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Synthesis and Characterization of Ruffled Phosphorus meso-Ester Corroles
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The strong electron-withdrawing character of 5,15meso-ester groups was demonstrated through the study of four fluorescent hexacoordinate phosphorus(V) meso-substituted corroles, which were characterized by various techniques including single-crystal X-ray diffraction and first-principles calcu-

Introduction

During the last fifteen years, the corrole macrocycle has emerged as one of the most studied porphyrin analogues, because several synthetic methods are now available for the gram-scale preparation of such derivatives. [1] Consequently, corroles and their metal complexes have been used in a large variety of research domains such as catalysis, [2] sensors, [3] electronic devices [4] and medicine. [5] The future development of corrolebased materials and devices will probably require compounds featuring refined and controlled physicochemical properties.

These properties can be tuned through different strategies. For example, the introduction of multiple bulky peripheral substituents can produce slightly to highly distorted macrocycles and thereby redshift their light absorption maxima. [6] Nevertheless, these modifications are only efficient in metallic derivatives in which a noninnocent ligand is used. [7] A more generic approach to modify the electronic and spectroscopic features of corrole derivatives is to tune or extend their π system. This strategy was effective in derivatives in which the conjugation of the corrole ring was extended through its fusion with aromatic rings such as benzenes, quinones, pyrazines or even a lations. The nature of the remaining meso substituent tunes the physicochemical properties of these phosphorus complexes only slightly but unexpectedly plays a key role in the ruffling of the macrocycle. second corrole moiety. [8] The corrole properties can also be modulated by more straightforward peripheral modifications such as the introduction of one or more conjugated functional groups including formyl, nitro, carboxy or chlorosulfonyl groups. [9] We have recently explored this topic through the synthesis and characterization of multiple corrole free bases bearing meso-ester groups. [10] These particular substituents stabilize corrole free bases against oxidation and induce redshifts of their light absorption and emission bands. We chose phosphorus as the first chelated element since P V -corroles are highly fluorescent derivatives, [11] which have been employed widely as photosensitizers, [12] imaging probes in biological applications [13] and in the construction of photoactive arrays. [14] We report herein the preparation and characterization of four new phosphorus(V) 5,15-diester corroles, which were studied by several techniques including cyclic voltammetry, single-crystal X-ray diffraction and time-dependent density functional theory (TD-DFT) calculations, which show how the electron-withdrawing character of the meso-ester groups is increased by their π overlap with the macrocyclic aromatic system. This work also demonstrates that the physicochemical properties of such derivatives are only tuned slightly by the nature of the third meso substituent, which has, in contrast, a strong influence on the out-of-plane distortion of the macrocycle.

Results and Discussion

Synthesis

Several groups have studied the physicochemical properties and reactivities of meso-substituted phosphorus(V) corrole complexes, which can be prepared through the addition of PCl 3 or POCl 3 to solutions of corrole free bases in pyridine. [11a,15] We selected the latter conditions to prepare four new phosphorus(V) 5,15-meso-ester corroles 1-P, 2-P, 3-P and 4-P, in which the remaining meso position is occupied by a third ester Scheme 1. Structure of the previously reported compound P(tpfc)(OH) 2 and the synthesis of the phosphorus(V) 5,15-meso-ester corroles 1-P, 2-P, 3-P and 4-P.

group (1-P), a long alkyl chain (4-P) or an aryl group displaying either electron-withdrawing (2-P) or electron-donating character (3-P, Scheme 1). The physicochemical properties of these complexes were compared to those reported for the hexacoordinate phosphorus(V) compound P(tpfc)(OH) 2 [tpfc = 5,10,15tris(pentafluorophenyl)corrole], in which the macrocycle has three strongly electron-withdrawing pentafluorophenyl substituents. [16] The addition of POCl 3 to meso-triarylcorroles in pyridine under reflux produces P V complexes in which the central ion is coordinated by one or two axial hydroxy ligands. [15,16] In our hands, the synthesis produced only the hexacoordinate complexes 1-P, 2-P, 3-P and 4-P bearing two axial methoxy ligands owing to the use of methanol during the chromatographic purification with silica gel (Scheme 1). For each compound, the 1 H NMR spectrum contained only four signals for the β-hydrogen atoms (see the Supporting Information) and confirmed a single coordination mode, whereas the single signal located close to δ = -184 ppm observed in the four 31 P NMR spectra was the signature of these hexacoordinate species. [15b] Nevertheless, these hexacoordinate complexes are prone to ligand dissociation if their substituents are electron-donating or if they are dissolved in non-coordinating solvents. [15b] Although use of bulky electron-donating siloxy groups [15d] or fluoride ligands [15c] limits this dissociation, our study is focused on the properties of the hexacoordinate complexes 1-P, 2-P, 3-P and 4-P because (1) they are stabilized by strongly electron-withdrawing meso-ester groups (see below) and (2) they were studied in a coordinating solvent (CD 3 OD) or in freshly prepared solutions containing a few drops of methanol.

The expected reduction of the ester groups of 3-P with an excess of NaBH 4 produced the dihydrido phosphorus(V) complex 5-P together with a complex mixture of coloured species lacking aromaticity, as no Soret bands featured in their UV/Vis spectra (Scheme 2). This axial substitution of the central P V ion is already known. [15c,17] Nevertheless, as for the corresponding free-base series, the concomitant and major loss of the corrole material shows that the transformation of electron-withdrawing 5,15-meso substituents into strongly electron-donating ones probably produces unstable compounds that rapidly decompose into stable isocorrole species [18] or open-chain macrocycles. [19] Scheme 2. Synthesis of the dihydrido phosphorus(V) 5,15-meso-ester corrole 5-P.

Crystal Structures of 1-P, 2-P, 3-P and 4-P

The slow diffusion of n-heptane into concentrated dichloromethane solutions of 1-P, 2-P and 4-P containing a few drops of methanol yielded single crystals suitable for X-ray analysis, which was also conducted with a crystal of 3-P grown serendipitously from a solution of this compound in CD 3 OD (Figures 1 and S1 in the Supporting Information). Details of the experimental structure determinations are given in the Experimental Section, and the structural data can be found in Table S1. The structures of 2-P, 3-P and 4-P suffer from partial disorder of the alkyl moieties or the meso-ester groups, but we are confident that the corresponding structural solutions and data refinements are of high enough quality to allow us to com-ment on the environments of the central P V ions and the distortions affecting the macrocycle. In the four structures, the P atoms are coordinated octahedrally and lie in the mean plane of the four nitrogen atoms (denoted N ¯), as illustrated by the corresponding out-of-plane displacements that are smaller than 0.02 Å. The P coordination is completed by the oxygen atoms of two methoxide groups with P•••O distances of ca. 1.66 Å, which are similar to those reported for analogous hexacoordinate phosphorus(V) corroles displaying axial alkoxido or hydroxido ligands. [15b,15d,20] The most interesting feature of the four structures is the ruffling of the corrole macrocycle, the amplitude of which increases with the electron-withdrawing character of the 10-meso substituent (Figure 2). This distortion was recently evidenced for the first time in the structures of phosphorus(V) meso-triarylcorroles bearing up to seven β-bromine atoms and can be described by the ruffling angle Ψ (defined as the torsion angle between the C6-N22 and C16-N24 bonds in Figure 2) or the distances between the mean plane N ¯and the meso carbon atoms C5 2 and Table 1). [20] The ruffling of the macrocycle puts the C5 and C15 atoms above the N ¯plane and the C10 atom on the opposite side (Figure 2). As in β-bromo-meso-triaryl derivatives, the largest distances to the N ¯plane are those involving the central meso carbon atom (C10), which reach 0.53 Å (Table 1). This position also has an important impact on the out-of-plane distortion of the Table 1. Geometric parameters of 1-P, 2-P, 3-P and 4-P.

(C5•••N ¯), C10 (C10•••N ¯) and C15 (C15•••N ¯, Figure
C5•••N ¯[Å] C10•••N ¯[Å] C15•••N ¯[Å] Ψ [°]
1-P 0.37 0.53 0. macrocycle, which increases with the electron-withdrawing character of the 10-meso substituent. For example, if the 3,5-ditert-butylphenyl group of 3-P is replaced by an aryl group bearing an ester moiety in 2-P, the C10•••N ¯distance increases from 0.14 to 0.39 Å, whereas the ruffling angle Ψ increases by 50 %. These trends cannot be explained yet but are in accordance with those reported previously. [20] Electrochemical Analysis

The cyclic voltammograms of 1-P, 2-P, 3-P and 4-P dissolved in dichloromethane containing 0.1 M [nBu 4 N][PF 6 ] were recorded. Two typical voltammograms recorded for corrole 2-P are shown in Figure 3, and all of the half-wave potentials (E 1/2 ) are reported in Table 2. The data will be compared with those of the 5,10,15trispentafluorophenyl derivative P(tpfc)(OH) 2 measured under similar experimental conditions. [16] For each new compound, two irreversible reduction processes and up to three oxidation waves were detected (Figure 3). The first oxidation process is the only reversible one and probably produces a stable hexacoordinate P V radical cation, as was reported recently. [16] In contrast, two oxidation waves are observed for the reverse scan in the positive direction just after the first reduction process, probably producing a radical anion involved in a partial axial ligand dissociation. Anodic shifts of all of the redox processes are observed if the meso-aryl groups of P(tpfc)(OH) 2 are replaced by ester groups in 1-P (Table 2). These small positive shifts illustrate the significant electron-withdrawing character of the ester substituents, which are even slightly more electron-withdrawing than the pentafluorophenyl groups. As in the free-base series, the nature of the 10-meso substituent has a low impact on the electrochemi-Table 2. UV/Vis absorption data, [a] fluorescence data [a] and half-wave potentials [b] [V vs. SCE] of corroles P(tpfc)(OH) 2 , 1-P, 2-P, 3-P and 4-P.

Absorption data

Electrochemical data Fluorescence data

Compound

Soret band [nm] [c] Q bands [d] [Φ] [e] τ [ns]

[nm] Reduction [V] Oxidation [V] ΔE [V] λ em [nm]
P(tpfc)(OH) 2 [f ]
410 560, 582 -1.05 [g] 1.05 [g] 2. ] (scan rate 100 mV/s). [c] The presence of a shoulder of the Soret band is detected for all compounds and is reported in the Experimental Section. [d] λ max for the two bands derived from the corrected emission spectra. [e] Luminescence quantum yields in air-equilibrated dichloromethane, determined by comparison of the corrected emission spectra with that of tetraphenylporphyrin (TPP) in aerated toluene as a standard (Φ fl = 0.11), [21] excitation at λ = 575 nm. [f] From ref. [16] [g] From ref, [16] recorded in CH 2 Cl 2 containing 0.1M

[nBu 4 N][ClO 4 ].
cal properties of phosphorus(V) corroles. For example, the first oxidation process located at 1.11 V versus the saturated calomel electrode (SCE) for the 10-ester derivative 1-P is shifted by less than 70 mV along the 1-P to 4-P series. The same slight variation affects the first reduction process, which has a potential ranging from -1.03 to -1.08 V versus SCE. Nevertheless, the E 1/2 values still increase with the electron-withdrawing character of the 10-meso substituent (Table 2).

Photophysical Properties

The absorption and corrected emission spectra of corroles 1-P, 2-P, 3-P and 4-P in dichloromethane are shown in Figures 4 andS2. The absorption maxima of all of the compounds are collected in Table 2 together with the corresponding emission maxima (excitation at λ = 570 nm), fluorescence quantum yields and lifetimes. All of the compounds exhibit a typical and intense Soret-type band at λ = 418 nm and three Q bands in the λ = 500-600 nm region (Figure 4). If the pentafluorophenyl groups of P(tpfc)(OH) 2 are replaced with ester groups in 1-P, the absorption bands are redshifted by 3 to 15 nm (Table 2). On the other hand, the absorption spectra of 3-P and 4-P are almost identical although they bear an aryl group and an alkyl chain at their respective 10-meso positions. These results again indicate the higher impact of the 5,15-meso-ester groups, which are tightly coupled with the aromatic macrocycle. Nevertheless, the increasing electron-donating properties of the group appended to the 10-position along the 1-P to 4-P series still produce slight supplementary redshifts to all of the absorption bands. Similar limited impacts of the electron-donating or -withdrawing meso groups on the positions of the absorption bands were observed for the phosphorus(V) meso-triarylcorrole series. [15b,15d] The four phosphorus(V) 5,15-diester derivatives exhibit relatively intense and structured emission with fluorescence lifetimes in the nanosecond time scale (Table 2). Excitations in the Soret-band region (λ = 370-430 nm) or in the Q bands (λ = 500-600 nm) produced the same luminescence properties. Small redshifts of the emission spectra are observed if the electron-donating substituents are placed at the 10-position. This trend parallels that observed in the absorption spectra. If corrole 1-P is set apart, all of the other corrole derivatives have similar quantum yields close to 0.25 and fluorescence lifetime in the range 2-3 ns, which are similar to those reported for analogous hexacoordinate phosphorus(V) corroles. [15b,15d,16] The dissolution of 1-P bearing a third meso-ester group in a less polar solvent (toluene) did not increase its fluorescence quantum yield. This partial fluorescence quenching could be due to an electron-transfer process involving the third ester group such as in tryptophan derivatives. [22] 

Theoretical Studies

The effects of the 5,15-meso-ester groups on the structural, electronic and optical properties of P V corroles were investi-gated theoretically by DFT and TD-DFT methods. The geometry optimizations were performed without symmetry constraints in the gas phase and in dichloromethane with the single-crystal Xray structures of corroles 1-P, 2-P, 3-P and 4-P as starting points.

The Kohn-Sham molecular orbital (MO) energies of the two highest occupied (HOMOs) and the two lowest unoccupied molecular orbitals (LUMOs) involved in the Gouterman model are listed in Table 3, their topologies are displayed in Figures 5 andS3, and the electronic transitions involved in the Q and Soret bands for each molecule are listed in Tables 4 andS2. The experimental electrochemical gaps (Table 2) are better correlated if the optical gap (OG) is considered, although correct trends are also provided using the fundamental gap (difference between the ionization potential and electron affinity, Table 3). [23] The convoluted UV/Vis spectra shown in Figure S4 are in good agreement with the experimental ones, especially the separation between the Soret and Q bands (error ≤ 0.2 eV, typical with TD-DFT). [24] [a] 2.92 2.91 2.81 2.79 2.76 OG [b] 2.33 2.29 2.27 2.25 2.25 FG [c] 2.62 2.66 2.52 2.50 2.48

[a] HOMO-LUMO gap calculated from the energy gap between the computed HOMO and LUMO. [b] Optical gap corresponding to the energy of the first electronic transition. [c] Fundamental gap representing the difference between the ionization potential and the electron affinity (see computational details in the Experimental Section). [23] Figure 5. Plots of the frontier orbitals of P(tpfc)(OH) 2 , 1-P and 2-P.

According to the Gouterman model, the absorption bands arise from transitions between the two highest occupied (HOMO-1 and HOMO) and two lowest unoccupied (LUMO and LUMO+1) orbitals. These two sets of orbitals are almost degenerate, and both are composed of a symmetric and a nonsymmetric orbital with respect to the plane orthogonal to the macrocycle and comprising the P and C10 atoms. We note that no electron density appears at the phosphorus centre (with very slight contributions from the two hydroxido ligands). In contrast, one can observe electron density at all meso positions for the symmetric orbitals [LUMO+1 and HOMO (HOMO-1 for 1-P)], whereas the asymmetric ones [LUMO and HOMO-1 (HOMO for 1-P)] present density only at the meso carbon atoms C5 and C15. In most of the orbitals, these latter atoms also share electron density with their connected ester groups. This π overlap explains the electron-withdrawing character displayed by the 5,15-meso-ester groups.

The replacement of the three pentafluorophenyl groups of P(tpfc)(OH) 2 by ester ones in 1-P produces a strong stabilization of the LUMOs and of the HOMO orbitals, whereas the HOMO-1 is destabilized, which leads to an inversion in the energies of the two frontier occupied orbitals. If the electron-withdrawing strength of the 10-meso substituent is decreased, the LUMO is slightly stabilized, whereas the other three orbitals are destabilized. The meso-ester groups are consequently interesting stabilizing groups; however, as they impact all of the orbitals almost equally, the HOMO-LUMO electrochemical gap (Table 2) as well as the absorption and emission properties are barely modified if the pentafluorophenyl groups are replaced by ester ones, which are also less sterically hindered.

Conclusions

As in the free-base series, ester substituents at the 5-and 15positions of phosphorus(V) meso-substituted corroles have a strong electron-withdrawing character, which even exceeds that of pentafluorophenyl groups. This efficiency probably results from the low steric hindrance of ester moieties, which allows a good π overlap with the aromatic system of the macro-cycle. Nevertheless, as these groups stabilized both the HOMOs and LUMOs of the complexes, they only slightly tune the light absorption and emission properties with respect to those of the corresponding meso-triaryl derivatives. These conclusions were extracted from an extensive study of the physicochemical properties of four hexacoordinate phosphorus(V) 5,15-ester corroles differing by the nature of the third meso substituent, which, unexpectedly, has a significant impact on the amplitude of the ruffling of the macrocycle. Indeed, this out-of-plane distortion increases with the electron deficiency of the peripheral substituent. Although the underlying relationship remains to be clarified, the trend observed in the present work is in accordance with a previous report. [20] One of the issues accompanying the use of corrole derivatives is their stability towards oxidative conditions, which is usually enhanced by electron-withdrawing meso-aryl groups. The present work shows that less sterically hindered ester groups are a valuable alternative to stabilize this class of compounds while maintaining their useful features, such as fluorescence or macrocycle distortion.

Experimental Section

Materials: All reagents were used as received. Dichloromethane and n-heptane were distilled over calcium hydride. Flash column chromatography was performed with silica gel 60 (230-400 mesh).

Physical Measurements:

1 H NMR spectra were recorded with a Bruker Avance 400 Ultrashield NMR spectrometer. The 1 H NMR chemical shifts are given in ppm and were referenced to the residual peaks of CDCl 3 (δ = 7.26 ppm) or CD 3 OD (δ = 3.31 ppm). The UV/Vis absorption spectra were recorded with a Shimadzu UV-2401 (PC) instrument or with a Varian Cary 50 instrument. The emission spectra were recorded with a Horiba-Jobin Yvon Fluorolog-3 spectrofluorimeter equipped with a three-slit double-grating excitation and a spectrograph emission monochromator with dispersions of 2.1 nm/mm (1200 grooves per mm). The steady-state luminescence was excited by unpolarized light from a 450 W xenon continuous wave (CW) lamp and detected at an angle of 90°for dilute solution measurements (10 mm quartz cell) with a red-sensitive Hamamatsu R928 photomultiplier tube. The luminescence quantum yields (Φ f ) were measured in dilute dichloromethane or toluene solutions with an absorbance below 0.1 and calculated with [Equation (1)], in which OD(λ) is the absorbance at the excitation wavelength (λ), n is the refractive index, and I is the integrated luminescence intensity. The subscripts "r" and "x" stand for reference and sample, respectively.

Φ fx /Φ fr = [OD(λ)/OD x (λ)][I x /I r ] [n x 2 /n r 2 ] (1)
The luminescence quantum yields were not corrected for the refractive indices. 5, 10,15,20-Tetraphenylporphyrin (TPP) in aerated toluene was used as a standard with Φ fr = 0.11. [21] For the time-resolved fluorescence emission, the measurements were performed with a Horiba-Jobin Yvon IBH Fluorolog-3 spectrofluorimeter that was adapted for time-correlated single-photon counting. For these measurements, pulsed light-emitting diodes (LEDs) with an appropriate wavelength were used (λ ex = 540 nm). The emission was monitored perpendicular to the excitation pulse, and spectroscopic selection was achieved by passage through the spectrograph. A thermoelectrically cooled single-photon-detection module (Horiba-Jobin Yvon IBH, TBX-04-D) that incorporated a fast-rise-time photomultiplier tube, a wide-bandwidth preamplifier and a picosecond-constant fraction discriminator was used as the detector. The signals were acquired with an IBH DataStation Hub photon-counting module, and data analysis was performed with the commercially available DAS 6 decay-analysis software package from Horiba-Jobin Yvon IBH; the reported τ values are given with an estimated uncertainty of ca. 10 %.

The HRMS-ESI and MS analyses were performed with a QStar Elite (Applied Biosystems SCIEX) spectrometer or a SYNAPT G2 HDMS (Waters) spectrometer. These two instruments were equipped with electrospray ionization sources and were used in the positive-ion mode with the capillary voltage set at +5500 V.

The cyclic voltammetric data were acquired with a BAS 100 potentiostat (Bioanalytical Systems) and a PC with the BAS100W software (v2.3). A three-electrode system with a Pt working electrode (diameter 1.6 mm), a Pt counter electrode and a Ag/AgCl (with 3M NaCl filling solution) reference electrode were used. [nBu 4 N][PF 6 ] (0.1 M in CH 2 Cl 2 ) served as an inert electrolyte. The cyclic voltammograms were recorded at a scan rate of 100 mV/s. Ferrocene was used as an internal standard. [25] Crystal-Structure Determination: The intensity data for 1-P and 3-P were collected with a Bruker-Nonius Kappa CCD diffractometer with Mo-K α radiation (λ = 0.71073 Å). The data collection was performed with COLLECT, [26] and cell refinement and data reduction were performed with DENZO/SCALEPACK. [START_REF] Otwinowski | Minor in Methods in Enzymology[END_REF] The intensity data for 2-P and 4-P were collected with a Rigaku Oxford Diffraction Super-Nova diffractometer with Cu-K α radiation (λ = 1.54184 Å). The data collection, cell refinement and data reduction were performed with CrysAlisPro (Rigaku Oxford Diffraction). The crystal for 2-P appeared to be a twin, and only the major domain was indexed and used for structure resolution. The structures were solved with SIR92 [START_REF] Altomare | [END_REF] or SHELXS, [29] and SHELXL-2013 [29] was used for full-matrix leastsquares refinements. The hydrogen atoms were introduced at geometrical positions and their U iso parameters were fixed to 1.2U eq (parent atom) for the aromatic or CH 2 carbon atoms and to 1.5U eq (parent atom) for the methyl groups.

CCDC 1471252 (for 3-P), 1471253 (for 1-P), 1471254 (for 2-P) and 1471255 (for 4-P) contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre.

Computational Details: All TD-DFT and DFT calculations were performed with the Gaussian 09 D01 program. [START_REF] Frisch | Gaussian 09, Revision D.01[END_REF] We use tightened self-consistent field (at least 10 -10 a.u.) and geometry optimization (10 -5 a.u.) convergence thresholds, and an improved DFT integration grid (the so-called ultrafine grid, a pruned 99,590 grid). The macrocycles were modelled by replacing the C 16 H 33 alkyl chains and Et groups with Me groups to save computational time. These calculations relied on the PBE0 hybrid functional. [START_REF] Adamo | [END_REF] Following a basis set combination approach, [32] we used the 6-31G(d) atomic basis set to determine the geometrical and vibrational parameters, whereas the transition energies and the gaps (G, see below) were computed with 6-311+G(2d,p). The nature of all stationary points was confirmed by analytical Hessian calculations that returned zero imaginary vibrational modes (minima). Environmental effects (here, dichloromethane) were accounted for by the linear-response (LR) polarizable continuum model (PCM), [33] as implemented in Gaus-sian09. [START_REF] Frisch | Gaussian 09, Revision D.01[END_REF] Non-equilibrium effects were taken into account for the absorption wavelengths. To allow a consistent comparison between the calculated and experimental spectra (see Figure S4), the latter measured in the wavelength scale were transformed in line shapes by previously reported procedures. [34] Several definitions of gap can be given; [23] therefore, here they were computed as: (1) the energetic differernce between the HOMO and LUMO (HLG), (2) the energy corresponding to the first transition (OG) and (3) the differences between the ionization potential (IP) and the electron affinity (EA) determined according to the Koopmans theorem (FG). For the latter, we underline that we computed the energy of the cationic and anionic species with the optimized geometry of the neutral species.

Synthetic Methods:

The corrole free bases were prepared as reported previously. [10] Compound 1-P: To a solution of 5,10,15-tris(ethoxycarbonyl)corrole (30 mg, 0.06 mmol) in dry pyridine (5 mL) was added POCl 3 (0.56 mL, 6 mmol), and the reaction mixture was heated to reflux for 30 min under argon. The solution color changed immediately from deep green to purple-violet with a greenish tint. The progress of the reaction was monitored by TLC analysis, and its completion was determined by absorption spectroscopy. After the completion of the reaction, the solvent was evaporated under reduced pressure. The crude solid was purified by silica gel chromatography (CH 2 Cl 2 / CH 3 OH 50:1), and the desired compound was collected from a greenish pink-violet band. The solvent was evaporated to afford a deep purple-violet solid. Compound 1-P was crystallized from CH 2 Cl 2 /n-heptane to afford a purple solid (69 %, 25 mg, 0.041 mmol). Single crystals of 1-P were grown by the slow diffusion of n-heptane into a concentrated solution of 1-P in dichloromethane containing few drops of methanol. R f = 0.26 (silica, CH 2 Cl 2 / CH 3 OH 20:1). 1 H NMR (400 MHz, CD 3 OD, 25 °C): δ = 10.01 (dd, 3 J H,H = 5.1, 4 J P,H = 3.5 Hz, 2 H, β-H), 9.76 (dd, 3 J H,H = 4.7, 4 J P,H = 3.3 Hz, 2 H, β-H), 9.63 (dd, 3 J H,H = 5.2, 4 J P,H = 2.8 Hz, 2 H, β-H), 9.53 (dd, 3 J H,H = 4.7, 4 J P,H = 2.4 Hz, 2 H, β-H), 5.06 (m, 6 H, CO 2 CH 2 CH 3 ), 1.84 (t, 3 J H,H = 7.1 Hz, 6 H, CO 2 CH 2 CH 3 ), 1.80 (t, 3 J H,H = 7.2 Hz, CO 2 CH 2 CH 3 ) ppm. [START_REF] Adamo | [END_REF] Compound 2-P: To a solution of 10-(4-methoxycarbonylphenyl)-5,15-bis(ethoxycarbonyl)corrole (56 mg, 0.1 mmol) in dry pyridine (5 mL) was added POCl 3 (0.94 mL, 10 mmol), and the reaction mixture was heated to reflux for 30 min under argon. The solution color changed immediately from deep green to purple-violet with a greenish tint. The progress of the reaction was monitored by TLC analysis, and its completion was determined by absorption spectroscopy. After the completion of the reaction, the solvent was evaporated under reduced pressure. The crude solid was purified by silica gel chromatography (CH 2 Cl 2 /CH 3 OH 50:1), and the desired compound was collected from a greenish pink-violet band. The solvent was evaporated to afford a deep purple-violet solid. Compound 2-P was crystallized from CH 2 Cl 2 /n-heptane to afford a purple solid (38 %, 25 mg, 0.037 mmol). R f = 0.48 (silica, CH 2 Cl 2 /CH 3 OH 10:1). 1 H NMR (400 MHz, CD 3 OD, 25 °C): δ = 9.97 (dd, 3 J H,H = 5.0, 4 J P,H = 3.6 Hz, 2 H, β-H), 9.81 (dd, 3 J H,H = 4.7, 4 J P,H = 3.6 Hz, 2 H, β-H), 9.55 (dd, 3 J H,H = 4.7, 4 J P, H = 2.3 Hz, 2 H, β-H), 8.90 (dd, 3 J H,H = 8.5, 4 J P,H = 5.7 Hz, 2 H, β-H), 8.50 (d, 3 J H,H = 8.4 Hz, 2 H, Ar-H), 8.34 (br s, 2 H, Ar-H), 5.04 (q, 3 J H,H = 7.2 Hz, 4 H, CO 2 CH 2 CH 3 ), 4.11 (s, 3 H, CO 2 CH 3 ), 1.83 (t, 3 J H,H = 7.2 Hz, 6 H, CO 2 CH 2 CH 3 ) ppm. [START_REF] Adamo | [END_REF] P NMR (160 MHz, CD 3 OD, 25 °C): δ = -184.67 ppm. UV/Vis (CH 2 Cl 2 ): λ max (ε × 10 -3 ) = 399 (61.1), 418 (228.4), 509 (3.9), 548 (9.8), 592 (37.8) nm. HRMS-ESI: calcd. for C 34 H 28 N 4 O 7 P [M -OCH 3 ] + 635.1690; found 635.1691.

Compound 3-P:

To a solution 10-(3,5-di-tert-butylphenyl)-5,15bis(ethoxycarbonyl)corrole (63 mg, 0.1 mmol) in dry pyridine (5 mL) was added POCl 3 (0.94 mL, 10 mmol), and the reaction mixture was heated to reflux for 30 min under argon. The solution color changed immediately from deep green to purple-violet with a greenish tint. The progress of reaction was monitored by TLC analysis, and its completion was determined by absorption spectroscopy. After the completion of the reaction, the solvent was evaporated under reduced pressure. The crude solid was purified by chromatography (CH 2 Cl 2 /CH 3 OH 100:1) with basic alumina, and the desired compound was collected from a greenish pink-violet band. The solvent was evaporated to afford a deep purple-violet solid. Compound 3-P was crystallized from CH 2 Cl 2 /n-heptane to afford a purple solid (46 % yield, 33 mg, 0.046 mmol). Single crystals of 3-P were grown serendipitously from a solution of 3-P in CD 3 OD in an NMR tube. R f = 0.35 (neutral alumina, CH 2 Cl 2 ). 1 H NMR (400 MHz, CD 3 OD, 25 °C): δ = 9.95 (dd, 3 J H,H = 5.0, 4 J P, H = 3.6 Hz, 2 H, β-H), 9.79 (dd, 3 J H,H = 4.7, 4 J P,H = 3.4 Hz, 2 H, β-H), 9.10 (dd, 3 J H,H = 4.6, 4 J P,H = 2.3 Hz, 2 H, β-H), 8.71 (dd, 3 J H,H = 5.0, 4 J P,H = 2.7 Hz, 2 H, β-H), 8.11 (br s, 1 H, Ar-H), 8.05 (br s, 1 H, Ar-H), 7.94 (t, 4 J H,H = 1.8 Hz, 1 H, Ar-H), 5.04 (q, 3 J H,H = 7.1 Hz, 4 H, CO 2 CH 2 CH 3 ), 1.83 (t, 3 J H,H = 7.1 Hz, 6 H, CO 2 CH 2 CH 3 ), 1.56 [d, 4 J H,H = 2.8 Hz, 18 H, C(CH 3 ) 3 ] ppm. [START_REF] Adamo | [END_REF] 

Compound 4-P:

To a solution of 10-octadecyl-5,15-bis(ethoxycarbonyl)corrole (13 mg, 0.02 mmol) in dry pyridine (5 mL) was added POCl 3 (0.19 mL, 2 mmol), and the reaction mixture was heated to reflux for 30 min under argon. The solution color changed immediately from deep green to purple-violet with a greenish tint. The progress of the reaction was monitored by TLC analysis, and its completion was determined by absorption spectroscopy. After the completion of the reaction, the solvent was evaporated under reduced pressure. The crude solid was purified by silica gel chromatography (CH 2 Cl 2 /CH 3 OH 50:1), and the desired compound was collected from a greenish pink-violet band. The solvent was evaporated to afford a deep purple-violet solid (66 %, 10 mg, 0.013 mmol). R f = 0.75 (silica, CH 2 Cl 2 /CH 3 OH 10:1). 1 H NMR (400 MHz, CD 3 OD, 25 °C): δ = 10.01 (dd, 3 J H,H = 5.2, 4 J P,H = 3.7 Hz, 2 H, β-H), 9.74 (dd, 3 J H,H = 4.6, 4 J P,H = 3.3 Hz, 2 H, β-H), 9.61 (dd, 3 J H,H = 5.1, 4 J P,H = 2.9 Hz, 2 H, β-H), 9.46 (dd, 3 J H,H = 4.7, 4 J P,H = 2.3 Hz, 2 H, β-H), 5.03 (q, 3 J H,H = 7.1 Hz, 4 H, CO 2 CH 2 CH 3 ), 1.84 (t, 3 J H,H = 7.2 Hz, 6 H, CO 2 CH 2 CH 3 ), 1.29 (br s, 33 H, C 16 H 33 ) ppm. [START_REF] Adamo | [END_REF] Compound 5-P: To a solution of 3-P (15 mg, 0.02 mmol) in dry tetrahydrofuran (THF, 10 mL) was added NaBH 4 (7.6 mg, 0.2 mmol), and the reaction mixture was heated to reflux for 1 h under argon. The progress of the reaction was monitored by TLC analysis, and its completion was determined by absorption spectroscopy. After the completion of the reaction, the reaction was quenched with a H 2 O/ MeOH mixture. The mixture was extracted with CHCl 3 . The organic layer was washed with brine and dried with anhydrous Na 2 SO 4 , and the solvents were evaporated to dryness. The crude solid was purified by silica gel chromatography (CH 2 Cl 2 /EtOAc 20:1). Compound 5-P was crystallized from CH 2 Cl 2 /n-heptane to afford a purple solid (30 %, 4 mg, 6 μmol). R f = 0.38 (silica gel, CH 2 Cl 2 ). 1 H NMR (400 MHz, CDCl 3 , 25 °C): δ = 9.99 (dd, 3 J H,H = 5.0, 4 J P, H = 1.6 Hz, 2 H, β-H), 9.84 (dd, 3 J H,H = 4.6, 4 J P,H = 2.0 Hz, 2 H, β-H), 9.43 (dd, 3 J H,H = 4.5, 4 J P,H = 1.0 Hz, 2 H, β-H), 9.02 (dd, 3 J H,H = 4.9, 4 J P,H = 1.4 Hz, 2 H, β-H), 8.19 (br s, 1 H, Ar-H), 7.93 (br s, 1 H, Ar-H), 7.83 (br s, 1 H, Ar-H), 5.04 (q, H, PH) ppm. [START_REF] Adamo | [END_REF] P NMR (160 MHz, CDCl 3 , 25 °C): δ = -223.3 ppm (d, J P,H = 1100 Hz, 1 H, PH). UV/Vis (CH 2 Cl 2 ): λ max (ε × 10 -3 ) = 429 (26.1), 443 (23.8), 600 (2.9), 635 (6.9) nm. MS-ESI: m/z = 659.3 [M -H] + .

Figure 1 .

 1 Figure 1. ORTEP view of corrole 1-P (the structures of 2-P, 3-P and 4-P are reported in the Supporting Information).

Figure 2 .

 2 Figure 2. (a) Schematic representation of the ruffling torsion angle Ψ (the filled circles correspond to the meso carbon atoms C5 and C15 that are above the N ¯mean plane, and the open circle represents the carbon atom C10 that lies below this plane); (b) views of the ruffled macrocycles of P V corroles 1-P, 2-P, 3-P and 4-P along the C10-P axis (the peripheral substituents and axial methoxy groups are omitted for clarity).

Figure 3 .

 3 Figure 3. Cyclic voltammograms of corrole 2-P in CH 2 Cl 2 containing 0.1 M [nBu 4 N][PF 6 ] (scan rate 100 mV/s).

Figure 4 .

 4 Figure 4. (a) Normalized absorption spectra and (b) normalized corrected emission spectra (excitation at λ = 570 nm) of phosphorus corroles 1-P (solid line) and 3-P (dashed line) in aerated dichloromethane solutions at room temperature.

  P NMR (160 MHz, CD 3 OD, 25 °C): δ = -184.20 ppm. UV/Vis (CH 2 Cl 2 ): λ max (ε × 10 -3 ) = 399 (42.0), 418 (210.7), 507 (3.0), 545 (8.5), 585 (22.4) nm. HRMS-ESI: calcd. for C 30 H 29 N 4 O 8 PNa [M + Na] + 627.1620; found 627.1616.

  P NMR (160 MHz, CD 3 OD, 25 °C): δ = -184.80 ppm. UV/Vis (CH 2 Cl 2 ): λ max (ε × 10 -3 ) = 399 (60.4), 418 (217.2), 510 (2.0), 550 (8.3), 594 (40.1) nm. HRMS-ESI: calcd. for C 40 H 42 N 4 O 4 P [M -OCH 3 ] + 689.2887; found 689.2887.

  P NMR (160 MHz, CD 3 OD, 25 °C): δ = -185.20 ppm. UV/Vis (CH 2 Cl 2 ): λ max (ε × 10 -3 ) = 401 (58.0), 418 (215.4), 511 (3.2), 552 (8.5), 598 (39.8) nm. HRMS-ESI: calcd. for C 42 H 54 N 4 O 5 P [M -OCH 3 ] + 725.3826; found 725.3826.

  

Table 3 .

 3 Calculated Kohn-Sham orbital energies [eV] and theoretical HOMO-LUMO gaps [eV] of corroles P(tpfc)(OH) 2 , 1

-P, 2-P, 3-P and 4-P.

  

	MO	P(tpfc)(OH) 2	1-P	2-P	3-P	4-P
	LUMO+1	-2.46	-2.62	-2.37	-2.32	-2.25
	LUMO	-2.88	-2.99	-2.96	-2.92	-2.92
	HOMO	-5.80	-5.89	-5.77	-5.70	-5.68
	HOMO-1	-5.96	-5.93	-5.87	-5.80	-5.81
	HLG					

Table 4 .

 4 Compositions, vertical excitation energies [nm] and oscillator strengths (ƒ) of the lowest optically allowed electronic transitions of corroles 1-P and 2-P.

		E [nm]	ƒ	Composition [%]
	1-P	542	0.057	HOMO→LUMO (66), HOMO-
				1→LUMO+1 (18), HOMO-1→LUMO (10)
	1-P	539	0.051	HOMO-1→LUMO (18), HOMO-
				1→LUMO+1 (20), HOMO→LUMO (52),
				HOMO→ LUMO +1 (10)
	1-P	407	1.088	HOMO-1→LUMO (34),
				HOMO→LUMO+1 (65)
	1-P	405	0.855	HOMO-1→LUMO+1 (71), HO-
				MO→LUMO (27)
	2-P	545	0.183	HOMO-1→LUMO+1 (20), HO-
				MO→LUMO (79)
	2-P	535	0.069	HOMO-1→LUMO (75),
				HOMO→LUMO+1 (24)
	2-P	403	1.060	HOMO-1→LUMO (23),
				HOMO→LUMO+1 (74)
	2-P	391	0.991	HOMO-1→LUMO+1 (78), HO-
				MO→LUMO (20)
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