 634.1, [Fe(L)] + ; 1269.3, [Fe2(L)(LH)] + . 1 H NMR(CD3CN, 500 MHz, paramagnetic peaks): δ 39.75, 31.12, 30.81, 30.63, 20.08, 24.69, 17.05, 15.68, -0.54. X-ray suitable dark-brown single crystals corresponding to [Fe II 2SH]BF4•1.5CH3CN•0.5Et2O were obtained by slow diffusion of diethyl ether into the solution of the product in acetonitrile at 293 K.Crystallization of [Fe II (LS)]2 (Fe II 2S). Solid NaH (60% in mineral oil, 2.0 mg, 0.050 mmol) was added to a solution of [Fe II 2SH]BF4 (6.0 mg, 0.004 mmol) in CH3CN (4 mL) at 293 K. During stirring, the color of the mixture changed from brown to green. After 4 min, the excess NaH was filtered off. X-ray suitable dark-green crystals of Fe II 2S•0.5CH3CN•0.75Et2O were obtained by slow diffusion of diethyl ether into the filtrate at 293 K. ESI-MS (CH3CN, m/z,): 1291.3, [Fe2(L)2Na] + . 1 H NMR (CD3CN, 500 MHz, paramagnetic peaks): δ 51.10, 34.25, -1.25.

Figure 3 . 1 .

 31 Figure 3.1. Proposed catalytic cycle for [FeFe]-hydrogenase.

- 18 Figure 3 . 2 .

 1832 Figure 3.2. The molecular structures of the reported functional FeFe' and NiFe model and the targeted FeFe complex in this work.

3. 2 . 1 2 Figure 3 . 3 .

 21233 Figure 3.3. The synthesis of the complexes [(t-CO)LFe II Fec II (s-CO)] + .

Figure 3 . 4 .

 34 Figure 3.4. X-ray crystal structure (left) of [(t-CO)LFe II Fec II (s-CO)]ClO4•MeCN with partial thermal ellipsoids drawn at 30% probability. For clarity, solvent molecule and the perclorate counterion have been omitted and the phenyl groups are drawn as lines. Zero-field 57 Fe mössbauer spectrum (right) of solid [(t-CO)LFe II Fec II (s-CO)]BF4 at 80 K.

Figure 3 . 5 .

 35 Figure 3.5. IR (left) spectra of [(t-CO)LFe II Fec II (s-CO)] + in solid state (black), and in CH2Cl2 (0.4 mM, red), MeCN (1.0 mM, blue) and (0.2 mM, pink) solutions; and UV-vis spectra (right) of [(t-CO)LFe II Fec II (s-CO)] + in solid state referred as NaBF4 (black, integrating sphere), dichloromethane (0.4 mM, 2 mm, red), acetonitrile(1.0 mM, 2 mm, blue; 0.2 mM, 10 mm, pink).

Figure 3 . 6 .

 36 Figure 3.6. The equilibrium between [(t-CO)LFe II Fec II (s-CO)] + and [LFe II (μ-CO)Fec II ] + in MeCN.

Figure 3 . 7 . 1 H

 371 Figure 3.7. 1 H NMR (500 MHz) spectrum of [(t-CO)LFe II Fec II (s-CO)] + (0.4 mM) in CD2Cl2. This process has been further investigated by NMR. The 1 H NMR spectrum of [(t-CO)LFe II Fec II (s-CO)] + in CD2Cl2 clearly shows diamagnetic signals consistent with the [(t-CO)LFe II Fec II (s-CO)] + (Figure 3.7). The 1 H NMR spectrum in CD3CN displays two different sets of signals assigned to two different species, which is consistent with the IR data. Based on the CD2Cl2 spectrum, the peaks of [(t-CO)LFe II Fec II (s-CO)] + in CD3CN have

Figure 3 . 8 . 1 H

 381 Figure 3.8. 1 H NMR (500 MHZ) spectra of [(t-CO)LFe II Fec II (s-CO)] + (1.0 mM) in CD3CN at different temperatures. Black triangles represent the peak attributed to [(t-CO)LFe II Fec II (s-CO)] + , and red squares indicate the peak assigned to [LFe II (μ-CO)Fec II ] + .

Figure 3 . 9 .

 39 Figure 3.9. UV-vis spectra (left) of [(t-CO)LFe II Fec II (s-CO)] + (0.5 mM, 5 mm) in MeCN before (blue line) and after (red line) bubbling CO. UV-vis spectra (right) of [(t-CO)LFe II Fec II (s-CO)] + (0.5 mM, 5 mm) in MeCN bubbled by CO (red line) and after successive bubbling argon (pink line).

Figure 3 . 10 .

 310 Figure 3.10. CVs (left) of [LFe II (μ-CO)Fec II ] + in MeCN (black, 0.2 mM) and the mixture of both complexes in MeCN (red, 1.0 mM). CV (right) of [LFe II (μ-CO)Fec II ] + in MeCN (black, 0.2 mM). Glassy carbon working electrode, 100 mV•s -1 , 0.1 M n-Bu4NClO4.

Figure 3 . 11 .

 311 Figure 3.11. Plots (left) of ip (μA) versus the square root of the scan rate for a MeCN solution of [LFe II (μ-CO)Fec II ] + (0.2 mM). CVs (right) of [(t-CO)LFe II Fec II (s-CO)] + in CH2Cl2 (0.4 mM). Glassy carbon working electrode, 100 mV•s -1 , 0.1 M n-Bu4NClO4.

Figure 3 . 12 .

 312 Figure 3.12. Proposed decomposition pathway of [LFe III (μ-CO)Fec II ] 2+ during the one-electron oxidation process.

Figure 3 . 13 .

 313 Figure 3.13. CVs (left) of [LFe II (μ-CO)Fec II ] + (0.2 mM) in MeCN with various amounts of Et3NHBF4 (0.0, 0.2, 0.4, 1.0, 2.0, 3.0, 4.0 and 6.0 mM), and the plots (right) of the icat versus the concentration of added Et3NHBF4 for a solution of [LFe II (μ-CO)Fec II ] + (0.2 mM) on 3 mm glassy carbon working electrode at 100 mV•s -1 . Electrolyte: 0.1 M n-Bu4NClO4. Inset: CVs of Et3NHBF4 (0.2 mM) in MeCN in the absence and presence of one equivalent of [LFe II (μ-CO)Fec II ] + .

Figure 3 .

 3 Figure 3.14. X-band EPR spectra (left) of [LFe I Fec II (s-CO)] (black, solid state at 22 K; red and pink, THF/ MeCN solution at 7 K and 100 K). IR spectrum (right, CO stretching region) of [LFe I Fec II (s-CO)] in solid state.

Figure 3 . 15 .

 315 Figure 3.15. Zero-field 57 Fe Mössbauer spectra (left) at 80 K of [LFe I Fec II (s-CO)] in solid state. UV-vis spectra (right) of [(t-CO)LFe II Fec II (s-CO)] + (black), [LFe I Fec II (s-CO)] (red) and [LHFe II Fec II (s-CO)] (blue) in THF. Zero-field powder Mössbauer spectrum (Figure 3.15) of [LFe I Fec II (s-CO)] recorded at 80 K exhibits two main quadrupole doublets with δ (∆EQ) = 0.33 (0.44) mm/s (41.33%) and 0.51 (2.19) mm/s (34.91%) (Table 3.3). The latter Mössbauer parameters are

  The UV-vis spectrum (red line in Figure 3.15) of the reduced species [LFe I Fec II (s-CO)] has been recorded in THF. Complex [(t-CO)LFe II Fec II (s-CO)] + (black line in Figure 3.15)

Figure 3 . 16 . 1 H

 3161 Figure 3.16. 1 H NMR spectrum (left, 400 MHz) in d8-THF, IR spectra (right) of [LHFe II Fec II (s-CO)] in THF.

Figure 3 . 17 .

 317 Figure 3.17. Electrocatalytic cycles for H2 production based on NiFe model.

Figure 3 . 18 .

 318 Figure 3.18. Proposed catalytic pathways for H2 evolution with model complex [Fe II (μ-CO)Fec II ] + as a pre-catalyst.

  In summary, the asymmetric FeFec model has been synthesized and well characterized as two forms of [(t-CO)LFe II Fec II (s-CO)] + and [LFe II (μ-CO)Fec II ] + in MeCN. The equilibrium of [(t-CO)LFe II Fec II (s-CO)] + and [LFe II (μ-CO)Fec II ] + can be interconverted by the removal and addition of CO. The electrochemical investigation demonstrates that [LFe II (μ-CO)Fec II ] + is more favorably reduced than [(t-CO)LFe II Fec II (s-CO)] + and a fast CO release leads to the conversion of [(t-CO)LFe II Fec II (s-CO)] + into [LFe II (μ-CO)Fec II ] + . The [LFe II (μ-CO)Fec II ] + has been demonstrated as an active electrocatalyst for H2 production in an E(ECEC) mechanism with an activation step, where the bipyridine moiety acts as electron reservoir twice.

  1 ): 3565 (m), 2359 (w), 1959 (vs), 1918 (vs), 1635 (vw), 1598 (m), 1490 (w), 1474 (vw), 1442 (m), 1419 (w), 1274 (w), 1046 (s), 847 (w), 806 (m), 792 (m), 759 (m) 741 (m), 729 (m), 699 (s), 662 (vw), 594 (vw), 564 (w), 536 (vw), 523 (w). 1 H NMR (500 MHz, CD2Cl2): δ 7.97-7.95 (d, J = 8.0 Hz, 2H, CH bpy), 7.76-7.73 (t, J = 7.8 Hz, 2H), 7.56-7.54 (d, J = 7.5 Hz, 2H), 7.32-7.17 (m, 14H), 7.12-7.09 (t, J = 7.3 Hz, 2H), 6.97-6.95 (d, J = 7.5 Hz, 2H), 5.41 (s, 1H), 5.06 (s, 1H), 4.10 (s, 5H), 3.98-3.95 (d, J = 14.0 Hz, 2H). ESI-MS (CH2Cl2, m/z): 811.3, [(CO)LFe II Fec II (s-CO)] + , 783.3, [LFe II Fec II (s-CO)] + , 755.3, [LFe II Fec II ] + .

Figure 4 . 1 .

 41 Figure 4.1. Schematic representation of the interconversion between the previous reported M II -disulfide and M III -thiolate complexes.

Figure 4 . 2 .

 42 Figure 4.2. Molecular structure and synthesis of the described mono-or dinuclear iron complexes [Fe II 2SS] 2+ , [Fe III DMF] + and [Fe II Cl] -in this chapter.

Figure 4 . 3 .

 43 Figure 4.3. X-ray crystal structures (left) of [Fe II 2SS](ClO4)2 with partially thermal ellipsoids drawn at 30% probability level. All hydrogen atoms, lattice solvents and counterions are omitted for clarity. Zero-field 57 Fe Mössbauer spectrum (right) of [Fe II 2SS](ClO4)2 in solid at 80 K.

4. 2 . 2

 22 Synthesis and solid state characterization of a complex [Fe III DMF] + . Black single crystals of the Fe III -thiolate DMF adduct [Fe III (LS)(DMF)] + ([Fe III DMF] + , perchlorate form) have been isolated when dissolving the Fe II -disulfide complex [Fe II 2SS] 2+ in N,N-dimethylformamide (DMF) after slow diffusion of diethyl ether (Figure 4.2) . X-ray diffraction data demonstrate the mononuclear structure of the adduct (Figure 4.4, crystallographic data and selected bond lengths and angles are tabulated in Tables 4.1 and 4.2 in Appendix).

Figure 4 . 4 .

 44 Figure 4.4. X-ray crystal structure (left) of [Fe III DMF]ClO4 with partially thermal ellipsoids drawn at 30% probability level. All hydrogen atoms, lattice solvents and counterions are omitted for clarity. Zero-field 57 Fe Mössbauer spectrum (right) of [Fe III DMF]ClO4 in solid at 80 K.
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 23 Synthesis and solid state characterization of a complex [Fe II Cl]‾. The one-electron reduced form of [Fe III (LS)Cl] (Fe III Cl) was prepared and isolated by addition of cobaltocene (CoCp2) to Fe III Cl in acetonitrile solution (Figure 4.2). Black green crystals have been obtained from reaction solution by slow diffusion of diethyl ether. X-ray diffraction data reveal the mononuclear structure of the [CoCp2] + form of the [Fe II L(Cl)] -complex ([Fe II Cl]‾, Figure 4.5, crystallographic data and selected bond lengths and angles are tabulated in Tables 4.1 and 4.3 in Appendix).

Figure 4 . 5 .

 45 Figure 4.5. X-ray crystal structures (left) of [Fe II Cl](CoCp2) with partially thermal ellipsoids drawn at 30% probability level. All hydrogen atoms, lattice solvents and counterions are omitted for clarity. Zero-field 57 Fe Mössbauer spectrum (right) of [Fe II Cl](CoCp2) in solid at 80 K.

Figure 4 . 6 .

 46 Figure 4.6. Speciation of [Fe II 2SS] 2+ in solution (CH2Cl2, MeCN, DMF), including the calculated relative energies (with zero-point and solvent corrections included in kcal . mol -1 , see Table 4.7 in 4.4 Experimental section). The calculated thermodynamics allow us to rule out the formation of a dinuclear Fe III -thiolate intermediate ([Fe III 2] 2+ ).

Figure 4 . 7 .

 47 Figure 4.7. UV-vis spectra (left) of [Fe II 2SS] 2+ in solid state (black dashed, NaBF4 pellet) and in solution (0.35 mM, 2 mm path length) of CH2Cl2 (black), MeCN (red) and DMF (blue). The solid state spectrum of [Fe III DMF] + is also shown for comparison (blue dashed). UV-vis spectra (right) of [Fe II 2SS]2+ (0.12 mM, 1 cm path length, scan every 30 s) in CH2Cl2 before and after the addition of DMF (1% v/v). The corresponding kinetic profile for the formation of [Fe III DMF] + (absorbance at 475 nm) is shown in the inset.

Figure 4 . 7 .

 47 The overall UV-vis data thus indicate the conversion of [Fe II 2SS] 2+ into Fe III -thiolate species in coordinating solvents like MeCN and DMF.

Figure 4 . 8 .

 48 Figure 4.8. ESI-MS spectra of [Fe II 2SS] 2+ dissolved in CH2Cl2 (left) and MeCN (right). Insets show experimental (exp.) and simulated (sim.) isotope patterns.

Figure 4 . 9 .

 49 Figure 4.9. ESI-MS spectra (left) of [Fe II 2SS] 2+ dissolved in DMF. Insets show experimental (exp.) and simulated (sim.) isotope patterns. X-band EPR spectra (right) of solid [Fe II 2SS] 2+ dissolved in CH2Cl2, MeCN or DMF (0.35 mM solutions, 100 K).

Figure 4 .

 4 Figure 4.10. 1 H-NMR spectra of the [Fe II 2SS] 2+ powder dissolved in different solvents: CD2Cl2 (top), CD3CN (middle), d7-DMF (bottom). Black squares, blue circles and red triangles indicate the peaks attributed to the dinuclear [Fe II 2SS] 2+ complex, mononuclear [Fe III MeCN] + and [Fe III DMF] + species, respectively, while the signals marked with green diamonds are attributed to an hydroxo-bridged Fe III complex [Fe III 2OH] + .

Figure 4 . 11 .

 411 Figure 4.11. Zero-field 57 Fe Mössbauer spectrum of [Fe II 2SS] 2+ in MeCN at 80 K (Black empty spots: experimental, red line: fitting, blue and green lines: simulated).

  and [Fe III MeCN] + that precedes the one-electron reduction of [Fe III MeCN] + (while [Fe II 2SS]2+ is not directly reduced).

Figure 4 . 12 .

 412 Figure 4.12. CVs of the [Fe II 2SS] 2+ solid dissolved in CH2Cl2 (black, 0.5 mM), MeCN (red, 0.3 mM), DMF (blue, 0.5 mM). Glassy carbon working electrode, 100 mV . s -1 , 0.1 M n-Bu4NClO4.

  [B(C6F5)4] . 2.5Et2O to a CH2Cl2 solution of Fe III Cl, [Fe II 2SS] 2+ is regenerated quantitatively in 10 minutes (Figure 4.13), evidencing the reversibility of the transformation. This chemical interconversion can be repeated at least three times on the same sample without significant loss of efficiency. As expected, Fe III Cl can be also quantitatively generated by addition of ~1 equiv. of Et4NCl to a DMF solution of [Fe III DMF] + (Figure 4.14).

Figure 4 . 13 .

 413 Figure 4.13. UV-vis spectral evolution of (left) [Fe II 2SS] 2+ in CH2Cl2 (0.1 mM) during the addition of Et4NCl (2.1 equiv.) to afford Fe III Cl, and (right) Fe III Cl (0.2 mM) during the addition of Li[B(C6F5)4] . 2.5Et2O (1.1 equiv.) to recover [Fe II 2SS] 2+ (scan every 1 s, 1 cm path length).

Figure 4 . 14 .

 414 Figure 4.14. UV-vis spectral evolution of [Fe III DMF] + in DMF solution (0.17 mM) before (blue line) and after (red line) the addition of ~1 equiv. of Et4NCl to afford Fe III Cl. Scan every 1 s, 1 cm path length.

Figure 4 . 16 )

 416 of Li[B(C6F5)4] . 2.5Et2O (Figure 4.15).In the attempt of rationalization of the [Fe II 2SS] 2+ /Fe III X interconversion process, the redox properties of Fe III X (X = Cl, I) have been investigated (in CH2Cl2 solution, and compared with those of [Fe II 2SS]

Figure 4 . 15 .

 415 Figure 4.15. UV-vis spectral evolution of (left) [Fe II 2SS] 2+ in dichloromethane (0.1 mM) before (black line) and after (blue line) the addition of n-Bu4NI (2.1 equiv.) to afford Fe III I, and of (right) Fe III I (0.2 mM) before (blue line) and after (black line) the addition of Li[B(C6F5)4] . 2.5Et2O (1.1 equiv.) to recover [Fe II 2SS] 2+ . Scan every 1 s, 1 cm path length.

Figure 4 . 16 .

 416 Figure 4.16. CVs of 0.5 mM solutions of Fe III Cl (black line) and Fe III I (red line) in CH2Cl2 (glassy carbon working electrode, 100 mV . s -1 , 0.1 M n-Bu4NClO4).

2 ]

 2 2+ or [Co III MeCN] + ), indicating that the redox potential of [Co II 2SS] 2+ is much lower.

  For the mononuclear complexes [Fe III MeCN] + , [Fe III DMF] + and [Fe III LS] + , their structures were optimized in various spin states (Doublet, Quartet and Sextet). The calculations confirm that the ground spin state is the quartet spin state for the three species in agreement with experimental data available for [Fe III DMF] + and [Fe III MeCN] + .

  1 ): 3101(w), 3058(m), 2962(m), 2933(m), 2876(m), 1598(m), 1569(m), 1490(m), 1479(m), 1465(m), 1443(m), 1383(w), 1328(w), 1274(w), 1210(w), 1189(w), 1158(w), 1077(vs), 1035(s), 1015(s), 999(m), 957(m), 919(m), 845(w), 835(w), 807(m), 791(w), 749(m), 738(m), 693(s), 656(m), 647(w), 634(m), 621(s), 596(m), 587(m), 575(w), 566(w), 524(w), 517(w), 506(s). Anal. Calcd for C76H60N4S4Fe2Cl2O8•2(CH3CN)•2H2O: C, 60.57; H, 4.45; N, 5.30. Found: C, 60.33; H, 4.27; N, 5.45. X-ray suitable deep orange block single crystals corresponding to [Fe II 2SS](ClO4)2•2CH3CN were obtained by slow diffusion of diethyl ether onto a small fraction of acetonitrile reaction solution. Synthesis of [Fe III (LS)(DMF)]ClO4 ([Fe III DMF]ClO4). Diethyl ether was slowly diffused onto a DMF solution (3 mL) of [Fe II 2SS](ClO4)2 (15 mg, 0.010 mmol) at 293 K. After one week, black block X-ray suitable single crystals were obtained, corresponding to [Fe III DMF]ClO4 . 2DMF . 0.5Et2O (8.0 mg, 0.008 mmol, 80%). IR (cm -1 ): 2922(vs), 2852(vs), 1660(s) 1632(s), 1600(s), 1569(m), 1487(s), 1468(s), 1442(s), 1424(m), 1264(m), 1208(w), 1185(m), 1157(m), 1101(s), 1082(s), 1025(m), 1017(m), 1000(w), 809(m), 792(s), 753(m), 746(s), 695(vs), 665(s), 650(s), 619(m), 612(m), 606(m), 599(vs), 589(m), 586(w), 583(w), 575(w), 566(m), 559(w), 553(w). Anal. Calcd for C41H37N3S2FeClO5 . 0.3DMF: C, 60.70; H, 4.75; N, 5.57. Found: C, 60.77; H, 4.87; N, 5.62.

5. 2 . 1 Figure 5 . 1 .

 2151 Figure 5.1. Synthesis of the mononuclear iron(III) complexes Fe III X (X = Cl, Br and I).

Figure 5 . 2 .Figure 5 . 3 .

 5253 Figure 5.2. X-ray crystal structures of Fe III Cl (left), Fe III Br (middle) and Fe III I (right) with thermal displacement ellipsoids (drawn at 30% probability level). All hydrogen atoms are omitted for clarity.5.2.3 Magnetic measurements of complexes Fe III X (X = Cl, Br and I)

Figure 5 . 5 .

 55 Figure 5.5. Simulated (dashed line) and experimental (bold line) powder EPR X-(left) and Q-(right) band spectra of Fe III Br. Parameters used for the simulation with the S= 3/2 approach; g1= 2.3, g2= 1.9, g1= 2.0 and E/D = 0.13.

Figure 5 . 6 .Figure 5 . 7 .

 5657 Figure 5.6. Simulated (dashed line) and experimental (bold line) powder EPR X-(left) and Q-(right) band spectra of Fe III I. Parameters used for the simulation; g1= 2.23 g2= 1.9, g1= 2.0 and E/D = 0.12.5.2.5 Mössbauer spectra of complexes Fe III X (X = Cl, Br and I)

Figure 5 . 8 .

 58 Figure 5.8. Kohn-Sham molecular orbitals with dominant metal d character for Fe III Cl.

Figure 5 . 9 .

 59 Figure 5.9. Energy levels of five d orbitals in Fe III X (X=Cl (left), Br (middle), I (right)).

Figure 6 . 1 .

 61 Figure 6.1. Representative scheme for the dioxygen reactivity of the [Fe II 2SH] + complex.

. 2 )

 2 has been synthesized and well characterized in its two forms in MeCN: [(t-CO)LFe II Fec II (s-CO)] + and [LFe II (μ-CO)Fec II ] + . The complexes [(t-CO)LFe II Fec II (s-CO)] + and [LFe II (μ-CO)Fec II ] + can be interconverted by the removal and addition of CO. The electrochemical investigation demonstrates that [LFe II (μ-CO)Fec II ] + is more favorably reduced than [(t-CO)LFe II Fec II (s-CO)] + .

Figure 6 . 2 .

 62 Figure 6.2. Schemes for the interconversion between [(t-CO)LFe II Fec II (s-CO)] + and [LFe II (μ-CO)Fec II ] + .

Figure 6 . 3 .

 63 Figure 6.3. Iron based thiolate/disulfide interconversion mediate by halide anions and nature of solvents.

Figure 6 . 4 .

 64 Figure 6.4. Structure of mononuclear iron(III)-thiolate complexes Fe III X (X=Cl, Br, I) with intermediate spin ground state.

Figure 6 . 5 .

 65 Figure 6.5. Molecular structures of [M II 2SMe] + and [M II 2SMe] + (M = Fe, Mn).

  ( 1 H NMR was measured in CDCl3 and shown in blew, this compound was easily decomposed in CHCl3)1 H NMR (400 MHz, CDCl3): δ 7.43-7.41 (2H, phenyl), 7.26-7.10 (8H, phenyl), 5.26 (1H, CH), 4.50 (1H), 4.07 (1H), 3.40 (1H), 1.82-1.67 (2H), 1.63-1.39 (4H).2 

Scheme 2 .

 2 Scheme 2. Synthesis of 3 to 6.

  H NMR (400 MHz, CDCl3): δ 8.27-8.25 (2H), 7.78-7.74 (2H), 7.21-7.19 (2H), 4.77 (4H), 3.94 (2H).

Scheme 4 .

 4 Scheme 4. Synthesis of cyclopentadienyl compound d ([(CO)CpFe(MeCN)2]BF4).

-H) 66(-H) Figure 1.23. Preparation of the hydride 66(t-H) and 66(μ-H) by protonation.
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Figure

1.24. Preparation of the hydride 67(t-H) and 67(μ-H) by hydride transfer.

  

68(μ-H).
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Fe II 2SH]

  , 1323.2, [Fe2(L)2OK] + . 1 H NMR (CD3CN, 500 MHz, paramagnetic peaks): δ 21.11, 14.65. X-ray suitable black crystals of Fe III 2O were obtained by slow diffusion of diethyl ether into a solution of the product in DMF : MeCN (1 : 0.15) at 293 K. X-ray Crystallography. Single-crystal diffraction data of [

	.3 mg, 0.012
	mmol, 81%). Anal. Calcd. for C76H60N4S4Fe2O•0.2MeCN•4.2H2O : C, 67.02; H, 5.08; N, 4.30;
	Found: C, 66.97; H, 4.99; N, 4.33. ATR-IR (cm -1 ): 1599 (s), 1571 (m), 1488 (s), 1469 (m),
	1442 (s), 1314 (vw), 1271 (w), 1184 (w), 1159 (vw), 1083 (s), 1026 (m), 808 (w), 791
	(vw), 746 (s), 696 (vs), 666 (m), 651 (m), 622 (m), 600 (m), 585 (w). ESI-MS (CH3CN,
	m/z): 1307.2, [Fe2(L)2ONa]

+ 

Table 3 .3. Mössbauer parameters for [(t-CO)LFe II Fec II (s-CO)] + and [LFe I Fec II (s-CO)].

 3 

	Compounds	δ [mm•s -1 ]	ΔEQ [mm•s -1 ]	Percentage	Fe x
	[(t-CO)LFe II Fec II (s-CO)] +	0.23 0.35	0.69 2.32	52.17 % 47.83 %	LS Fe II LS Fe II c
		0.10	2.05	16.90 %	LS Fe II
	[LFe I Fec II (s-CO)]	0.33	0.44	41.33 %	LS Fe II c
		0.51	2.19	34.91 %	HS Fe I
		1.17	3.29	6.86 %	HS Fe II
	LS: low spin, HS: high spin.				

II 2 SS ] 2+ and [Mn II 2 SS ]

  2-anion). Complex [Fe II 2SS] 2+ is isostructural to the previously reported Co15 and Mn 16 derivatives ([Co

Table 4 .

 4 4. 1 H NMR data for [FeII 

				2SS] 2+ dissolved in CD2Cl2, d7-DMF or CD3CN.
	CD2Cl2			d7-DMF			CD3CN
	δ / ppm	T1	/	δ / ppm	T1	/	δ / ppm
	(integration, species)	ms		(integration, species)	ms		(integration, species)
	42.85 (1H )	2.3		33.17 (1H )	1.2		42.94 (1H )
	38.50 (1H )	31.1		-1.08 (1H )	1.1		39.76 (1H )
	33.32 (1H )	36.3		-26.44 (1H )	1.8		34.66 (1H )
	24.05 (1H )	34.8					31.19 (1H )
	21.65 (1H )	12.3					25.37 (1H )
	21.08 (1H )	13.3					22.76 (1H )
	19.10 (1H )	50.2					20.78 (1H )
	13.62 (1H )	30.2					20.51 (1H )
	13.40 (1H )	16.3					19.72 ()
	9.73 (2H )	19.1					13.65 (2H )
	-2.74 (1H )	10.8					-3.16 (1H )
	-8.59 (2H )	9.0					-6.24 ()
	-34.5 (1H )	3.5					-8.00 (2H )
							-28.74 (1H )
							-32.01 (1H )

Table 4 . 5 .

 45 Cathodic peak potentials (Epc) in V (vs Fc +/0 ) for the [M II , and M III X (X = Cl or I) complexes determined from CVs recorded in CH2Cl2 (E1/2 are given in parenthesis for reversible redox systems).

	2 SS ] 2+ , [M III 2]	2+ ,

Table 4 .6. Absolute

 4 Energies, zero-point energies and free energies (in au) of optimized geometries at UB3LYP/BS1 in Gaussian-09. Also included are single point energies with BS2 at the EBS2+ ZPE level of theory with implicit solvation with ε= 35.688 included.

	Structure	E [au]	E+ZPE [au]	G [au]	EBS2+ZPE+
					Solvent [au]
	[Fe III 2] 2+	-4990.5141525 -4989.3499220 -4989.4623370 -4990.4480869
	Fe III 2O	-5066.2083718 -5065.0460400 -5065.1662330 -5066.0937716
	[Fe II 2 SS ] 2+	-4990.5865054 -4989.4233640 -4989.5362650 -4990.5160780
	[Fe III MeCN] + -2628.0644884 -2627.4369110 -2627.5172660 -2628.0154363
	[Fe III DMF] +	-2743.8328308 -2743.1467420 -2743.2271720 -2743.7512676
	Fe III Cl	-2955.7172269 -2955.1362510 -2955.2105630 -2955.6867062
	CH3CN	-132.7514858	-132.7058410	-132.7298560	-132.7546887
	DMF	-248.5075718	-248.4044480	-248.4335180	-248.4871758
	HClO4	-761.2887585	-761.2628690	-761.2912340	-761.3939538
	ClO4 -	-760.7902008	-760.7752530	-760.8028120	-761.0045978
	H2O	-76.4070235	-76.3858880	-76.4035540	-76.4317371

Table 4 . 7 .

 47 Reaction energies with zero-point and/or free energy included for key reactions discussed here (values are in kcal mol -1 ).

	Reaction		E  BS1	E  BS1+ZPE		G	E  BS2+ZP
										kcal/mol	kcal/mol	kcal/m	E+
										ol	Solvent
										kcal/mol
	Fe III	2O + 2HClO4[Fe II	2SS]	2+ + 2ClO4 -+ H2O	133.0	133.0	127.5	-47.3
	[Fe II	2SS]	2+ + 2CH3CN 2[Fe III MeCN] +	-24.8	-24.3	-24.2	-3.4
	[Fe II	2SS]	2+ + 2DMF 2[Fe III DMF] +	-40.2	-38.4	-32.0	-7.6
	[Fe III	2]	2+ [Fe II	2SS]	2+	-45.4	-46.1	-46.4	-42.7
	[Fe III	2]	2+ + 2DMF 2[Fe III DMF] +	-85.6	-84.5	-78.4	-50.3
	[Fe III	2]	2+ + 2CH3CN 2[Fe III MeCN] +	-70.2	-70.4	-70.6	-46.1

Table 4 . 8 .

 48 Relative Energies of the [Fe III LS-ACN] + , [Fe III LS-DMF] + and [Fe III LS] + complexes at various spin states calculated at UB3LYP/BS1.

	System	E	E+ZPC	G
	2 [Fe III LS-ACN] +1	12.19	12.23	13.19
	4 [Fe III LS-ACN] +1	0.00	0.00	0.00
	6 [Fe III LS-ACN] +1	5.75	5.05	4.12
	2 [Fe III LS-DMF] +1	15.27	14.75	13.70
	4 [Fe III LS-DMF] +1	0.00	0.00	0.00
	6 [Fe III LS-DMF] +1	6.41	5.66	5.00
	2 [Fe III LS] +1	6.59	6.37	6.89
	4 [Fe III LS] +1	0.00	0.00	0.00
	6 [Fe III LS] +1	11.29	10.25	8.91

Table 4 . 9 .

 49 Mulliken spin densities on the optimized [Fe III LS-ACN] + , [Fe III LS-DMF] + and [Fe III LS] + complexes.

	System	Spin on Fe Spin on S atoms Spin on Solvent Ligand	Total Spin
	4 [Fe III LS-ACN] +1	2.91	0.08	0.03	3.0
	4 [Fe III LS-DMF] +1	2.99	-0.04	0.07	3.0
	4 [Fe III LS] +1	2.78	0.23	N/A	3.0
	General. The syntheses of [Fe III 2(LS)2(μ-O)] (Fe III 2O)		

  , 597(s), 588(m). Anal. Calcd for C48H40ClCoFeN2S2•0.8MeCN . H2O: C, 65.46; H, 4.92; N, 4.31. Found: C, 65.21; H, 4.82; N, 4.37.

	867(s, (CH) CoCp2 -), 805(m), 798(w), 788(s), 756(m), 748(s), 699(vs), 665(m), 651(m),
	608(w)
	[CoCp2][Fe II Cl] . 0.5MeCN. IR (cm -1 ): 3068(s), 1594(s),
	1571(s), 1486(s), 1460(m), 1441(s), 1411(vs), 1151(w), 1108(w), 1033(w), 1008(s),

Table 5 . 4 .

 54 CP-DFT calculated ZFS parameters of Fe

III Cl, Fe III Br and Fe III I at

  different levels of theory.

			Fe III Cl	Fe III Br	Fe III I
	OLYP/ZORA-def2-TZVP	D (cm -1 )	2.24	4.40	9.83
		E/D	0.12	0.03	0.31
		DSSC (cm -1 )	0.29	0.16	0.00
		DSOC (cm -1 )	1.95	4.24	9.83
	OLYP/ZORA-def2-TZVPP	D (cm -1 )	2.23	4.35	9.62
		E/D	0.13	0.03	0.31
		DSSC (cm -1 )	0.29	0.16	0.00
		DSOC (cm -1 )	1.94	4.18	9.62
	OPBE/ZORA-def2-TZVP	D (cm -1 )	2.24	4.56	-8.50
		E/D	0.11	0.02	0.32
		DSSC (cm -1 )	0.30	0.17	0.05
		DSOC (cm -1 )	1.93	4.39	-8.54
	OPBE/ZORA-def2-TZVPP	D (cm -1 )	2.22	4.50	-8.31
		E/D	0.12	0.03	0.32
		DSSC (cm -1 )	0.31	0.17	0.04
		DSOC (cm -1 )	1.92	4.32	-8.35
	BP86/ZORA-def2-TZVP	D (cm -1 )	2.34	4.72	12.42
		E/D	0.17	0.06	0.32
		DSSC (cm -1 )	0.26	0.13	0.00
		DSOC (cm -1 )	2.08	4.59	12.42
	BP86/ZORA-def2-TZVPP	D (cm -1 )	2.33	4.66	12.30
		E/D	0.18	0.06	0.33
		DSSC (cm -1 )	0.26	0.13	0.00
		DSOC (cm -1 )	2.07	4.52	12.30
	TPSS/ZORA-def2-TZVP	D (cm -1 )	2.00	3.57	9.50
		E/D	0.27	0.09	0.32
		DSSC (cm -1 )	0.26	0.11	0.04
		DSOC (cm -1 )	1.73	3.46	9.46
	TPSS/ZORA-def2-TZVPP	D (cm -1 )	1.99	3.51	9.24
		E/D	0.27	0.09	0.32
		DSSC (cm -1 )	0.26	0.11	0.05
		DSOC (cm -1 )	1.95	3.40	9.19

Table 5 . 5 .

 55 Calculated Mössbauer and ZFS Parameters of Fe III Cl, Fe III Br and Fe III I and decomposition of D parameter into various contributions.

		Fe III Cl	Fe III Br	Fe III I
	ΔΕQ (mm.s -1 )	2.74	2.82	2.85
	δ (mm.s -1 )	0.43	0.42	0.41
	D (cm -1 )	2.34	4.72	12.42
	E/D	0.17	0.06	0.32
	DSSC (cm -1 )	0.26	0.13	0.00
	DSOC (cm -1 )	2.08	4.59	12.42
	DSOC (αα) (cm -1 )	0.33	0.51	-0.63
	DSOC (ββ) (cm -1 )	0.45	2.01	-1.67
	DSOC (αβ) (cm -1 )	1.70	1.64	18.19
	DSOC (βα) (cm -1 )	-0.42	0.43	-3.47

  , 2078.96, 2035.39. 3 days: 2079, 2035.46, 2008.9. At the end: 2009.

Complexes ∆EQ = 2.82 mm•s -1 , which is consistent with the intermediate spin iron(III). Complexes Fe III Br (δ = 0.44 mm•s -1 , ∆EQ = 3.0 mm•s -1 ) and Fe III I (δ = 0.42 mm•s -1 , ∆EQ = 3.14 mm•s -1 ) display similar Mössbauer parameters with slight difference in comparison with that of complex Fe III Cl. The increasing value of the quadrupole splitting from Fe III Cl to Fe III I indicates the sensitivity of ∆EQ to the nature of the coordinating halide. The slight decrease of δ from Fe III Cl to Fe III I reflects different s-electron density at the nucleus, is consistent with the more covalent character of the Fe-X bond for heavier halides. These values are corroborated by DFT calculations (Table 5.9) at OPBE/TZP level 23 . Firstly, the geometries of optimized S=3/2 complexes are in excellent agreement with X-ray structures, with an RMS error of less than 1.3 pm. Separate optimizations for the three possible spin states (low, intermediate, high) reported in Table 5. 3 clearly show that the intermediate-spin state, S=3/2, is in all cases the spin ground state, whereas the order of excited states depends on the level of theory, as it can be seen with Fe III Br. 

Computational studies of complexes

Zero field splitting calculations of complexes Fe III X (X = Cl, Br and I)

The Zero Field Splitting (ZFS) parameters of the three complexes were calculated in the framework of the coupled-perturbed DFT approach (CP-DFT) 30 and obtained from relativistic single-point calculations on the experimentally determined X-ray structures with ORCA program package (version 4.0.1.2) 31 . Scalar relativistic effects were considered at the Zero-Order-Regular-Approximation (ZORA) 32 level. Picture change effects were taken into account. Spin-orbit coupling was included in the mean-field approximation (SOMF), with both the spin-own-orbit and spin-other-orbit interactions in the exchange term, as well as with the coupled-perturbed (CP) approach. The spin-spin contribution was calculated using a restricted spin-density obtained from

Chapter VI

Summary and Perspectives

further catalytic study on these complexes can provide the function of the proton on the thiol group in the catalytic process of ORR. Inspired by the earlier work on NiFe model of [NiFe] hydrogenase, a FeFec complex has been developed to act as electrocatalyst for HER in the Chapter III. In both cases, the bipyridine moiety has been proved to play as electron reservoir in the catalytic cycle of HER and FeCOCp unit can modulate the electronic structure of MN2S2 unit (M = Ni, Fe). On one hand, some cobalt species (Acc. Chem. Res., 2015, 48, 1286-1295) have been reported as electrocatalysts for H2 evolution in recent years. On the other hand, the mononuclear CoN2S2 complex (Dalton Trans., 2012, 41, 12586-12594.) has been reported by our group, which shows that different oxidation (Co(III) to Co(I)) states are accessible. Therefore, the FeCOCp unit can also be introduced into the mononuclear CoN2S2 complex to develop a new CoFe complex (Figure 6.6), which could be a potential candidate as electrocatalyst for H2 production.

Finally, this thesis focuses on study of different iron-thiolate complexes with the same N2S2-donor ligand. For further work, other transiton metals, such as molybdenum and chromium (which can be stabilized in many oxidation states), will be coordinated to the same ligand in the search of new bio-inspired redox reactive systems. 

Appendix

Abstract

This thesis presents the design and synthesis of several bio-inspired iron complexes bearing thiolate ligands. Their structural, electronic, magnetic properties and reactivity have been investigated by using different spectroscopic techniques in combination with computational calculations. This manuscript mainly focuses on their catalytic and electrocatalytic properties towards the reduction of O2. A non-heme diiron(II) complex with an unique iron-bound thiol group has been synthesized and characterized. The thiol group can be deprotonated by a base to afford a neutral iron(II) thiolate complex. Both complexes display high reactivity towards O2 to yield μ-hydroxo and μ-oxo bridged diron(III) complexes, respectively. The iron-thiol complex is an efficient ORR catalyst with 100% selectivity for H2O2 production in the presence of protons and a one-electron reducing agent. When the catalysis is electrochemically-driven, H2O is the main product during electrocatalysis (~14-20% of H2O2). Based on the fact that hydrogen peroxide is generated in both cases, it can be proposed that an iron-peroxo intermediate is generated during catalysis. The mechanism has been experimentally investigated revealing that the selectivity is controlled by the way of delivering electrons (chemical reductant or applied potential). Another diiron(II) complex has been synthesized, containing an iron-thiolate unit connected with an Fe(CO)Cp moiety (Cp = cyclopentadienyl) via two thiolate bridges. This complex is stable in two forms in MeCN solution that depends on the number of CO (one or two) in the coordination sphere of the Fe ions. This dissymmetric diiron (II) complex is a structural and functional model of the [FeFe] hydrogenase since it acts as an active electrocatalyst for H2 production, via an E(ECEC) mechanism. Two potential intermediates in the catalytic cycle have been generated and characterized. It should be noted that the bipyridine moiety of the N2S2 ligand acts as electron reservoir in the catalytic cycle.

In addition, the first iron-based thiolate/disulfide interconversion system has been developed in this manuscript, which enriches the family of metal-promoted interconversion between thiolate and disulfide. Interestingly, the iron-based system not only shows halide-induced interconversion, but also solventdependent properties. Finally, mononuclear halide iron(III)-thiolate complexes (I -, Br -and Cl -) with unusual intermediate spin ground state have been investigated. Susceptibility measurements, powder cw X-and Q-band EPR spectra, and zero-field powder Mössbauer spectra evidenced that their magnetic anisotropy varies as a function of the nature of the halide (largest with I -). Theoretical calculations demonstrated that the main factor driving this trend in magnetic anisotropy is the spin-orbit coupling of the halide. Ce manuscrit décrit le premier système à base de fer capable de réaliser l'interconversion thiolate / disulfure et ainsi enrichit la famille de tels systèmes basés sur les propriétés redox des métaux de transition. Ce système à base de fer présente non seulement une interconversion induite par des halogénures, mais également des propriétés dépendantes de la nature du solvant. Enfin, des complexes halogénures mononucléaires de fer(III)-thiolate (I -, Br -and Cl -) possédant un spin intermédiaire à l'état fondamental ont été étudiés. Des mesures de susceptibilité magnétique, des spectres de RPE (bandes X et Q) et Mössbauer ont montré que l'anisotropie magnétique de ces complexes dépendait de la nature de l'halogénure (la plus grande avec I -). Les calculs théoriques ont démontré que c'est le couplage spin-orbite de l'halogénure qui régit cette tendance observée dans cette série de complexes.

Résumé