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Regioselective C-H amination of free base porphyrins via electrogenerated pyridinium-porphyrins and stabilization of easily oxidized amino-porphyrins by protonation

 

For many decades, porphyrins have attracted considerable attention due to their involvement in natural processes (photosynthesis, O2 transport in blood…) and their recent applications in various research fields such as photovoltaic solar cells, non-linear optical materials, photodynamic therapy and molecular electronics. [START_REF] Kadish | Handbook of Porphyrin Science[END_REF] To finely tune and improve the performance of porphyrin-based materials, peripheral functionalization of the porphyrin ring with judicious (hetero)atoms or molecular fragment(s) is essential. In particular, the introduction of a nitrogen atom directly connected to the meso or the β position(s) of the porphyrin core induces intense alterations of the electronic, optical, and electrochemical properties. Among this family, meso-or βaminoporphyrins are an important class of molecules that have found various applications such as dye sensitized solar cell. [START_REF] Urbani | [END_REF] They have been synthesized via the transition metal-catalyzed C-N bond formation from haloporphyrins, 3 the oxidative coupling of arylamines with 5,15-diarylporphyrins, 4 and SNAr reactions between primary or secondary alkyl/aryl amines with chloro-, 5 nitro- 6 and bromoporphyrins. 7 Another strategy consists in the chemical transformation/functionalization of NH2-porphyrins. 8 Thus, NH2-porphyrins could be attractive precursors if their synthesis is straightforward, efficient and performed in mild conditions. Currently, the main strategy used for the synthesis of NH2-porphyrins consists in the porphyrin nitration then reduction of the nitro function affording the aminoporphyrin. The nitration step is generally performed using NO2/N2O2 gas, 9 AgNO2/I2, 10 reaction of the porphyrin cation radical with nitrite, 10a,11 or acidic conditions (HNO3, 8a,12 NO2BF4 in H2SO4, 12a Zn(NO3)2 13 or Cu(NO3)2 in Ac2O, 8i,12a,14 TFA/NaNO2, 15 LiNO3 in AcOH/Ac2O 8g,16 ). Moreover, for di/tri/tetra-meso-free porphyrins and 5,10,15,20-tetraarylporphyrins, the perfectly selective mono-nitration is hard to reach as significant amount of starting and/or dinitrated porphyrins are systematically observed in the crude mixture. Considering the nitro reduction step, two main reacting conditions are reported: NaBH4 with Pd/C 10b and SnCl2/HCl. 12a With NaBH4 Pd/C, metalloporphyrins (M = Ni(II), Cu(II), Zn(II)) are more suitable since degradation may occur with free base porphyrins. 17 As SnCl2 is associated with HCl its use is only limited to acid-resistant functions/metals on the porphyrin. An alternative route to NH2-porphyrin proposed by Arnold and co-workers involves a palladiumcatalyzed C-N bond formation reaction (Buchwald-Hartwig reaction) of Ni(II) meso-bromoporphyrin with hydrazine. 18 However, the yield of the aminoporphyrin is fair (51%) and the reaction was only reported with the Ni(II) porphyrin complex which limits its usefulness. More recently, a metal-free amination route of meso-bromo-di-aryl free base and metalated (Ni(II), Cu(II), Pd(II)) porphyrins was reported by Yamashita, This two-step one-pot synthesis involved the nucleophilic attack of an azide excess (10 eq.) onto meso-bromoporphyrins (SNAr reaction) followed by the in situ reduction of the meso-azidoporphyrin to the corresponding NH2-porphyrin with sodium ascorbate. The reaction is efficient (80-90% yield) but the starting monobrominated precursor is difficult to obtain in a pure form and large amounts since the direct meso-monobromination of 5,15diarylporphyrins leads to mixtures containing the starting porphyrin, mono-brominated and dibrominated porphyrins which are generally hard to separate by column chromatography. 19 Recently, Yoshida and co-workers have reported the electrochemical C-H amination of benzene-, naphthalene-and biphenyl-based derivatives. 20 This two-step reaction starts with an anodic nucleophilic substitution of the aromatic molecules in presence of an excess of pyridine, leading to the non-isolated pyridinium intermediate (Scheme 1). Then, the nucleophilic attack of piperidine on the pyridinium moiety leads to its ring opening affording the aromatic primary amine. 20 We reasoned that, given the very high (regio)selectivity of the (electro)chemical pyridination reaction, in particular for porphyrins, 21 this alternative amination route could be relevant in porphyrin chemistry. Thus, we report herein the efficient amination of 5,10,15,20tetraphenylporphyrin (H2TPP), 5,15-di-(p-tolyl)porphyrin (H2DTP), porphine, the fully unsubstituted porphyrin (H2P) and 2,7,12,17-tetra-tert-butylporphyrin (H2TTBP) free bases affording the corresponding already known H2TPP-NH2 and the original H2DTP-NH2, H2P-NH2 and H2TTBP-NH2 respectively (Scheme 2). Free base porphyrins have been selected since, though less soluble, they are generally more easily available than their corresponding complexes and after amination, any metal can be inserted in the porphyrin core. Thus, the additional demetalation-remetalation steps are avoided.

Considering the pyridination reaction, initial attempts were made following Yoshida's reacting conditions (Scheme 1). However, the starting free base porphyrins are not soluble at all in acetonitrile (excepted H2TTBP which is only slightly soluble) and thus an important screening of the best experimental conditions was performed for each porphyrin. As much as possible we endeavored to decrease the amounts of pyridine and solvent(s) (typically, pyridination reactions were performed in saturated porphyrin solution) and to simplify the electrochemical cell setup (work at constant current, one compartment cell configuration). Besides, we have chosen tetraethylammonium tetrafluoroborate (TEABF4) supporting Scheme 2 Pyridinium-porphyrins and aminoporphyrins synthesized in this work. electrolyte as it is easily removable at the end of the reaction by water washings. The electrochemical β-pyridination of H2TPP was first reported by Giraudeau and co-workers. 21c Though the reported yield was high (85%), they performed the reaction on 40 mg of porphyrin, in a three compartment cell configuration, at constant potential, using large excess of pyridine (760 eq.), under very diluted conditions ([H2TPP] = 2.6×10 -4 M). So, for H2TPP, we have chosen to work in a two compartment cell configuration (anode and cathode are in the same compartment), in a CH2Cl2/acetonitrile (DCM/ACN) mixture (4/1 v:v), with saturated solution (equivalent to a theoretical concentration of [H2TPP] = 5.0×10 -3 M). To avoid unwanted reaction from occurring at the cathode, 2.0 eq. of HBF4•Et2O were added. Thus only hydrogen evolution takes place at the cathode. For a given applied potential (Eapp = 1.10 V vs. SCE), the amount of pyridine and charge were optimized. Too low amounts of nucleophile (entries 2-4, Table S1) or charge (entry 1, Table S1) were prejudicial for the yield. Working with 100 eq. of pyridine and 4.0 F.mol -1 were the best conditions in our hands and affords 61% yield of H2TPP-Py + ,BF4 -. Further increase of the charge (entry 7, Table S1) or the amount of nucleophile (entry 6, Table S1) leads to lower yield. To allow for a better availability of this electrochemical pyridination method, electrolysis was also performed in a one compartment cell applying a constant current (iapp = 2.0 mA) with the optimized pyridine and charge amounts (entry 8, Table S1). In these conditions, H2TPP-Py + ,BF4 - (Scheme 2) was obtained in 51% yield.

Similar optimizations were then applied to H2DTP. In a two compartment cell, applying 1.03 V vs. SCE (first oxidation peak) with 10 eq. of pyridine, 2.75 F.mol -1 were passed until the current decreased to the residual current. In these conditions, the original H2DTP-Py + ,BF4 -(Scheme 2) was obtained in 75% yield (entry 1, Table S2). In the same conditions but increasing the DCM/ACN ratio (9:1 v:v) to increase the solubility of the porphyrin, the yield increased slightly to 77% (entry 2, Table S2). As the pyridination reaction was already efficient, the amount of pyridine was decreased down to two equivalents (entry 3, Table S2). To our surprise, the yield was even higher (83%) and the passed charged was close to the theoretical one (2.20 F.mol - 1 vs 2.00 F.mol -1 ). Besides, the desired pyridinium H2DTP-Py + ,BF4 -was also obtained in very good yield (85%) after abstraction of 2.47 F, in a one compartment cell applying a constant current of 2.0 mA (entry 4, Table S2). These results are particularly remarkable since the pyridination of magnesium(II) porphine (MgP) had to be performed in pyridine as solvent (>8000 eq.) to prevent the competitive oligomerizationpolymerization from occurring. 21e Functionalization of H2P is very rare. In particular, the preparation and characterization of H2P-NH2 have never been reported. The selective mono-pyridination H2P is challenging since 1) four meso-free and eight β-free positions are available for substitution and 2) H2P exhibits a very low solubility in organic solvents (≤5×10 -4 M). The best experimental conditions developed for H2DTP were first tested on H2P. Unfortunately, even if the reaction worked, a significant amount (10-20%) of chlorinated side-product was systematically produced and was not separable from the desired compound (entry 1, Table S3).
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Please do not adjust margins In this particular case, pyridine had to be chosen as solvent to avoid chlorination of H2P. Fortunately, the solubility of H2P in pyridine is fair and when applying a potential corresponding to its first oxidation in a three compartment cell H2P-Py + ,BF4 was produced and isolated in 68% yield (entry 2, Table S3).

To further extend the scope of the pyridination reaction, the more hindered but more soluble H2TTBP was selected. As for H2P, when CH2Cl2 was used as co-solvent, non-separable chlorinated side-products were formed (entry 1, Table S4). In pyridine as solvent, when applying the first oxidation potential (Eapp = 1,10 V/SCE), H2TTBP-Py + ,BF4 -was obtained in 61% yield (entry 2, Table S4). More interestingly, as H2TTBP is slightly soluble in acetonitrile, an electrolysis was attempted in acetonitrile with only two equivalents of pyridine. In these conditions, H2TTBP-Py + ,BF4 -was also isolated in 61% yield (entry 3, Table S4). Suitable crystals for X-ray analysis were grown from the corresponding zinc(II) complex (Fig. 2,right). This crystallographic structure confirms that the pyridinium attacks the meso position.

The subsequent amine formation via the pyridinium ringopening reaction was then developed. Thus, an acetonitrile solution of the pyridinium-porphyrin was heated to 70°C under an argon atmosphere and after stabilization of the temperature, 10 eq. of piperidine were added to the solution. The full conversion of the initial pyridinium-porphyrins provides the amino-porphyrins in 20 min. for H2TPP-NH2 (87% yield), 2 h for H2DTP-NH2 (84% yield) and H2P-NH2 (87% yield) and 70 h for H2TTBP-NH2 (81% yield).

As other electron-rich aminoporphyrins, 8h H2TPP-NH2 is known to be unstable 10b as it is rapidly (photo)-oxidized into 2,3dioxochlorin (Scheme 3). 8i,22 Thus it has to be prepared and used readily in the next step without purification. This instability is a key factor which limits its utility in the design of more elaborated functionalized porphyrins. Birin, Guilard and coworkers have noted that when the phenyl substituents bear electron-withdrawing substituents such as fluorine, the corresponding β-aminoporphyrins are more stable and can be purified by column chromatography. 8i We reasoned that protonation of the free base aminoporphyrin could lead to its stabilization due to the strong electron-withdrawing effect of the added proton(s) on the amine/imine function(s). To our delight, the idea works well as the addition of 2.2 eq. of HBF4 to a CH2Cl2 solution of the porphyrin at RT leads to the quantitative diprotonation of the inner imine functions of the porphyrin ([H4TPP-NH2] 2+ ,2BF4 -, Scheme 2, 92% isolated yield, see the 1 H NMR monitoring of the protonation in Fig. S1). Indeed, on the 1 H NMR spectrum in (CD3)2SO, the four inner NH protons broad singlets appear at distinct chemical shifts (-0.37, -0.55, -0.65and -1.43 ppm), each signal integrating for one proton while the amine function broad signal integrating for two protons is located at 6.52 ppm (Fig. 1). As [H4TPP-NH2] 2+ ,2BF4 - is stable in the solid state for more than two years at room temperature without protection from light and air, it could be used as a valuable precursor of H2TPP-NH2 via its deprotonation. Interestingly, according to these results, the inner imine functions appear to be basic than the amine function. This superior basicity for the inner imine moieties vs. the amine one was also observed in the 70's by Fuhrhop with meso-aminooctaethylporphyrin. 23 As for aniline, the low basicity of the amine function may arise from the delocalization of the lone pair on the nitrogen atom into the π system of the porphyrin. H2DTP-NH2 behaves similarly upon protonation (compare Fig. S1 and Fig. S2-S4) but as this aminoporphyrin is stable under an air atmosphere, its protonation is less useful for its long-term storage.

Suitable single crystals for X-ray diffraction analysis were obtained by slow diffusion of Et2O into a concentrated CH2Cl2 solution of [H4TPP-NH2] 2+ ,2BF4 -in the dark. To our surprise, the molecular structure did not match the anticipated dicationic porphyrin but corresponded to the unstable H2TPP-NH2 (Fig. 2, see ESI p. S14 for explanations) which X-ray crystallographic structure had never been reported. In the crystal, each porphyrin interacts with six other porphyrins via hydrogen bonds and C-H•••π interactions. The C2-N3 bond distance is 1.367(3) Å. The primary amine moiety is hydrogen-bonded with the inner imine of another porphyrin (d(N-H

•••N) = 3.001(4) Å, N-H•••N = 135.7(2)°).
In conclusion, efficient amination of free base porphyrins has been performed in two steps via anodic pyridination and subsequent ring-opening of the intermediate pyridinium derivatives with piperidine leading to the amines. This very regioselective route is competitive with other chemical pathways and is potentially applicable to other porphyrins and aromatics. Moreover, the diprotonation of the unstable H2TPP-NH2 allows for its long-term storage. It is foreseen that this very 

Scheme 3

 3 Scheme 3 Protonation of H2TPP-NH2 leading to air and light-stable [H4TPP-NH2] 2+ ,2BF4 -.

Fig. 1

 1 Fig. 1 Partial 1 H NMR of [H4TPP-NH2] 2+ ,2BF4 -((CD3)2SO, 298K, 600 MHz).

Fig. 2

 2 Fig. 2 Front Mercury views of H2TPP-NH2 (left) and ZnTTBP-Py + ,BF4 -(right). For ZnTTBP-Py + ,BF4 -, two CH2Cl2 molecules, one H2O molecule with partial occupation and one BF4 - anion were omitted for clarity. Thermal ellipsoids are scaled to the 50% probability level.
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