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Transformation of organofluorine compounds by oxidation pathways is rare in chemistry and biology since C-F bonds formed by the most electronegative element should react with electrondeficient oxidizing species. Recently, we have shown that µ-nitrido diiron phthalocyanine complexes efficiently catalyze oxidative defluorination of poly-and perfluoroaromatics by H 2 O 2 . Herein, we studied their more biologically relevant porphyrin counterpart, µ-nitrido diiron(III,IV) tetraphenylporphyrin complex (TPP)Fe III (µN)Fe IV (TPP) in stoichiometric and catalytic reactions with a series of fluorinated aromatic compounds under oxidation conditions. Addition of hexafluorobenzene to (TPP)Fe III (µN)Fe IV (TPP) in the presence of t-butylhydroperoxide led to the formation of high-valent µnitrido diiron(IV,IV) porphyrin cation radical complex (TPP)F-Fe IV (µN)Fe IV -F(TPP +⸱ ). This complex was isolated and its structural and electronic properties were investigated by spectroscopic methods (EXAFS, XANES, EPR, UV-vis). Replacement of t BuOOH with H 2 O 2 oxidant resulted in the catalytic defluorination of selected heavily fluorinated aromatic compounds with high conversions (50-98 %), TON (1768-4825) and defluorination degrees (71-98 %). The scope of oxidative defluorination with (TPP)Fe III (µN)Fe IV (TPP) was extended to perfluorinated olefins exemplified by perfluoroallylbenzene.

The perfluorinated double bond was more reactive compared with perfluorinated aromatic moiety providing C 6 F 5 CF 2 COOH and C 6 F 5 COOH products. The properties of µ-nitrido diiron tetraphenylporphyrin in homogeneous and heterogeneous catalytic defluorination were compared with those of its phthalocyanine counterpart.

INTRODUCTION

µ-Nitrido diiron macrocyclic complexes have attracted attention of many research groups due to their unusual structure and properties [START_REF] Floris | The Porphyrin Handbook[END_REF][START_REF] Summerville | [END_REF][3][4][5][6][7][8][9][10][11][12]. In recent years, µ-nitrido diiron phthalocyanine complexes have emerged as powerful catalysts for demanding oxidation reactions [13][14][15][16] including oxidation of methane [17][18][19][20][21][22][23][24], ethane [25][26] and other hydrocarbons [27][28][29]. Related diiron N-bridged complexes based on porphyrin [19] and porphycene [30] platforms have been also reported as catalysts for challenging methane oxidation. The strong oxidizing properties of µ-nitrido diiron macrocyclic complexes have been associated with their ability to form high-valent oxo species using hydrogen peroxide or m-chloroperbenzoic acid as oxygen sources [14,[19][20][21]. The resulting ultra high-valent transient species are very strong oxidants that can be characterized by spectroscopic methods at very low temperatures [14,19]. In the course of our studies we have found that µ-nitrido diiron phthalocyanine complexes in combination with peroxides are capable of performing the oxidative dehalogenation of chlorinated [31][32] and even poly-and perfluorinated aromatic compounds [33]. This defluorination activity under oxidative conditions was retained when one phthalocyanine ligand was replaced with porphyrazine macrocycle [34]. Oxidative activation of aromatic C-F bonds is unusual and deserves further discussion.

The chemistry of C-F bonds remains a fundamental challenge because of their unique properties such as the bond strength, high chemical and thermal stability, low polarity and weak intermolecular interactions. Due to their particular features, fluorinated organic compounds find increasing use in a great variety of the large-scale practical applications, e.g., around 25 % of pharmaceuticals and 40 % of agrochemicals currently used contain fluorine atoms [35]. Therefore, the activation and transformation of C-F bonds are of great importance [36][37][38][39][40]. Owing to the strongest electronegativity of fluorine, the activation of C-F bonds typically involves electron-rich species such as low-and zerovalent transition metal complexes, powerful reductants and strong nucleophiles [36][37][38][39][40][41]. In this context, the cleavage of C-F bonds in oxidative conditions mediated by transition metal complexes is a particular reaction [42][43] because the C-F bonds formed by the most electronegative element should react with electron-deficient oxidizing species.

The examples of oxidative defluorination activity are rare and are essentially stoichiometric reactions or intramolecular defluorination of supporting ligands. Bis(µ-oxo)dicopper(III) complexes with pyridine ligands prepared by the reaction of dicopper(I) precursors with O 2 at -90°C performed defluorination of sodium 2-fluorophenolates in stoichiometric manner providing catehols with 21-62 % yields based on the amount of bis(µ-oxo)dicopper(III) complex [44]. This reaction is favored in the presence of acids such as Sc(CF 3 SO 3 ) 3 , B(C 6 F 5 ) 3 or DMF⸱CF 3 SO 3 H and mechanistically resembles defluorination of 2-fluorophenols mediated by flavin adenine dinucleotide-containing phenol hydroxylases [45]. Intramolecular defluorination of supporting ligand was observed in tetranuclear iron complexes [LFe 3 (PhPz) 3 OFe](OTf) 2 (PhPz = 3-phenylpyrazolate) and its fluorinated analog [LFe 3 (F 2 ArPz) 3 OFe](OTf) 2 (F 2 ArPz = 3-[2,6-difluorophenyl]pyrazolate) upon the treatment with PhIO or n Bu 4 NIO 4 [46,47]. The hydroxylation of bridging pyrazolate ligand occurred with a 8:1 C-F/C-H selectivity [48]. Related manganese complex showed a lower defluorination activity and cleaved the C-H bond preferentially [49]. Non-heme iron(IV) oxo complexes can often undergo an intramolecular hydroxylation of arene ligand instead of desired intermolecular oxidation of substrates. To mitigate this intramolecular ligand oxidation, Goldberg and co-workers have replaced four C-H bonds in the aromatic ligand fragments with C-F bonds [50]. This modification has allowed for trapping of the Fe IV =O active species at low temperature which underwent intramolecular defluorination accompanied by the formation of Fe-OAr bond [50,51].

Hirobe and co-workers have published the elimination of fluorine substituent from p-fluorophenol performed by mononuclear iron meso-tetrakis (2,6-difluorophenyl)porphyrin in combination with m-CPBA to afford p-benzoquinone with a TON of 3.3 [52].

As mentioned above, we have recently achieved the transformation of aromatic C-F bonds under oxidative conditions provided by µ-nitrido diiron tetra-tert-butylphthalocyanine complex, (Pc)Fe III (µ-N)Fe IV (Pc), and peroxide oxidant [33].

Using H 2 O 2 as the oxidant, a variety of per-and polyfluorinated aromatic compounds with different substitution pattern including highly recalcitrant C 6 F 6 , C 6 F 6 CF 3 and C 6 F 5 OH were defluorinated with high conversions and high turnover numbers. Noteworthy, the striking reactivity of (Pc)Fe III (µ-N)Fe IV (Pc) -H 2 O 2 system was even observed in water, providing up to 4825 C-F bond cleavages per catalyst molecule [33].

The remarkable properties of µ-nitrido diiron phthalocyanine -H 2 O 2 system in the oxidative transformation of highly fluorinated aromatics raise the question on the role of the nature of the macrocyclic ligand. It should be noted that cytochrome P-450 having iron porphyrin in the active site is a very poor catalyst for oxidative transformation of heavily fluorinated aromatics [53]. In the search of increased activity for the oxidation of polyhalogenated aromatics, genetically engineered P-450 mutants have been prepared but no notable improvement has been yet achieved [54]. In this context, it would be much of interest to explore N-bridged diiron complexes with a more biologically relevant porphyrin ligands. Here we report a comparative investigation of catalytic properties of µ-nitrido diiron tetraphenylporphyrin, (TPP)Fe III (µ-N)Fe IV (TPP) (Fig. 1), in the oxidative defluorination of representative fluoroaromatic compounds and extension of the reaction scope to perfluorinated olefins. The high-valent F-(TPP)Fe IV (µ-N)Fe IV (TPP +. )-F complex involved in the defuorination process was isolated and its structural and electronic properties were determined by X-ray absorbtion spectroscopy (EXAFS and XANES). 

EXPERIMENTAL Equipement and methods

UV-vis spectra of solutions were recorded on a Perkin-Elmer Lambda 35 or Agilent 8453 spectrophotometers. Infrared spectra were obtained using a Bruker Vector 22 FTIR spectrometer using KBr pellets. 1 H and 19 F NMR spectra were acquired on a Bruker Avance HD (400 MHz) spectrometer at room temperature. The reaction products were identified by GC-MS method (Hewlett Packard 5973/6890 system; electron impact at 70 eV, He carrier gas, 30 m x 0.25 mm HP-INNOWax capillary column, polyethylene glycol (0.25 µm coating).

The mass spectra of the complexes were recorded on a MicroTOF Q II, a quadrupole time of flight (Q-TOF) mass spectrometer (Bruker Daltonics, Bremen), equipped with a cold spray ionization source with a spray voltage of 5 kV. XAS experiments were carried out at the SAMBA beamline of the SOLEIL synchrotron facility. The Fe K-edge spectra were measured in the transmission mode, using a Si(111) crystal monochromator. The spectra were aligned by putting the energy of the first inflection point for the reference Fe foil K-edge at 7112 eV. Scattering amplitudes and phases were calculated using FEFF6 software [55] on the basis of crystallographic structures of tetraphenylporphyrin iron chloride for the in-plane macrocycle and iron phthalocyanine dimer for the Fe-N-Fe fragment. The data were treated with ATHENA [56] and VIPER [57] programs. Curve fitting was carried out alternatively in the R and k spaces.

Coordination numbers (CN) were fixed according to the structural models of molecules, with the exception of Fe-Fe and Fe-F neighbors. For the former multiple scattering is important because of linearity of the Fe-N-Fe fragment whereas for the latter we did not have a priori information on the coordination number. Interatomic distances (R), distance variances (σ 2 ), and energy shifts (ΔE 0 ) were used as fitting parameters. Distance variances and amplitude factor S 0 2 were decorrelated from the CNs, using fitting of the spectra multiplied by different powers of k, as described in the previous work [58]. Constraints were imposed on the fitting variables to remain in physically reasonable ranges.

The quality of fitting was evaluated using the values of variance and goodness.

Materials

All fluorinated comppounds [hexafluorobenzene (99%), pentafluorophenol (99%), 1,2-difluorobenzene (98+%), perfluroro(allylbenzene) (97%) and pentafluorobenzoic acid (99%)] were purchased from Alfa Aesar and were used as received without further purification. Hydrogen peroxide (35 %) and 70 % aqueous t BuOOH solution were obtained from Sigma-Aldrich. Tetraphenylporphyrin (Sigma-Aldrich, 95 %) was purified by column chromatography (SiO 2 , CH 2 Cl 2 ). Iron tetraphenylporphyrin chloride and iron tetra-p-tert-butylporphyrin chloride were prepared according to published protocol [59]. µ-Nitrido diiron porphyrins were prepared according to published procedure [START_REF] Summerville | [END_REF].

Preparation of supported catalyst

(TPPFe) 2 N (7 mg, 5.2 μmol) was dissolved in 20 mL of CH 2 Cl 2 and 520 mg of carbon (HSAG 300, specific surface -300 m 2 /g) was added into solution. The resulting mixture was stirred for 6 h at room temperature and the solvent was evaporated under reduced pressure. The solid material was dried in vacuum at room temperature for 1 h and at 60 °C for 6 h. The complex loading was 10 μmol/g.

Preparation of [(TPP)Fe IV (µ-N)Fe IV (TPP)]F2

Protocol A. N-bridged diiron meso-tetraphenylprophyrin (TPP)Fe III (µ-N)Fe IV (TPP) (10 mg, 7.4 µmol) was dissolved in 12.5 mL of the C 6 F 6 /THF (1:4) mixture and 200 µL of a 70% aqueous solution of t BuOOH (1.4 mmol) was added to the solution. The resulting mixture was stirred at 60°C for 3 hours, then the solvent and the excess of oxidant were evaporated under reduced pressure at 40°C and the solid was dried in vacuum.

Protocol B.

N-bridged diiron meso-tetraphenylprophyrin (TPP)Fe III (µ-N)Fe IV (TPP) (5mg, 3.7 µmol) was dissolved in 3 mL of the C 6 F 6 /C 6 F 5 H (1:5) mixture and 100 µL of a 70% aqueous solution of t BuOOH (0.7 mmol) was added to the solution.

The resulting mixture was stirred at 60°C for 2 h. The solvent and the excess of the oxidant was evaporated under reduced pressure at 40°C and the solid was dried in vacuum.

Typical procedure for catalytic reactions with perfluorinated aromatic compounds

A 3 mL Teflon reactor was charged with 2 mL CD 3 CN containing perfluorinated substrate (0.1 M), H 2 O 2 (typically 1.6 M) and catalyst (0.4 mM). The catalyst : substrate : oxidant ratio was 1: 250 : 4000. The reaction mixture was stirred at 60°C for 15 h. The products were identified and quantified by GC-MS and 19 F NMR techniques. Turnover numbers (TON) were caculated as the molar amount of F -formed per mole of catalyst. Defluorination degree is the ratio of the amount of F -formed during reaction with respect to the total amount of fluorine in the converted substrate. The TON values and defluorination degrees were determined from 19 F NMR spectra of the reaction mixtures after reactions.

RESULTS AND DISCUSSION

Preparation of [(TPP)Fe IV (µ-N)Fe IV (TPP +⸱ )]F2

(TPP)Fe III (µN)Fe IV (TPP) was synthesized according to published procedure [START_REF] Summerville | [END_REF] and was spectroscopically characterized as previously reported [START_REF] Summerville | [END_REF]19]. According to the protocol previously reported for µ-nitrido diiron phthalocyanine complex [33] (TPP)Fe III (µN)Fe IV (TPP) was incubated with C 6 F 6 in the presence of t BuOOH. It should be noted that the choice of the co-solvent is important for the preparation of the high-valent complex with axial fluoride ligands. The reaction with t BuOOH and C 6 F 6 cannot be performed in the presence of chlorinated co-solvent (e.g. CH 2 Cl 2 ) because of possible formation of the corresponding chloride complex [(TPP)Fe IV (µ-N)Fe IV (TPP +⸱ )]Cl 2 [31].

When the reaction was carried out in the C 6 F 6 /THF mixture (1:4), the UV-vis bands of the initial (TPP)Fe III (µN)Fe IV (TPP) at 383, 410 and 533 nm were replaced by the bands at 408, 531 and 564 nm (Fig. 2). The disappearance of a S = 1/2 EPR signal with g factor of 2.155 and 2.008 and the appearance of the symmetric and narrow signal at g = 2.0037 implies the presence of the cation-radical at porphyrin ligand and Fe IV Fe IV configuration.

The 19 F NMR spectrum of the complex showed one signal at -129 ppm indicating the presence of fluoride anion. All these observations are compatible with the formation of the target [(TPP)Fe IV (µ-N)Fe IV (TPP +⸱ )]F 2 complex. However, upon isolation of this complex from the reaction mixture containing THF, evolution of the complex into a new EPRsilent species showing UV-vis bands at 418 and 538 nm was observed. These changes suggest the one-electron reduction of the [(TPP)Fe IV (µ-N)Fe IV (TPP +⸱ )]F 2 complex to [(TPP)Fe IV (µ-N)Fe IV (TPP)]F. To avoid this transformation, [(TPP)Fe IV (µ-N)Fe IV (TPP +⸱ )]F 2 was prepared using a C 6 F 6 /C 6 F 5 H mixture (1:5). The resulting complex was studied by X-ray absorbtion spectroscopy (XAS) and its structural and electronic properties were compared with those of the initial (TPP)Fe III (µN)Fe IV (TPP) and one-electron reduced [(TPP)Fe IV (µ-N)Fe IV (TPP)]F complexes.

Fe K-edge extended X-Ray absorption fine structure (EXAFS)

Core hole spectroscopies using synchrotrone radiation such as Extended X-ray Absorption Fine Structure (EXAFS) and X-ray Absorption Fine Structure (XANES) provide valuable information on the structure and electronic properties of high-valent iron complexes [60]. Comparison of the Fe K-edge EXAFS spectra of (TPP)Fe III (µN)Fe IV (TPP) (1), [(TPP)Fe IV (µ-N)Fe IV (TPP)]F (2) and [(TPP)Fe IV (µ-N)Fe IV (TPP +⸱ )]F 2 (3) shows the retention of the µ-nitrido dimer topology in all three complexes (Fig. 3). The high-quality EXAFS fitting data showing the average interatomic distances are presented in Table 1.

Table 1. Results of the EXAFS fitting for the Fe-K edge spectra of the complexes (TPP)Fe III (µN)Fe IV (TPP) (1), [(TPP)Fe IV (µ-N)Fe IV (TPP)]F (2) and [(TPP)Fe IV (µ-N)Fe IV (TPP +⸱ )]F 2 (3). The ratio of interatomic axial Fe-N and Fe-Fe distances close to 2 as well as strong contributions from the Fe-N-Fe multiple scattering paths indicate nearly perfect linearity of the Fe-N-Fe core in all three structures. The Fe-N bridge distance of 1.68 Å in 1 deduced from the EXAFS data coincides nicely with the Fe-N bridge length of 1.6794(4) Å prevously determined by X-ray diffraction [19]. The distance between iron atoms in µ-nitrido dimer is quite short (3.36 Å) indicating a significant  interaction between the aromatic macrocycles.The successive oxidation of 1 to 2 and to 3 leads to a slight contraction of the molecule. Both the axial Fe-N-Fe fragment and the Fe-N bonds in the FeN 4 inplane unit shrink by 0.02-0.04 Å leading to a noticeable shift of the first FT peak (Fig. 2a). Importantly, no additional ligand is covalently attached to the iron atoms upon oxidation of 1 to 2 suggesting outer-sphere location of the fluoride anion. In the complex 3 the amplitude of the first FT peak is increased in agreement with the presence of a covalently bound fluoride ligand at each iron atom (Table 1, Fig. 3a). A high-quality fit of the EXAFS spectrum of 3 for the two first coordination spheres provided the structure shown in Fig. 4 in which a fluoride ligand is coordinated with each iron center at the distance of 1.92 Å. 

Scatterer atom CN R σ 2 (Å 2 ) ΔE 0 (eV) b 1 R= 0.

X-ray absorption near-edge structures (XANES)

The shape and position of the main jump and of the pre-edge peak in the XANES spectra depend on the iron oxidation state and geometry of the iron scatterer. The pre-edge feature is more characteristic and sensitive to the change in the oxidation state and coordination of iron center. The energy of the main edge jump is 7122.9, 7123.8 and 7125.2 eV for the complexes 1, 2 and 3, respectively, corresponding to the decrease of electronic density on iron atom in this sequence. In agreement with this conclusion, the white line intensity increases in the same sequence, from 1 to 3 (Fig. 5). The initial (TPP)Fe III (µN)Fe IV (TPP) complex has a broad pre-edge peak at 7113.7 eV. Apparently, it consists of two components but the less intense low-energy component is merged with the more intense high-energy one and their resolution is difficult (Fig. 5, inset). In [(TPP)Fe IV (µ-N)Fe IV (TPP)]F, the pre-edge peak clearly splits into two components and shifts to a higher energy (7114.5 eV). The energy shift occurs because of the increase of the iron oxidation state. The low-energy component becomes visible because of depopulation of the low-lying energy 3d Fe level. At the same time the pre-edge intensity decreases due to the symmetrization of iron environment and a decrease of s-p covalent mixing. In [(TPP)Fe IV (µ-N)Fe IV (TPP +⸱ )]F 2 , the pre-edge maximum is further shifted to higher energy (7115.3 eV) and its relative intensity further decreased (Fig. 5, inset). This behavior is very similar to that previously observed in our previous studies involving µ-nitrido diiron phthalocyanine dimers [14,31,33,61]. Thus, the analysis of XANES and pre-edge feature confirms the oxidation states of iron in 1-3. The complex 1 is an initial (TPP)Fe III (µN)Fe IV (TPP) dimer, the complex 2 is a [(TPP)Fe IV (µ-N)Fe IV (TPP)]F with outer-sphere fluoride counteranion and the complex 3 is a [(TPP)Fe IV (µ-N)Fe IV (TPP +⸱ )]F 2 complex with axial fluoride anions that further decreases the electronic density on the iron center.

Catalytic oxidation of perfluorinated aromatic compounds mediated by (TPP)Fe III (µN)Fe IV (TPP)

The high-valent [(TPP)Fe IV (µ-N)Fe IV (TPP +⸱ )]F 2 was proposed to be an intermediate in the oxidative defluorination of fluoroaromatics [33,42]. When t BuOOH oxidant is used, this oxidized complex is stable under reaction conditions and can be isolated in high yield. To achieve a catalytic reaction, [(TPP)Fe IV (µ-N)Fe IV (TPP +⸱ )]F 2 should be reduced to the initial (TPP)Fe III (µN)Fe IV (TPP) complex. In our previous studies involving µ-nitrido diiron phthalocyanine complexes, the replacement of t BuOOH by H 2 O 2 resulted in catalytic defluorination reaction since the reduction of the high-valent fluorine complex by H 2 O 2 and regeneration of the initial µ-nitrido dimer closed the catalytic cycle [33,42] (Fig. 6). 2). a Reaction conditions: 0.4 mM catalyst, 0.1 M substrate, 1.6 M H 2 O 2 ; air, 60°C, 15 h. Conversions and F -yields were determined by 19 F NMR. b Turnover numbers (TON) were calculated as the molar amount of F -formed per mole of the catalyst. c Defluorination degree is the ratio of the amount of F -formed to the total amount of fluorine in the converted substrate.

Octafluorotoluene bearing strong electron-withdrawing CF 3 group exhibited comparable 20 % conversion and TON of 180 (Table 2, entry 5). The replacement of fluorine substituent with electron-donating group resulted in higher conversion. For instance, the conversion of pentafluoroanisole achieved 61 % (Table 2, entry 4). p-Difluorobenzene was more reactive than the ortho-substituted analog: 73 and 50 % conversions, and TON of 360 and 91 %, respectively (Table 2, entries 2,3). Importantly, the (TPP)Fe III (µ-N)Fe IV (TPP) -H 2 O 2 catalytic system was also active in the oxidation of perfluorinated olefins examplified by perfluoroallylbenzene (Table 2, entry 6). Perfluoroallylbenzene combining fluorinated aromatic cycle and fluorinated olefinic group is a useful substrate to probe the selectivity of defluorination reaction. Interestingly, in this case different reaction selectivity was observed and heptafluorophenylacetic and pentafluorobenzoic acids were obtained as principal products (Scheme 2). Consequently, perfluorinated olefinic fragment exhibited significantly higher activity in the defluorination reaction compared to aromatic C-F bonds. This reactivity of perfluorinated olefins is in agreement with proposed mechanism of defluorination where the epoxidation is the first step of oxidative defluoluorination [33,62]. Heptafluorophenylacetic and pentafluorobenzoic acids are then obtained by the cleavage of the epoxide fragment accompanied by defluorination.

Then, we have compared the catalytic activity of µ-nitrido diiron porphyrin and phthalocyanine complexes in the homogeneous oxidation of hexafluorobenzene (Table 3). In order to check the effect of tert-butyl substituents of macrocycle the corresponding p-tert-butyl substituted porphyrin complex was also evaluated. 3 shows that µ-nitrido diiron porphyrin and phthalocyanine complexes exhibit a comparable catalytic activity in terms of conversion. However, phthalocyanine catalyst is more efficient in terms of turnover number and defluorination degree indicating higher activity in the transformation of the intermediate fluorinated products.

Analysis of Table

Noteworthy, FeSO 4 operating via Fenton chemistry in the presence of H 2 O 2 was completely inactive in the reaction with C 6 F 6 .

Given the high defluorination efficiency of µ-nitrido dimers in combination with H 2 O 2 , we have further compared porphyrin and phthalocyanine dimers in heterogeneous reactions. To this aim (TPP)Fe III (µ-N)Fe IV (TPP) and (Pc t Bu 4 )Fe III (µ-N)Fe IV (Pc t Bu 4 ) were supported onto carbon with the catalyst loading of 10 µmol/g and supported catalysts were evaluated in the catalytic defluorination of pentafluorophenol and pentafluorobenzoic acid in water using a catalyst:substrate:oxidant ratio of 1:1000:26000 (Table 4). Efficient defluorination reactions were observed with both supported catalysts at 0.1 mol% catalyst loading providing high conversions (50-98 %), TON (1768-4825) and defluorination degrees (71-98 %) (Table 4). Such high efficiencies highlight the benefits of both porphyrin and phatalocyanine-based catalysts for defluorination of recalcitrant perfluorinated substrates. However, phthalocyanine catalyst was more efficient than its porphyrin counterpart.

(Pc t Bu 4 )Fe III (µ-N)Fe IV (Pc t Bu 4 )/carbon and (TPP)Fe III (µ-N)Fe IV (TPP)/carbon carried out the oxidation of pentafluorophenol with conversions of 98 and 84 %, turnover numbers of 4825 and 3535, and defluorination degrees of 98 and 84 %, respectively. The similar trend was observed in the oxidation of pentafluorobenzoic acid.

CONCLUSION

The chemistry of C-F bonds has received a significant attention for practical and fundamental reasons. Fluorinated organic compounds are increasingly used as pharmaceuticals, agrochemicals, special products and in material chemistry. They are particularly inert and their transformation is very challenging. To activate C-F bonds formed by the most electronegative element, the electron-rich species, e.g., zero-and low-valent transition metal complexes, strong reductants and electrophiles are usually used. Transformation of C-F bonds via oxidation pathways is rare in chemistry and biology since it involves the reaction of C-F bonds with electron-deficient oxidizing species. In this context, efficient oxidative defluorination of perfluorinated aromatic compounds performed by µ-nitrido diiron tetrapyrrolic complexes is a very particular reaction. Initially, iron phthalocyanine-based µ-nitrido dimers have been studied as catalysts for this unusual reaction. To extend the library of efficient defluorination catalysts, it is of much interest to explore other macrocyclic supporting ligands for µ-nitrido diiron scaffold.

Herein, we have evaluated defluorination properties of µ-nitrido diiron tetraporphyrin complex. First, a stable highvalent diiron complex [(TPP)Fe IV (µ-N)Fe IV (TPP +⸱ )]F 2 with fluoride anions, coordinated in the axial position of each iron site at the distance of 1.92 Å according to EXAFS data, was obtained by the reaction of (TPP)Fe III (µ-N)Fe IV (TPP) with C 6 F 6 in the presence of t BuOOH oxidant. This complex exhibits a symmetric and narrow EPR signal at g = 2.0037 indicating the cation-radical at porphyrin ligand and Fe(IV)Fe(IV) formulation. The comparison of XANES data of three complexes in the different oxidation states confirms this conclusion. The 19 F NMR spectrum showed one signal at -129 ppm confirming the presence of fluoride anion.

We demonstrated that the (TPP)Fe III (µ-N)Fe IV (TPP) complex in combination with H 2 O 2 mediate efficient oxidative transformation of C 6 F 6 , C 6 F 5 CF 3 , C 6 F 5 OCH 3 , 1,2-and 1,4-difluorobenzenes providing 20-73 % conversions, turnover numbers of 91-360 and defluorination degrees ranging from 28 to 99 %. The defluorination reaction was further extended to perfluorinated olefins examplified by perfluoroallylbenzene. Perfluorinated olefin moiety showed a higher reactivity in the defluorination reaction than aromatic C-F bonds. Heptafluorobenzeneacetic and pentafluorobenzoic acids were obtained as principal products via the cleavage of epoxidized double bond.

The catalytic properties of (TPP)Fe III (µ-N)Fe IV (TPP) in defluorination were compared with those of phthalocyanine counterpart (Pc t Bu 4 )Fe III (µ-N)Fe IV (Pc t Bu 4 ) in homogeneous reaction with C 6 F 6 and heterogeneous reactions with C 6 F 5 OH and C 6 F 5 COOH. While both complexes showed almost comparable activity in homogeneous oxidation of C 6 F 6 , the (Pc t Bu 4 )Fe III (µ-N)Fe IV (Pc t Bu 4 ) supported on carbon was notably more efficient in terms of conversion, turnover number and defluorination degree in the oxidation of C 6 F 5 OH and C 6 F 5 COOH than the porphyrin-based counterpart. These results indicate that the Fe-N-Fe structural feature plays an essential role in the catalytic activity but the nature of the macrocyclic ligand can also modify the catalytic properties. This opens up a way to further optimize the catalyst by the appropriate tuning of the supporting macrocyclic ligand of µ-nitrido dimer.

Comparison of the EXAFS data for [(TPP)Fe IV (µ-N)Fe IV (TPP +⸱ )]F 2 with porphyrin ligand and [(Pc t Bu 4 )Fe IV (µ-N)Fe IV (Pc t Bu 4 +⸱ )]F 2 with phthalocyanine ligand shows that the Fe-F bond is shorter in porphyrin complex: 1.92 Å vs 1.99 Å [33] in phthalocyanine counterpart. Thus, the Fe-F bond in the phthalocyanine complex [(Pc t Bu 4 )Fe IV (µ-N)Fe IV (Pc t Bu 4 +⸱ )]F 2 is elongated and hence weaken compared to that of porphyrin complex [(TPP)Fe IV (µ-N)Fe IV (TPP +⸱ )]F 2 . Consequently, one can suggest that the high-valent phthalocyanine complex should be more amenable to the reduction by H 2 O 2 which is the important step in the catalytic cycle. This can explain the higher reactivity of µ-nitrido diiron phthalocyanine (Pc t Bu 4 )Fe III (µ-N)Fe IV (Pc t Bu 4 ) in the oxidative defluorination of fluoroaromatis.

The use of the µ-nitrido diiron macrocyclic complex -H 2 O 2 oxidation system can be considered as a novel approach for transformation of fluorinated aromatics including perfluorinated compounds. Taking into account the high efficiency, availability of these cheap catalysts in bulk amounts as well as mild reaction conditions and tolerance to air and water, this method seems to be particularly promising in the environmental context, in particular, for disposal of heavily fluorinated [33,42] and chlorinated [32] compounds which are recalcitrant to biodegradation and current depollution methods. Rapidly increasing large-scale production and using of fluorinated organic compounds in various applications coupled with their exceptional stability in the environment make consider these compounds as emerging pollutants of increasing concern. The development of practical methods for their disposal is therefore of great importance. We believe that further development of catalytic systems based on available µ-nitrido diiron complexes and industrially relevant hydrogen peroxide will help to find a solution of this environmental issue.

Fig. 1 .

 1 Fig. 1. The structure of µ-nitrido diiron tetraphenylporphyrin, (TPP)Fe III (µ-N)Fe IV (TPP). The X-ray structure was previously described in ref. 19.

Fig. 2 .

 2 Fig. 2. UV-visible spectra of (A) the initial (TPP)Fe III (µN)Fe IV (TPP) complex in a 1:4 C 6 F 6 /THF mixture; (B) the [(TPP)Fe IV (µ-N)Fe IV (TPP +⸱ )]F 2 complex obtained after incubation of (TPP)Fe III (µN)Fe IV (TPP) in a 1:4 C 6 F 6 /THF mixture in the presence of t BuOOH; (C) the [(TPP)Fe IV (µ-N)Fe IV (TPP)]F complex isolated from the reaction mixture containing THF. meso-Phenyl substituents of the porphyrin macrocycles are omitted for clarity.

Fig. 3 .

 3 Fig. 3. (a) Fourier transforms of the (TPP)Fe III (µN)Fe IV (TPP) (1), [(TPP)Fe IV (µ-N)Fe IV (TPP)]F (2) and [(TPP)Fe IV (µ-N)Fe IV (TPP +⸱ )]F2 (3); and FT EXAFS fits of 1 (b), 2 (c) and 3 (d).

FeFig. 4 .

 4 Fig. 4. EXAFS structure of [(TPP)Fe IV (µ-N)Fe IV (TPP +⸱ )]F2 (3) showing the first and second coordination spheres. Phenyl groups are omitted for the simplicity of presentation.

Fig. 5 .

 5 Fig. 5. XANES of the (TPP)Fe III (µN)Fe IV (TPP) (1), [(TPP)Fe IV (µ-N)Fe IV (TPP)]F (2) and [(TPP)Fe IV (µ-N)Fe IV (TPP +⸱ )]F2 (3).

Fig. 6 .HFScheme 1 .

 61 Fig. 6. Proposed catalytic cycle of defluorination reaction.

Scheme 2 .

 2 Scheme 2. Catalytic transformation of perfluoro(allylbenzene) by (TPP)Fe III (µ-N)Fe IV (TPP) -H2O2 system in CD3CN.

Table 2 .

 2 Homogeneous oxidative defluorination of fluorinated aromatics by (TPP)Fe III (µ-N)Fe IV (TPP) -H 2 O 2 system in CD 3 CN. a

	Entry	Substrate	Conversion, %	TON b	Defluorination degree, % c
	1	hexafluorobenzene	25	128	35
	2	1,4-difluorobenzene	73	360	99
	3	1,2-difluorobenzene	50	91	47
	4	pentafluoroanisole	61	155	28
	5	octafluorotoluene	20	180	83
	6	perfluoroallylbenzene	68	779	46

Table 3 .

 3 Comparison of the catalytic properties of µ-nitrido diiron complexes in the oxidative defluorination of C 6 F 6 with H 2 O 2 . a For reaction conditions see footnote of Table 2. b From ref. 33.

	Entry	Catalyst	Conversion, %	TON	Defluorination degree,
					%
	1	(TPPFe) 2 N	25	128	35
	2	( tBu TPPFe) 2 N	30	138	32
	3 b	( tBu PcFe) 2 N	29	226	52
	4	FeSO 4	no reaction	-	-
	a				

Table 4 .

 4 Comparison of supported µ-nitrido diiron complexes in the transformation of water-soluble fluorinated aromatics in D 2 O. a

	Entry	Catalyst	Conversion, %	TON	Defluorination degree, %
	Pentafluorophenol				
	1	(TPPFe) 2 N-carbon	84	3535	84
	2 b	( tBu PcFe) 2 N-carbon	98	4825	98
	Pentafluorobenzoic acid				
	3	(TPPFe) 2 N-carbon	50	1768	71
	4 b	( tBu PcFe) 2 N-carbon	76	2950	78
	a Reactions were carried out in D 2 O with 20 mg (0.2 µmol) of supported catalyst, 0.1 M substrate, 2.6 M H 2 O 2 ; air, 60°C, 15 h. Conversions and F -yields were determined by 19 F NMR.

b 

From ref.

33. 
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