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Abstract

:

Featured Application


Kraft pulp bleaching and delignification.




Abstract


Lignin and other colored structures need to be bleached after the Kraft process in the pulp industry. Development of environmentally-safe bleaching catalysts or electrocatalysts constitutes an attractive strategy for selective removal of lignin. Seven manganese(III)-complexes with Schiff base ligands 1–7 were synthetized and characterized by different analytical and spectroscopic techniques. The tetragonally elongated octahedral geometry for the manganese coordination sphere and the global µ-aquo dimeric structure were revealed by X-ray diffraction (XRD) studies for 1, Mn2L12(H2O)2(N(CN)2)2 (N(CN)2 = dicyanamide). Complexes 1–4 behave as more efficient peroxidase mimics as compared to 5–7. Electrochemical oxidation of the lignin model veratrylalcohol (VA) to veratrylaldehyde (VAH) is efficiently catalyzed by a type of dimanganese(III) complexes in a chlorine-free medium. The electrocatalytic reaction proceeds through the oxidation of chloride into hypochlorite at alkaline pH along with the formation of hydrogen from water as a subproduct.
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1. Introduction


Lignin comprises polymerized phenolic and aliphatic-hydroxyl groups, being the most abundant renewable source of aromatic polymers in nature [1,2]. Historically, the degradation of lignin represented a major target in the pulp industry [3]. In order for the pulp to reach an acceptable brightness level, the residual lignin after the Kraft process was bleached either to remove it from the pulp or, alternatively, to decrease absorption by the residual chromophoric groups as much as possible [4]. Of all the processes involved in the manufacturing of pulp for the paper industry, the bleaching stage to degrade lignin is the step which contributes most to environmental pollution [5,6]. Several alternative bleaching processes have been developed to date including those using chlorine-free oxidants to make this challenging process more environmentally friendly [7,8,9].



A general problem with bleaching the small percentages of lignin and colored chromophores in a bulk matrix of cellulose is the lack of selectivity of the oxidation reaction. Therefore, the driving force in the development of new bleaching technologies is to produce pulps with the best brightness, lowest lignin and chromophore contents, while preserving the yield and strength of the fibers by minimizing cellulose degradation. Different sites in the cellulose matrix are susceptible to attack by oxidative agents: the damage may occur within the polysaccharide chains (oxidizing carbon positions of the monomeric sugar units to carbonyl groups which give rise to alkali-labile glycosidic bonds), or alternatively the end groups (oxidizing aldehyde groups that are formed after each cleavage of the glycosidic linkage) can be targeted.



In addition to lignin disposal in the pulp industry, another major goal in this field is the development of green and efficient methods to transform lignin into fuels and high value-added chemicals [10,11,12]. The polymeric structure of lignin provides an attractive renewable source of aromatic chemicals [13,14]. Catalysis is regarded as a key technology to fulfil the promise of lignin valorization. Catalytic systems for the reduction of lignin generally produce bulk chemicals with reduced functionality, whereas catalytic systems for lignin oxidation produce fine chemicals with increased functionality [15,16]. The chemical processes occurring in pulp with dioxygen and hydrogen peroxide under alkaline conditions are quite similar. When oxygen reacts with the substrate, it may be reduced to water by four successive one-electron transfer steps giving rise to intermediate products such as hydroperoxyl radicals, hydrogen peroxide, hydroxyl radicals and their organic counterparts. The reaction of the peroxo intermediates can proceed heterolytically (formation of ionic species) or homolytically (formation of radical species). Controlling these two pathways and favoring the heterolytic pathway is a key of selectivity.



We previously reported several homogeneous catalysts for the oxidation of lignin model compounds and these systems were inspired by examples of efficient catalyst systems capable of performing transformations that are already found in nature [17,18,19,20]. Manganese(III) Schiff base complexes have long been known to be effective catalysts for the oxygenation of both saturated and unsaturated hydrocarbons [21,22]. Oxygen-nitrogen-nitrogen-oxygen (ONNO) Schiff base ligands with strong chelate effects are able to stabilize the manganese ion in various oxidation states since the two donor atoms of the chelated Schiff base exert two opposite electronic influences: the phenolate oxygen is a hard donor that is known to stabilize the higher oxidation state of the metal ion, whereas the imine nitrogen is a softer donor with a tendency to stabilize the lower oxidation state [23,24].



In the work described here, we further explored these biomimetic systems in order to study their synergistic effect in catalysing the electrochemical oxidation of the lignin model compound veratrylalcohol (VA) to veratrylaldehyde (VAH) [25]. We report the electrocatalytic behaviour of seven manganese(III) complexes that incorporate ONNO Schiff base ligands (depicted in Scheme 1).




2. Materials and Methods


Experimental details concerning materials, reagents and instruments used are available in the Supplementary Materials section.



2.1. Synthesis of the Complexes


Experimental procedure and characterization data for 1, 3, 5 and 6 are collected below. Synthesis and characterization of complexes 2 [26], 4 [17] and 7 [27] have been already reported (see Table S1).



Mn2L12(H2O)2(N(CN)2)2 (1) was obtained by a procedure which has been already reported [27] using 0.15 g (0.42 mmol) of H2L2, 0.12 g (0.42 mmol) of Mn(CH3COO)2 and 0.04 g (0.42 mmol) of NaN(CN)2. Experimental details are available in the Supplementary Materials section. Yield: 0.15 g (70%). Calculated Elemental Analysis for C44H48Mn2N10O10 (986.8): C, 53.5; H, 4.9; N, 14.2. Found: C, 53.0; H, 4.9; N, 13.9%. Electrospray mass spectrometry (MS ES) (m/z): 409 [MnL1]+; 475 [MnL1(N(CN)2)]+. Infrared (IR) (potassium bromide, cm−1): νasym(C≡N) 2268 (m), νsym(C≡N) 2152 (vs), ν(C-O) 1252 (s), ν(C=N) 1620 (vs), ν(O-H) 3418 (m). μ = 5.0 BM. 1H nuclear magnetic resonance (NMR) (dimethyl sulfoxide-d6, ppm): δ −20.7 (H4), −29.8 (H5). Eox = −0.085 V; Ered = −0.165 v; E1/2 = −0.125 V. ΛM = 54 μS.



MnL3(H2O)(ClO4) (3) was obtained by a procedure which has been already reported [17] using 1.00 g (1.99 mmol) of H2L3, 0.72 g (1.99 mmol) of Mn(ClO4)2.6H2O and 0.16 (3.98 mmol) of NaOH. Experimental details are available in the Supplementary Materials section. Yield: 0.82 g (60%). Calculated Elemental Analysis for C19H20Br2ClMnN2O9 (670.6): C, 34.0; H, 3.0; N, 4.2%. Found: C, 34.3; H, 3.4; N, 4.1%. MS ESI (m/z): 553 [MnL3]+ IR (potassium bromide, cm−1): ν3(ClO4−) 1121, ν(C-O) 1294 (s), ν(C=N) 1615 (vs), ν(O-H) 3425 (m). μ = 4.7 BM. Eox = −0.034 V; Ered = −0.114 v; E1/2 = −0.074 V. ΛM = 91 μS.



Mn2L42(H2O)2(N(CN)2)2 (5) was obtained by the same procedure as 1, using 0.15 g (0.41 mmol) of H2L4, 0.11 g (0.41 mmol) of Mn(CH3COO)2 and 0.04 g (0.41 mmol) of NaN(CN)2. Experimental details are available in the Supplementary Materials section. Yield: 0.13 g (70%). Calculated Elemental Analysis for C44H52Mn2N10O10 (990.8): C, 53.3; H, 5.3; N, 14.1. Found: C, 52.8; H, 5.1; N, 13.9%. MS ES (m/z): 423 [MnL4]+; 490 [MnL4(C(CN)2)]+. IR (potassium bromide, cm−1): νasym(C≡N) 2260 (m), νsym(C≡N) 2147 (vs), ν(C-O) 1252 (s), ν(C=N) 1624 (vs), ν(O-H) 3420 (m). μ = 5.0 BM. 1H NMR (dimethylsulfoxide-d6, ppm): δ −24.55 (H4), −15.81 (H5). Eox = −0.116 V; Ered = −0.256 v; E1/2 = −0.186 V. ΛM = 74 μS.



MnL4(H2O)2(ClO4) (6) was obtained by the same procedure as 3, using 0.6 g (1.62 mmol) of H2L4, 0.59 g (1.62 mmol) of Mn(ClO4)2·6H2O and 0.13 g (3.24 mmol) of NaOH. Experimental details are available in the Supplementary Materials section. Yield: 0.71 g (82%). Calculated Elemental Analysis for C21H28ClMnN2O10 (558.8): C, 45.1; H, 5.0; N, 5.0. Found: C, 45.4; H, 4.8; N, 5.1%. MS ES (m/z): 423 [MnL4]+. IR (potassium bromide, cm−1): ν3(ClO4−) 1122 (vs), ν(C-O) 1307 (s), ν(C=N) 1612 (vs), ν(O-H) 3420 (m). μ = 5.0 BM. 1H NMR (dimethyl sulfoxide-d6, ppm): δ −20.96 (H4), −16.27 (H5). ΛM = 81 μS.




2.2. Peroxidase Probes


Oxidation of the reactant ABTS (2,2′-azinobis-(3-ethylbenzothiazoline)-6-sulfonic acid) with hydrogen peroxide in buffered solutions at pH 6.8 in the presence of the complexes 1–7 was tested according to the literature procedure [17,27]. To prevent undesired photochemical processes [28], illumination at wavelengths shorter than 455 nm should be avoided, so the radical absorbance at 650 nm was selected to follow the peroxidase activity [28]. The intensity of the ultraviolet (UV) absorption bands of the radical species started to increase immediately after addition of the oxidant. Spectra were recorded every 30 s, and the data is taken from the spectra recorded 10 min after mixing.




2.3. Electrochemical Oxidations of Veratryl Alcohol (VA)


Oxidations of VA to VAH were performed using an Iso-tech laboratory DC power supply model IPS 303DD. The experiments were carried out in a beaker (100 mL) fitted with a rubber bung, through which the electrochemical leads from the DC power supply entered the cell. Platinum wires were used as electrochemical leads. The electrochemical cell was placed in a thermostatted water bath at temperature of 23 °C, 40 °C or 50 °C. In a typical experiment, the 75 mL buffered solutions (pH 8.25) containing the complexes 1–7 (1.35 × 10−6 mol for 1%, but the amount of complex catalyst was evaluated in the range from 0 to 3%) and sodium chloride (2.1 g) as a supporting electrolyte were thermostatted at 40 °C. Then VA (19 µL) was added, and the preset current was applied using the DC power supply at a fixed potential for 2 h.



During the experiment, hydrogen gas evolved at the cathode. The solution was connected to a UV spectrophotometer through a peristaltic pump and a flow cell. Using this setup we were able to continuous record the electronic spectra of the solution and measure the rate of a VAH production. After electrochemical reaction, catalyst was removed by filtrating the solution through a short silica gel plug. The filtered solution was then separated in dichloromethane in the presence of saturated aqueous sodium chloride solution. The organic fraction was dried over magnesium sulphate and evaporated under reduced pressure. The residue was purified by column chromatography using a 1:1 mixture of ethyl acetate/hexane as eluent, and the 1H NMR spectrum was recorded.



Table 1 summarizes some of the experimental conditions for the electrochemical oxidations of VA to VAH.



Single crystals of 1 suitable for X-ray diffraction (XRD) studies were obtained by slow evaporation of methanolic solutions at room temperature.



Table 2 summarizes the detailed crystallographic data and refinement parameters for 1. Measurements were made on a Bruker X8 APEXII CCD diffractometer employing graphite-monochromated Mo-Kα radiation at cryogenic temperature (100 K). The structures were solved by direct methods [29] and finally refined by full-matrix least- squares base on F2. An empirical absorption correction was applied using the program for empirical absorption correction of area detector data SADABS [30]. All non-hydrogen atoms were included in the model at geometrically calculated positions.



Refinement of F2 against all reflections. The weighted R-factor wR is based on F2, conventional R-factors R are based on F, with F set to zero for negative F2. The threshold expression of F2 > 2σ(F2) is used only for calculating R-factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based on F2 are statistically about twice as large as those based on F, and R- factors based on ALL data will be even larger. Molecular graphics were done with ORTEP (Oak Ridge Thermal Ellipsoid Plot program) [31] and Mercury [32].





3. Results


3.1. Synthesis and Characterization of the Complexes


Manganese(III)-Schiff base complexes 1–7 were obtained in high yield as outlined in the experimental section. Characterization of complexes 2 [26], 4 [17] and 7 [27] has been already reported, so results and discussion of this section will be focused on compounds 1, 3, 5 and 6.



Elemental analysis establish a formula Mn2L12(H2O)2(N(CN)2)2 for 1, MnL3(H2O)2(ClO4) for 3, Mn2L42(H2O)2(N(CN)2)2 for 5, and MnL4(H2O)2(ClO4) for 6; other analytical and spectroscopic techniques support these formulations and give further insight into the structure of the complexes. Thus, the conductivity measurements in millimolar dimethylformamide solutions are in agreement with non-electrolyte behaviors of the Mn(III) complexes [33], and the magnetic moment values measured at room temperature are very close to the spin-value of 4.9 B.M., as expected for a high-spin magnetically diluted d4 manganese(III) ions.



IR spectra for all the complexes exhibit a strong band between 1612–1624 cm−1 characteristic of the ν(C=N) stretching mode of the Schiff base. This band in the Mn(III) coordinated complexes is shifted 5–14 cm−1 lower with respect to the free Schiff base ligands, indicating the coordination to the manganese through nitrogen atoms of the imine group. The band attributed to the ν(C-O) mode is shifted to higher frequencies with respect to the free ligands. Two new bands, at 2152–2147 and 2268–2260 cm−1 in 1 and 5, were observed and assigned to the symmetric and asymmetric dicyanamide modes, respectively [34]. The broad unsplit band at about 1120 cm−1 in 3 and 6 is indicative of the presence of the uncoordinated perchlorate anion [35], its characteristic ν4 stretching mode at ca. 630 cm−1 can also easily be identified.



Paramagnetic 1H NMR spectra of 1–7 were registered using dimethylsulfoxide-d6 as solvent. When applied to solutions of paramagnetic metal compounds, a significant line broadening and large paramagnetic chemical shifts are often observed in the NMR spectra providing evidence of paramagnetic metal–ligand coordination [36]. Our NMR spectra (Figure 1) show both paramagnetic signatures: the significant line broadening and the chemical shift range. For 1–7, the spectra contain two upfield proton resonances (see Figure 1) from the protons in the aromatic phenoxy rings. The signals appear outside the diamagnetic region (δ = 0–14 ppm), due to the hyperfine couplings of the Schiff base ligand protons to high-spin d4 manganese(III).



Parallel-mode electron paramagnetic resonance (EPR) spectroscopy (microwave field B1 is parallel to the static field B0) enables the detection of EPR transitions in non-Kramer spin systems (with integer electron spins), often unobservable using conventional perpendicular-mode EPR (B1 ⊥ B0) [37]. Mn3+ has an integer electron spin, S = 2, and has been shown in frozen solutions to develop a characteristic six-line pattern in parallel-mode EPR [38]. Figure 2 collects the parallel-mode EPR spectra measured for four complexes studied in the present work. For complexes 1 and 3, the six-line EPR pattern is centered at geff = 8.08 and split by a hyperfine coupling A|| = 42–43 G due to a 55Mn nuclear spin (I = 5/2). For compounds 5 and 6, the EPR spectra are distinctly different, with the six-line pattern centered at geff = 8.16 and split by A|| = 49 G. The larger geff in 5 and 6 indicates a stronger ZFS rhombicity (a larger orthorhombic distortion in the ligand field symmetry) in these complexes [39]. The larger A|| may be attributed to a decreased covalency of the chelating N2O2 atoms because of a wider bite-angle (longer Mn-O and Mn-N distances) in 5 and 6 as compared to 1 and 3 [39].



Cyclic voltammetry indicates that the electrochemical behavior of the complexes, with both reduction and oxidation waves, can be defined as quasi-reversible. The low E1/2 values in the range −54 to −196 mV are in accordance with the electron-donor character for the selected substituents (methoxy or ethoxy) on the phenolato rings. The redox waves, corresponding to the MnIII/MnII redox couple of the complexes, exhibit peak to peak separation in the range 80 to 140 mV, which varies with the scan rate, showing a more reversible character at slower scan rates. Table 3 collects the Eox(MnII → MnIII) and Ered(MnIII → MnII) potentials for the complexes. The cyclic voltammogram for 3 is illustrated in Figure 3.




3.2. Crystal Structure of 1


Single crystals of complex 1, suitable for X-ray diffraction studies, were obtained as described in the 2.6 section of crystallographic studies. The crystal structure of the monomeric unit is shown in Figure 4a, while Figure 4b shows the µ-aquo dimers resulting from the non-covalent interactions between the monomers. Table 4 collects main bond distances, and Table 5 summarizes main angles for 1.



The monomer is composed by an approximately octahedral [MnL1(H2O)(N(CN)2)] unit, with the Schiff base tetracoordinated to the metal ion through its oxygen-nitrogen-nitrogen-oxygen (ONNO) donor atoms. This coordination of the Schiff base in the equatorial plane forms three chelate rings with the metal ion (two six-membered and one five-membered), thus providing high stability to the [MnL]+ units. The bis-deprotonated Schiff base ligand is tightly bound to the manganese ion by the nitrogen iminic and oxygen phenolic atoms (Mn-Nimine bond lengths of 1.9828–1.9834 Å and Mn-Ophenol of 1.8837–1.8895 Å which are typical of such complexes [14,15,16]).



The distortion of the octahedron is derived from the considerably longer axial distances with respect to the equatorial ones. The axial positions are occupied by a capping water molecule (Mn-O6 with a bond distance of 2.2495(11) Å) and a dicyanamide molecule (Mn-N7 with a bond distance of 2.3037(13) Å). The ratio between the Mn-O axial and Mn-O equatorial distances in the crystal structure is 1.194, which is a way to express the tetragonal distortion factor for the octahedron around the manganese ion. This effect has been previously studied by us for this type of complex [17,27], and a correlation between the tetragonal distortion and the catalytic performance in different redox processes has been established [17,27]. This can be explained because the tetragonal elongation enhances the lability of an axial position where the substrate molecule can be subsequently accommodated in this site, following an inner-sphere electron-transfer mechanism.



A rich network of non-covalent interactions stabilizes dimeric entities by the extension of the monomeric units. The octahedral entities are linked in pairs by µ-aquo bridges between the hydrogen atoms of the axial water molecules and the phenoxy and ethoxy oxygen atoms from the neighboring Schiff base ligands. π–π stacking interactions between parallel aromatic rings from neighboring ligands are also enriching the final supramolecular structure.




3.3. Peroxidase and Electrolytical Studies


Several water-soluble traps for radical species can be used for peroxidase assays [40]. In the present work we employed the diammonium salt of ABTS, which is commonly used with both natural peroxidases [41] and enzyme mimetics [42]. However, we recently found that photochemical processes, especially ●OH radical generation from H2O2, can lead to erroneous results in this test [28]. The level of ABTS●+ can be grossly overestimated being affected by the illumination conditions and also the time at which absorbance readings are taken; many of these undesired effects can be avoided using illumination at wavelengths longer than 455 nm. Conveniently, ABTS●+ has several additional absorption bands at longer wavelengths including 650, 735 and 815 nm. The extent of the reaction, avoiding photochemical interferences, can be measured quantitatively at λ = 650 nm since ε = 12,000 M−1 cm−1 has been determined.



When using 1–4, the observed rates of formation of ABTS●+ were about 35–65% indicating a high peroxidase activity (see Table 3). On the other hand, complexes 5–7 did not show any measurable peroxidase-like activity with the UV absorbances from the ABTS●+ radical cation being negligible even after 60 min of illumination.



VA is commonly used as a lignin model compound [43,44]. This substrate was ideal for our experiments as complexes 1–7 do not absorb at 310 nm where the oxidised product VAH absorbs strongly (ε = 9300 M−1 cm−1; Figure S2) [45]. Experiments of electrochemical oxidation of VA to VAH were carried out using NaCl as electrolyte in order to increase the conductivity of water and to reduce the power dissipation. Other than improving on ionic conductivity, it was found that chloride ions could significantly reduce the adverse effect of other anions such as carbonate or sulphate. The concentration of the electrolyte has a marked influence on the cell efficiency. The addition of increasing amounts of NaCl led to higher conversion ratios of VA into VAH (Figure S3).



The formation of VAH was confirmed after its isolation and characterisation by 1H NMR. The 1H NMR spectrum of the VAH fraction confirmed the disappearance of the CH2 proton signal at 4.61 ppm from the VA precursor as well as the appearance of a new peak at 9.62 ppm from the aldehyde product (VAH, Figure S4).



Temperature is another factor that leads to an increase in the conversion ratio. It was found that a significant improvement could be achieved when the experiments were carried out at 40 °C rather than room temperature (thermostatted 23 °C), although a further increase in temperature to 50 °C did not show any significant increase in the conversion ratio (Figure S5). The electrocatalytic studies at different pH values were mainly carried out at 40 °C and an NaCl concentration close to that of sea water, the most important source of water on earth and also accessible for the pulp industry.



We also examined the effect of catalyst concentration on the VA conversion rate by varying a molar concentration of the catalyst against the VA concentration in the range from 0.25% to 3%. The highest conversion rates (Figure S6) were achieved when using 0.5% of the catalyst complex. The highest turnover numbers (TON), above 100 per Mn(III), were achieved using 0.25% of catalyst complex (Table 1). The use of complexes 1–7 as electrocatalysts enhanced the conversion rates for the VA oxidation to VAH at all tested driving potentials (Figure S7). The results obtained at driving potential 4 V in the presence/absence of catalysts after 2 h are represented in Figure 5 and selected data are shown in Table 4 and Table 5. The catalysts seem to be stable for longer periods, in fact highest VA to VAH conversion rates can be gradually achieved for times up to 8 h although this causes a considerably loss of the electrochemical efficiency.



Complex 1, which produces the highest conversion rates, led to an increase in the formation of veratryl aldehyde at 23 °C from 8.6 (without catalyst) to 29.2%. At 40 °C the conversion without catalyst was 18.4% and increased markedly to 42.2% when using complex 1 (0.5%) as an electrocatalyst.



pH dependence of the conversion rates was examined in the pH range from 5 to 8.5. The yield results for complex 1 are compared to that without any catalyst in Figure 6. The conversion rates obtained using the catalyst are lower at acidic-neutral pH, but these rates improve from pH 7.5 to pH 8.25. The maximum conversion was achieved at pH 8.25.





4. Discussion


The conversion rates obtained for electrochemical oxidation of VA to VAH are particularly high considering the mild conditions used in our experiments as compared to the experimental setups reported by other authors, where high temperatures and pressures were required to achieve similar yields with different catalysts [46,47]. Moreover, most of the oxygen-activating homogeneous transition-metal catalysts were investigated in organic solvents and only a few are known to be active in water [48].



A better electrocatalytic performance displayed by 1–4 in comparison to 5–7 may be explained by the difference in their Schiff base ligand structures. We have already proposed that improved catalytic performance, for different processes (peroxidase, catalase activities), may be associated with the ability of substrate (VA) molecules to coordinate directly to manganese(III). The coordination is favored if the catalyst has either a vacancy in the coordination sphere or a labile ligand [17]. The short two-carbon link between imine groups in 1–4 results in tighter confinement of the nitrogen atoms coordinated to the metal and to stronger tetragonal elongation distortion to the octahedral geometry of the cluster. An axial water molecule in this class of distorted geometries is quite a labile ligand, the loss of which would generate a vacant position in the coordination sphere to accommodate the substrate molecule. On the other hand, the flexible three-membered alkyl chain between the imine groups in the manganese compounds 5–7 favours more relaxed confinement and thus better stabilization of more symmetric octahedral geometry, which consequently makes the generation of an axial vacant site more difficult.



The structural difference between 1–4 and 5–7 is evident from our parallel-mode EPR data (Figure 2, Table 3). Complexes 1 and 3 demonstrate lower geff = 8.08 (smaller orthorhombic distortion in the ligand field) and smaller A|| = 42–43 G (higher metal-ligand covalencies for the equatorially coordinated N2O2 atoms) as compared to the complexes 5 and 6 with geff = 8.16 and A|| = 49 G [49]. The increased Mn-ligand covalency (a larger fraction of unpaired spin density being delocalized from the metal orbitals to the ligand orbitals [39]) indicates a smaller net positive charge on the center Mn(III) ion in case of complexes 1–4. This immediately results in a weaker binding of the axial ligands to Mn(III) which become more mobile and readily exchangeable for the VA substrate molecules. The higher covalency (smaller positive charge) also causes a shift in Mn(III) redox potentials in 1–4 to more negative which may further contribute to their improved overall performance as the catalyst. The catalytic performance of the complexes is definitely influenced by their redox potentials. Negative E1/2 versus SCE and reversible electrochemical behaviors usually lead to better performances. Nevertheless, comparison between redox potentials (see Table 3) in 1–4 and 5–7 reveals that the redox potentials are not the determining factor in the obtained catalytic rates for this case. For instance, the active compound 4 shows the lowest E1/2 value (−196 mV), but the second lowest value (−186 mV) corresponds to the inactive complex 5.



The clear correlation between the peroxidase activity and the conversion rates for the electrochemical oxidation of VA reinforces the idea that both processes can follow similar mechanisms. While binding of hydrogen peroxide to manganese ion is a key-step in the peroxidase activity (favored for 1–4 versus 5–7), binding of the sacrificial oxidant (Cl2/HClO/ClO−) can become the determining step in the electrolytic experiments with VA.



Electrochemical studies at different pH provide additional insight into the equilibrium interplay between three oxidizing species, Cl2/HClO/ClO−, potentially involved in the electrochemical reaction. A change in the concentration of H+ or OH− shifts the equilibrium making one or another oxidising species to dominate in the media. Degradation of the lignin analogue in acidic media is mediated by the chorine formed in the anodic reaction. This process is responsible for the conversion rates at pH values below 7 in the presence or absence of complexes. The main reactions at the electrodes in acidic conditions are [50]:


Anode: 2Cl− → Cl2 + 2e−



(1)








Cathode: 2H2O + 2e− → H2 + 2OH−



(2)





In the aqueous acidic solution, hydrolysis of chlorine generates hypochlorous acid. The equilibrium constant for chlorine to hypochlorous acid is 4 × 10−4 while that for hypochlorous acid to hypochlorite is 2.9 × 10−8. This means that chlorine and hypochlorous acid are the most prevalent species at acidic pH [51,52]. In the absence of an electrocatalyst, oxidation of veratryl alcohol tends to be greater at acidic pH than at alkaline pH due to the high oxidising activity of chlorine and hypochlorous acid.



At basic pH chlorine undergoes a disproportionation reaction to give chloride and hypochlorite:


Cl2 + 2OH− → OCl− + Cl− + H2O



(3)







Consequently, hypochlorite is the prevalent oxidising agent under alkaline conditions [53]. A proportion of the useful hypochlorite ion is lost via the diffusion-controlled cathodic reduction to chloride and anodic oxidation to chlorate [50]:


OCl− + H2O + 2e− → Cl− + 2OH−



(4)







As a result of these processes, the conversion ratio of veratryl alcohol to veratryl aldehyde decreases at pH 7–8.25 for the experiments carried out in the absence of a complex.



Interestingly, the electrocatalytic activity of complex 1 reaches a maximum at pH 8.25, which means that reaction occurs in a chlorine-free medium with hypochlorite used as a sacrificial oxidant. The rate of degradation of the lignin model by electrochemical oxidation under these conditions is higher than in every pH media. The results obtained at pH 8.25 clearly indicate that this oxidation is mediated by complex 1, which acts as an efficient electrocatalyst.



The sum of reactions (1)–(4) represents the global process:


2H2O + 2 e− → H2 + 2OH−



(5)







The novel approach outlined above avoids the use of chlorine by simply adjusting to an alkaline pH. Ideally, photovoltaic electric current would be able to induce the oxidation of chloride into hypochlorite along with the formation of hydrogen. Any hydrogen released could be used in fuel cells to generate electricity, and this would reduce the energy consumption of the global process. The use of catalysts leads to a significant increase in the efficiency of the oxidation of the lignin model. The robustness of the catalysts makes them suitable for use in a wide range of conditions. Electrocatalytic generation of hydrogen from water is one of the potential applications of this type of complex and studies in this respect are underway.



We assessed whether the catalytic behavior of this type of complex is affected by variations in the skeleton of the organic Schiff base ligand. Experiments are also ongoing with the aim of enhancing this activity by tuning the steric and electronic effects around the manganese core. Our aim is to define the appropriate choice of bulky and/or electron-withdrawing or -donating substituents to be incorporated in the Schiff bases.
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Scheme 1. Structure of Schiff base ligands H2L1–H2L5. All the Schiff bases used in this study were prepared by condensation of the appropriate diamine with the corresponding benzaldehyde. 
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Figure 1. Example of paramagnetic 1H nuclear magnetic resonance (NMR) spectrum, in this case corresponding to 6. 
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Figure 2. Parallel-mode electron paramagnetic resonance (EPR) spectra of 1, 3, 5 and 6 in frozen Toluene: dimethylformamide: EtOH (2:1:drop) solutions. EPR conditions: microwave frequency, 9.37 GHz; temperature, 6 K; microwave power, 2 mW. 
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Figure 3. Cyclic voltammogram for 3 at scan rate of 0.02 V s−1. 
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Figure 4. (a) ORTEP view of the monomeric unit for 1 with numbering scheme; (b) crystal structure of the dimeric entity for 1 (manganese ion in magenta, nitrogen in blue, oxygen in red and carbon in grey). 
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Figure 5. Conversion rates of veratrylalcohol (VA) to veratrylaldehyde (VAH) at 23 and 40 °C after 2 h without catalyst (a) and with catalysts (1–7); pH = 8.25. 
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Figure 6. pH-dependence of conversion ratio of VA to VAH catalysed by 1 (●), and without catalyst (■) (at 40 °C). 
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Table 1. Experimental conditions for the electrochemical conversion of VA to VAH (pH 8.25; 40 °C; 4 V).
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	Compound
	TON a
	mmol VA Converted to VAH
	Amount (mg) of VA Oxidized
	Ef b/mol F−1





	1
	84
	5.70 × 10−2
	9.580
	0.31



	2
	84
	5.64 × 10−2
	9.485
	0.30



	3
	68
	4.57 × 10−2
	7.686
	0.25



	4
	80
	5.39 × 10−2
	9.065
	0.29



	5
	40
	2.73 × 10−2
	4.592
	0.15



	6
	40
	2.73 × 10−2
	4.591
	0.15



	7
	40
	2.67 × 10−2
	4.491
	0.14







a Turnover number; b Electrochemical efficiency of the cell, defined as the amount of VA converted to VAH per Faraday of charge.2.4. Crystallographic Studies.
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