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INTRODUCTION

Porphyrins are aromatic compounds with exceptional electronic properties widely found in Nature. Many synthetic modifications of their structure were conducted to improve mainly their electronic properties or catalytic activities.

Porphyrins extended with conjugated systems were described in the literature and conjugated porphyrin arrays have been studied extensively [1]. Many of these studies were conducted to improve the electronic properties of the molecules, ie longer wavelength absorptions, better electron and/or energy transfer within the systems, etc. Despite the potential importance of molecular materials using magnetic interactions between metal ions [START_REF] Kahn | Molecular Magnetism[END_REF], studies concerning the long-range magnetic interactions within long linear systems build from porphyrins are limited until now [START_REF] Segawa | [END_REF]. Cofacial porphyrinoid systems were in contrary studied very early [4] and these magnetic interactions are now quite well understood [5]. Coplanar di-or oligo-porphyrinoids were much less studied. Some typical dinuclear systems synthesized from porphyrinoids are represented in Figure 1. The interaction between two copper(II) ions located in fused phthalocyanines dimers was studied by several authors [6][7][8][9]. The groups of Barrett and Hoffman studied extensively the magnetic interactions between metal ions in homo-or hetero-dinuclear porphyrazines bearing an additional external ligand [10][11][12][13]. More recently, Matano and Imahori's groups studied the magnetic coupling between two copper(II) in diazaporphyrin dimers [14][15][16]. Some studies of fused benzoporphyrin dimers, larger oligopyrrolic compounds or other porphyrinoids were also reported [START_REF]See for example : a) Chmielewski PJ[END_REF][18][19][20][21]. Porphyrins bearing enamino(thio)ketones were used as external ligands to bind metal ions. Numerous dimers linked by metal ions were prepared by our group (see Figure 3) [23]. Strong electronic interactions were present in these dimers [23c-23d]. For example, very fast energy transfers were observed between the two individual porphyrins of an unsymmetrical dimer. Magnetic interactions between metalloporphyrins were also found in porphyrin dimers linked by a simple amino group [24]. We here report on the synthesis and the magnetic properties of two copper(II)porphyrin dimers linked by a paramagnetic copper(II) ion or a diamagnetic palladium(II) ion (see Figure 3). These two dimers were also structurally characterized. 

RESULTS AND DISCUSSION

Synthesis and characterization

The dimer Cu-Pd-Cu was described earlier and obtained by reaction of the monomeric copper(II)porphyrin 1 with ½ equivalent of Pd(OAc) 2 in toluene at 80 °C for 24 hours [23b]. The Cu-Cu-Cu dimer was obtained in a similar manner, by reacting copper(II)porphyrin 1 with an excess of the appropriate starting source of copper(II) (see Scheme 1). The Cu-Cu-Cu dimer was isolated in very good yield (90%) by using reaction conditions applied earlier for the palladium(II) linked dimer.

Scheme 1. Preparation of dimer Cu-Cu-Cu.

As expected and in good agreement with the data of diamagnetic dimers isolated before, the electronic spectra of the two dimers were bathochromically shifted when compared to monomer 1. In addition, and again as observed before for diamagnetic compounds [23b, 23d], this shift was dependant on the nature of the linking ion and was larger for the palladium(II) linked dimer. The electronic delocalization of the aromatic π-electrons of the two porphyrins is more efficient with participation of the 4d orbitals of the linking Pd(II) than with the 3d orbitals of the linking Cu(II). The larger bathochromic shift is not due to changes in the distances between the two copper(II)porphyrins as shown by comparing the values measured in two X-ray structures (vide infra). The lowest energy bands for the two dimers were located at 680 nm (Cu-Cu-Cu) and 696 nm (Cu-Pd-Cu) (see Figure 4). The X-ray structures were solved for the two dimers Cu-Cu-Cu (see Figure 5) and Cu-Pd-Cu (see Figure 6).

Selected representative bond lengths measured in the two structures are listed in Table 1. Both structures are centrosymmetric with the centers of symmetry located at the linking palladium(II) or copper(II) ions. Consequently, the three ions Cu-Pd-Cu and Cu-Cu-Cu are aligned in the two porphyrin dimers. In both structures, the coordination geometry around the linking ion was trans square planar. The copper(II)porphyrins were ruffled, becaue the presence of an additional fused aromtic ring introduced steric hindrance between the hydrogen atoms H2 and H24 (see Figure 5 and6). The copper(II) ions in the core of the porphyrins were almost perfectly located in the plane of the four nitrogen atoms (178° < angles N-Cu-N < 180°). In both structures, the three methyl of one or several t-butyl groups are disordered between two positions. Table 1. Selected bond lengths and distances measured in the X-ray structures of dimers Cu-Pd-Cu and Cu-Cu-Cu. 

Magnetic properties

The static susceptibility measurement of dimer Cu-Pd-Cu was performed in the 1.8-300 K temperature range with an applied field of 10000 Oe (See Figure 7 and Figure S9). The χT vs. T curve is quasi constant in all the temperature range, with a Curie constant of 0.778 emu⋅K⋅mol -1 in agreement with the presence of two non-coupled Cu(II) ions with a g value of 2.04 [START_REF] Kahn | Molecular Magnetism[END_REF]. Finally the M = f(H) curve at 1.8 K fits relatively well with two Brillouin function for S = ½ with g = 2.08(2) (see SI, Figure S10).

The static susceptibility measurement of dimer Cu-Cu-Cu was performed in the 1.8-300 K temperature range with an applied field of 10000 Oe (see Figure 7). In dimer Cu-Pd-Cu the two external Cu(II) were non-coupled. If the interaction between the two external Cu(II) ions is neglected in dimer Cu-Cu-Cu, the spin Hamiltonian is thus the following :

H = -J S Cuint ⋅(S Cuext1 + S Cuext2 ) + β[g ext (S Cuext1 + S Cuext2 ) + g int S Cuint ] H
If one considers only one g value for the two different copper(II) ions, the fit was clearly not perfect. By using two g values for the two different copper(II) ions, the fit leads to the following values : J = -25.2(5) cm -1 , g = 2.12(1) (for the central Cu(II)), and g = 2.09(1) (for the two peripheral Cu(II)). Finally the M = f(H) curve at 1.8K fits well with a Brillouin function for S = ½ (which correspond to the ground state of the system, see SI Figure S12). This coupling constant value (J = -25 cm -1 ) found for this trinuclear porphyrin dimer is significantly larger than the values reported earlier for the fused Cu(II)porphyrin dimer of Osuka (J = -2.86 cm -1 ) [22b] and comparable with the value reported by Matano for a β-β linked Cu(II)azaporphyrin dimer (J = -19.3 cm -1 ). The direct β-β linkage and the almost coplanar Cu(II)azaporphyrin dimers were invoked to explain the increase in the coupling values found in Matano's dimers [15]. Full lines correspond to the best fit considering two g values (see text).

EPR studies

The EPR spectra of frozen dilute solution of Cu-Pd-Cu complex (10 -4 M) were recorded at X-band (Figure 8). From 4 K to 120 K, the spectra display a pattern in the parallel region with a set of non-equidistant lines different from those of the monomeric Cu(II)porphyrin. This result is probably due to a low magnetic exchange interaction between the two copper(II) whereas the dipolar interaction is probably close to zero considering the distance between the two coppers (14.3 Å). To simulate the spectrum (see figure S14 in SI), a spin hamiltonian (described in the SI) consisting of a sum of individual spin Hamiltonians for the isolated Cu(II) centers and an interacting Hamiltonian which accounts for the isotropic and anisotropic exchange interactions between the two Cu(II) centers was used. The EPR spectra of the trinuclear complex Cu-Cu-Cu were similarly recorded at X-band down to 4 K in frozen dilute solution in CH 2 Cl 2 (see Table 2 for selected EPR data). The temperature dependent spectra are shown in figure 9.

The spectrum below ca. 15 K was similar to a mononuclear copper complex. The spin hamiltonian parameters were close to those obtained for the monomeric copper(II)porphyrin (see Figure S15). Above 20 K two new features were observed as originating from the previous unresolved low temperature spectrum. The intensity of these two transitions increased up to 120 K, whereas the intensity of the central line decreased continuously. The EPR spectrum at 22 K was different from tthe spectrum previously observed for Cu-Pd-Cu with additional lines in the parallel component of the hyperfine tensor. The value of A z is divided by three compared to the mononuclear complex and a transition was also observed at half field. Further superhyperfine splitting was also observed at 67 K in the perpendicular part of the spectrum at ∼330 mT due to the interaction of the unpaired electron with equivalent nitrogen nuclei of the porphyrin. Table 2. EPR data for the three compounds in frozen CH 2 Cl 2 solution. Three exchange-coupled S = 1/2 ions were expected to give two doublets (S = 1/2) and one quartet (S = 3/2) with the corresponding S Z spin projections m S = ±1/2 and m S = ±1/2, ±3/2. The distribution of the relative energies of these various spin states depends on the J value. According to the SQUID measurements, the signal observed at 4 K is attributed to an S = 1/2 spin and the ground state is a doublet (see figure S15 for the simulation). By increasing the temperature, a second doublet should be populated and then a quartet. The EPR lines observed above 20 K must be consequently ascribed to the thermal population of the S = 3/2 spin multiplets with a small and unresolved zero-field splitting (see Figure S16 for the simulation). The EPR susceptibility obtained from the doubly integrated EPR line followed the same behavior than the static susceptibility (see Figure 10). It thus corroborated the magnetic behavior of this 3-spins system for the isolated molecule in dilute solution, being interpreted along the same way as a linear and symmetrical three S = 1/2 spins model [25][26]. It confirmed the low spin ground state with J = -19 ± 0.5 cm -1 . This is close to, although not identical to the value derived in the polycrystalline state. The difference in the J value is better ascribed to different average molecular conformation in the frozen dilute solution compared to the solid state. As a matter of fact orbital overlap hence magnetic exchange is very sensitive to the molecular conformation. These results were in favor of the ability of Cu(II) to operate as a relay for magnetic exchange for the two copper porphyrins via probably a spin polarization mechanism along the two conjugated porphyrins. 

EXPERIMENTAL PART

General information

The HRMS ESI and MALDI were obtained on a Bruker MicrOTOF. UV-vis spectra were recorded in dichloromethane with a Cary 5000 UV-Vis-NIR double-beam instrument. Chromatographic separations were performed with silica gel (Merck, 40-63 µm). Dichloromethane was distilled over calcium hydride. All other solvents and reagents were used without further purification. The copper(II)porphyrin monomer and the palladium(II) linked dimer were prepared according to previously published procedures [23b].

Preparation of the dimer Cu-Cu-Cu.

To a solution of the copper(II)-enaminoketoporphyrin (50 mg, 0.05 mmol, 1 eq) in toluene (20 mL) was added Cu(OAc) 2 (14 mg, 0.08 mmol, 1.5 eq). The mixture was refluxed for 18h under argon.

Evaporation of the solvent and cristallization from CH 2 Cl 2 /n-hexane/methanol afforded the title compound (49 mg, 0.02 mmol, 90%) as dark green crystals. Crystals suitable for X-ray diffraction analysis were obtained by vapor diffusion of methanol into a chlorobenzene solution. Maldi-TOF (m/z) : Calcd for C 138 H 148 Cu 3 N 10 O 2 (M + •) 2165.967 ; found 2166.073. UV-visible (CH 2 Cl 2 ) : λ max = 373 nm (ε = 60900 L.cm -1 .mol -1 ), 413 (78400), 486 (292000), 624 (26900), 661 (42000), 680 (59200).

X-Ray diffraction. The crystals were placed in oil, and a single crystal was selected, mounted on a glass fibre and placed in a low-temperature N 2 stream. X-Ray diffraction data collection was carried out on a Bruker APEX II DUO Kappa-CCD diffractometer equipped with an Oxford Cryosystem liquid N 2 device, using Cu-Kα radiation (λ = 1.54178 Å) for compound Cu-Cu-Cu, and Mo-Kα radiation (λ = 0.71073 Å) for compound Cu-Pd-Cu. The crystal-detector distance was 40 mm. The cell parameters were determined (APEX2 software) [START_REF]M86-E01078 APEX2 User Manual[END_REF] from reflections taken from three sets of 20 frames, each at 10s exposure. The structures were solved by direct methods using the program SHELXS-2013 [START_REF] Sheldrick | [END_REF]. The refinement and all further calculations were carried out using SHELXL-2013 [29]. The H-atoms were included in calculated positions and treated as riding atoms using SHELXL default parameters. The non-H atoms were refined anisotropically, using weighted full-matrix least-squares on F2. A semi-empirical absorption correction was applied using SADABS in APEX2 [START_REF]M86-E01078 APEX2 User Manual[END_REF]; transmission factors: T min/ T max = 0.5863/0.7528 for compound Cu-Cu-Cu and T min/ T max = 0.6539/0.7456 for compound Cu-Pd-Cu. The SQUEEZE instruction in PLATON [30] was applied. The residual electron density was assigned to two chlorobenzene molecules for compound Cu-Cu-Cu, and to two molecules of the 1,2-dichlorobenzene solvent for compound Cu-Pd-Cu. EPR measurements. EPR spectra were recorded on an EMXplus spectrometer (Bruker Biospin GmbH), equipped with a high sensitivity resonator (4119HS-W1, Bruker) operating at X-band (ca. 9.4 GHz). An ESR900 cryostat (Oxford Instruments) was used for the low temperature measurements. Sample solutions in quartz tubes were sealed after being degassed by three freeze-pump-thaw cycles. Simulations of EPR spectra were achieved by means of lab-made scripts based on Easyspin toolbox under Matlab (Mathworks©) environment [26]. Accurate simulations for Cu-Pd-Cu and Cu-Cu-Cu were prevented by the large spectral line widths and g strain was used to adjust the fits. The temperature dependence intensity of the double integrated EPR signal (c) for the Cu-Cu-Cu complex was fitted by the the equation used for the magnetic measurements.

Crystal data

CONCLUSION

The synthesis of two porphyrin dimers linked by copper(II) or palladium(II) was described. Both compounds were structurally characterized. Strong electronic interactions between the porphyrins were found for both dimers. This was clearly shown by the large bathochromic shifts of the Q bands and the splitting of the Soret bands in the electronic spectra of the dimers. Magnetic interactions between the copper(II) ions were also observed within these two dimers.

Whereas the magnetic coupling between the two copper(II) ion was negligible for the Cu-Pd-Cu dimer, the antiferromagnetic coupling between the copper(II) ions was quite large (J = -25.2 cm -1 ) for the Cu-Cu-Cu dimer. The linking copper(II) can be described as a relay to increase the interactions between the two copper(II)porphyrins. In the near future, by building larger copper(II) linked oligoporphyrins, long-range magnetic coupling can be envisaged. The introduction of different paramagnetic ions as linking units to generate heteronuclear dimers might even lead to completely different coupling values between the paramagnetic sites. This was shown earlier by the groups of Hoffman and Barrett in the case of heterobinuclear porphyrazines [10][11][12][13]. 
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 1 Figure 1. Examples of dinuclear molecules built from different porphyrinoids (all peripheral substituents ommitted).
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 2 Figure 2. Bis-copper(II) or bis-silver(II) triply fused porphyrin dimers studied by Osuka and coll. [22b].
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 3 Figure 3. Chemical structures of the porphyrin dimers Cu-Cu-Cu and Cu-Pd-Cu.
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 4 Figure 4. Electronic spectra of the porphyrin dimers Cu-Cu-Cu, Cu-Pd-Cu, and of the copper(II)porphyrin monomer (dotted line).
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 5 Figure 5. X-ray structure of the porphyrin dimer Cu-Cu-Cu. Top : side view showing the planar linking complex and the ruffled structure of the copper(II)porphyrin (all meso-aryl groups omitted), bottom: view showing the centrosymmetric porphyrin dimer (all hydrogen atoms omitted).
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 6 Figure 6. X-ray structure of the porphyrin dimer Cu-Pd-Cu. Top : side view showing the planar linking complex and the ruffled structure of the copper(II)porphyrin (all meso-aryl groups omitted), bottom: view showing the centrosymmetric porphyrin dimer (all hydrogen atoms omitted).
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 7 Figure 7. χT vs T (green squares) and χ vs T (red circles) for dimer Cu-Cu-Cu and dimer Cu-Pd-Cu (blue squares).
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 8 Figure 8. X-Band EPR spectra of complex Cu-Pd-Cu (black) at 4 K and Cu(II)porphyrin (orange) at 28 K in frozen CH 2 Cl 2 solution.
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 9 Figure 9. X-band EPR spectra of Cu-Cu-Cu in frozen CH 2 Cl 2 solution at 4 K (in black) and 70 K (in purple).

Figure 10 .

 10 Figure 10. Temperature dependence of the EPR intensity of Cu-Cu-Cu in frozen CH 2 Cl 2 solution.

  Cu-Cu-Cu. C 138 H 148 Cu 3 N 10 O 2 , M = 2169.28 g.mol -1 , green plate, crystal size 0.35 x 0.25 x 0.11 mm, triclinic, space group P-1, a = 9.3827(2) Å, b = 15.4981(4) Å, c = 24.8388(7) Å, α = 73.993(2)°, β = 81.347(2)°, γ = 86.276(2)°, V = 3431.30(15) Å 3 , Z = 1, ρ calc = 1.050 Mg/m 3 , T = 173(2) K, Cu-Kα = 1.54178, 1.868 < θ < 66.892, 42895 reflections measured, 11993 unique reflections, R 1 = 0.0984, wR 2 = 0.1552, GoF = 1.028. CCDC Nr 1920312. Crystal data Cu-Pd-Cu. C 150 H 156 Cl 4 Cu 2 N 10 O 2 Pd, M = 2506.12 g.mol -1 , black prism, crystal size 0.40 x 0.18 x 0.12 mm, triclinic, space group P-1, a = 15.6352(9) Å, b = 16.9970(11) Å, c = 20.0876(12) Å, α = 105.830(2)°, β = 106.0470(10)°, γ = 93.3380(10)°, V = 4883.9(5) Å 3 , Z = 1, ρ calc = 0.852 Mg/m 3 , T = 173(2) K, MoKα = 0.71073, 1.403 < θ < 28.032, transmission factors: T min /T max = 0.6539/0.7456, 87752 reflections measured, 23526 unique reflections, R 1 = 0.1012, wR 2 = 0.1883, GoF = 1.023. CCDC Nr 1920313. Magnetic measurements. Magnetic measurements were performed at the Institut de Physique et Chimie des Matériaux de Strasbourg (UMR CNRS-UdS 7504) using a Quantum Design SQUID-VSM magnetometer. Data were corrected for the sample holder and diamagnetism was estimated from Pascal constants. Dimer Cu-Cu-Cu : M = 2169.36 g/mol, m = 4.56 mg, shape correction = 1.064 Dimer Cu-Pd-Cu : M = 2212.23 g/mol, m = 5.23 mg, shape correction = 1.035

  /or M 2 = Cu and/or V=O
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 4 Figure 4. Electronic spectra of the porphyrin dimers Cu-Cu-Cu, Cu-Pd-Cu, and of the copper(II)porphyrin monomer (dotted line).
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 5 Figure 5. X-ray structure of the porphyrin dimer Cu-Cu-Cu. Top : side view showing the planar linking complex and the ruffled structure of the copper(II)porphyrin (all meso-aryl groups omitted), bottom: view showing the centrosymmetric porphyrin dimer (all hydrogen atoms omitted).
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 6 Figure 6. X-ray structure of the porphyrin dimer Cu-Pd-Cu. Top : side view showing the planar linking complex and the ruffled structure of the copper(II)porphyrin (all meso-aryl groups omitted), bottom: view showing the centrosymmetric porphyrin dimer (all hydrogen atoms omitted).
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 7 Figure 7. χT vs T (green squares) and χ vs T (red circles) for dimer Cu-Cu-Cu and dimer Cu-Pd-Cu (blue squares).Full lines correspond to the best fit considering two g values (see text).
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 8 Figure 8. X-Band EPR spectra of complex Cu-Pd-Cu (black) at 4 K and Cu(II)porphyrin (orange) at 28 K in frozen CH 2 Cl 2 solution.
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 10 Figure 10. Temperature dependence of the EPR intensity of Cu-Cu-Cu in frozen CH 2 Cl 2 solution.

Table 2 .

 2 EPR data for the three compounds in frozen CH 2 Cl 2 solution.

	Compound	g //	g⊥	A //	63 Cu	A⊥ 63 Cu	A 14 N	D (MHz)
				(MHz)	(MHz)	(MHz)	
	Cu(II)porphyrin 1	2.223	2.065		540	30	50	-
	Cu-Cu-Cu (4K), S = 1/2	2.252	2.049		540	30	-	-
	Cu-Cu-Cu (70K), S = 3/2	2.262	2.045		180	10	40	450

Figure 1. Examples of dinuclear molecules built from different porphyrinoids (all peripheral substituents ommitted).

See FigureS13for the simulated spectrum.
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