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Abstract

:

Cyclometallated iridium(III) and platinum(II) complexes are intensely used in optoelectronics for their photophysical properties and ability to convert excitons from singlet to triplet state, thus improving the device efficiency. In this contribution, we report the multi-steps synthesis of an electrodeficient dipyridylbenzene-like terdentate ligand [N^C^N], namely 2′,6′-dimethyl-2,3′:5′,2″-terpyridine (6), with 18% overall yield. Compound 6 has been employed to synthesize two phosphorescent complexes of platinum(II) and iridium(III), namely compounds 7 and 8, respectively. Both complexes have been characterized by NMR and high resolution mass spectrometry, and demonstrate high luminescence quantum yields in a deaerated solution at room temperature, with 18% and 61% for 7 and 8, respectively. If the iridium(III) complex displays similar emission properties to [Ir(dpyx)(ppy)Cl] (dpyx = 3,5-dimethyl-2,6-dipyridylbenzene and ppy = 2- phenylpyridine), the platinum(II) derivative, with λem = 470 nm, is a rare example of a fluorine atom-free blue emitting [N^C^N]PtCl complex.
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1. Introduction


Cyclometallated iridium(III) and platinum(II) complexes become cornerstones in modern photochemistry and find applications in optoelectronics, sensors, and luminescent biological probes for confocal microscopy, to name a few examples [1,2,3,4,5,6,7,8,9,10,11,12,13]. Cyclometallation means the formation of a bond between the metal and a carbon atom of a polydentate ligand, with the remaining bonds to the metal center usually being formed by heteroatoms such as nitrogen atoms. These complexes are thus organometallic compounds. The archetypical ligand being 2-phenylpyridine (ppy) reacts efficiently with PtII and IrIII forming five-membered metallacycles, in which the carbon atom of the phenyl in the ortho of the linking pyridine is bound to the metal. The C-H activation generates a carbanion C-, for which the σ donor ability is strong, while pyridine is a π acceptor. This ligand provides a very strong ligand-field to the metal, and thus the photophysical properties of the excited state are greatly enhanced. Indeed, in comparison with the polypyridines analogues, the strong ligand field uses high energy to push to a metal-centered (MC) excited state. This MC state is strongly coupled with the ground state and is thus responsible for the very low emission quantum yield when thermally accessible, such as in the case of RuII, FeII, and OsII complexes [14,15]. These complexes’ emission quantum yields are below 10%, with a few exceptions [15,16]. Tgherefore, it is not surprising that cyclometallated IrIII and PtII complexes have been studied or are used in numerous applications, such as triplet emitters in electroluminescent devices [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20], sensors [21,22,23,24,25,26], theragnostic and/or therapeutic agents [27,28,29,30,31,32], and photosensitizers and photocatalysts [13,21,33], to name few examples. The modification of the ligand framework around the metal center(s) allows for fine tuning their emission properties that cover the full visible spectra up to the near infrared [34,35,36,37,38]. Cyclometallated IrIII complexes are usually encountered as part of one of the following three families: neutral trishomoleptic Ir(C^N)3, where C^N is a cyclometallating ligand such as ppy; neutral or cationic bisheteroleptic Ir(C^N)2L, where L can be a monoanionic such as acetylacetonate (acac) or a neutral bidentate such as bipyridine (bpy: 2-2′-bipyridine); or trisheteroleptic complexes with three different cyclometallating ligands [39,40], or of the form Ir(N^C’^N)(C^N)Cl, where N^C’^N is a terdentate such as bipyridylbenzene. The PtII complex counterparts, when limited to cyclometallating compounds, can be divided into four main families, namely: Pt(C^N)L, with the L ancillary ligand, which can be anionic (acac) or neutral (bpy); Pt(N^C^N)X; the isoelectronic Pt(C^N^N)X; and Pt(C^N^C)X (X: halogen, thiocyanate, etc.).



Efficient blue emitting phosphors are still challenging to accomplish because of the high energy gap needed between the triplet excited state and the singlet ground state. To date, the main strategy for obtaining blue emitting PtII and IrIII complexes is to introduce fluorine atoms or fluorinated substituents onto the ligand framework [34,35,41]; recent work achieved deep blue emitting complexes by using the biscarbene pincer ligand, isoelectronic to the N^C^N ligand [42,43,44]. However, in electroluminescent devices, the presence of fluorine atoms directly attached to aromatic carbons on the ligand framework is thought to lead to decomposition of the complex [45]. The only fluorine atom-free blue emitting Pt(N^C^N)Cl complex had an ester in the para position of the cyclometallating benzene with respect to the C-Pt bond, and it displayed a high photoluminescent quantum yield of 58% and an emission maximum at 481 nm in CH2Cl2 at 298 K [46]. A recent strategy was to introduce an electrodeficient cyclometallating aryl such as pyrimidine, or to destabilize the LUMO by using an electron rich ancillary ligand and donor substituents [47,48,49]. In this contribution, we focus especially on the IrIII and PtII complexes featuring a terdentate ligand N^C^N, namely 2′,6′-dimethyl-2,3′:5′,2″-terpyridine (6). This ligand, although a substituted terpyridine, behaves as its structural analogue 3,5-dimethyl-2,6-dipyridylbenzene (=dpyxH) when it is coordinated to a metal center. Indeed, on ligand 6, the presence of the methyl groups prevents the competitive coordination of the nitrogen atom of the central pyridine, promoting the cyclometallation on C4 just like with dpyxH. The complexes featuring the dpyx ligand are closely related to the position isomer C^N^N (6-phenyl-2,2′-bipyridine) [50], but the switch of position of the σ donor carbon has quite a dramatic effect on the luminescence properties. Both Pt(N^C^N)Cl and Ir(N^C^N)(C^N)Cl complexes display high emission quantum yields, which can almost reach unity in homo-bimetallic assemblies [51,52,53]. We depict the synthesis of a new electrodeficient cyclometallating ligand, namely 2′,6′-dimethyl-2,3′:5′,2″-terpyridine (6), which, once coordinated to a platinum(II) center, allows for reaching blue emission.




2. Materials and Methods


2.1. General Consideration


Commercially available reagents were purchased from Sigma-Aldrich, Alfa Aesar, Acros Organics, TCI Chemical, Merck, Strem, or Fluorochem and used as received, unless otherwise specified. Solvents were obtained from same commercial sources and used without further purification. For moisture sensitive reactions, glassware was oven-dried prior to use. 1H NMR spectra were recorded on a Brucker advance III 400 MHz spectrometer equipped with a BBO probe and on a Brucker advance III 500 MHz spectrometer equipped with a CryoProbe Prodigy in deuterated solvent (CDCl3, DMSO-d6 or CD2Cl2) and data were reported as follows: chemical shift in ppm from tetramethylsilane with the solvent as an internal indicator (CDCl3 7.26 ppm, DMSO-d6 2.50 ppm, CD2Cl2 5.32 ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, p = pentet, m = multiplet or overlap of non-equivalent resonances), integration. 13C{1H} NMR spectra were recorded either at 101 MHz or at 126 MHz in a suitable deuterated solvent and data are reported as follows: chemical shift in ppm from tetramethylsilane with the solvent as an internal indicator (CDCl3 77.16 ppm, DMSO-d6 39.52 ppm, CD2Cl2 53.84 ppm). All NMR spectra are displayed in SI Figures S1–S11. High resolution mass spectrometry (HRMS) was performed on a THERMO SCIENTIFIC LTQ Orbitrap XL in electrospray ionization (ESI) mode with a dilution of 10−5 M in MeOH.




2.2. Absorption and Emission Spectroscopies


The absorption spectra were recorded on a Cary 300 UV−visible spectrophotometer (Varian) and the emission spectra (in solution and at 77 K) were recorded on a Fluoromax 4® (Horiba) or on a FLS-1000® (Edinburgh Instruments) equipped with automatic filters to remove the harmonic bands. Quartz cuvettes with a 1 cm optical path were used. Lifetimes were measured using LP900 spectrometer with a Flashlamp pumped Q-switched Nd:Yag laser operating at 355 nm and with photomultiplier (PMT) detector, or with a picosecond laser diode operating at 405 nm and using a time-correlated single photon counting detection (TCSPC, PicoHarp 300). Phosphorescence quantum yields Φ were measured in diluted solutions with an optical density lower than 0.1, using the relative method (comparison with a reference compound, here diphenylanthracene in cyclohexane, Φr = 0.90), according the following general equation: Φx/Φr = [Ar/Ax][nx2/nr2][Dx/Dr], where A is the absorbance at the excitation wavelength, n the refractive index, and D the integrated luminescence intensity. “r” and “x” stand for reference and sample, respectively [54].




2.3. Experimental Procedures


2,6-dimethyl-4-pyridone (1): to 2,6-dimethyl-γ-pyrone (2 g, 16.11 mmol) in an Ace® tube was added to an aqueous solution of NH4OH (8 mL, 25% w/w). The tube was sealed and the solution was stirred at 140 °C overnight. At r.t., the white precipitate was filtered out and washed with cold water. The pure compound was dried with P2O5 under reduced pressure, giving the desired product in 60% yield (1.18 g). 1H NMR (400 MHz, DMSO-d6) δ 11.08 (s, 1H), 5.75 (s, 2H), and 2.11 (s, 6H). The spectrum was coherent with the previously reported synthesis [55].



3,5-dibromo-2,6-dimethyl-4-pyridone (2): In an ice bath, 1 (2.5 g, 20.3 mmol) was suspended in dist. water (50 mL), followed by the addition of KOH (2.3 g, 40.6 mmol). Using a dropping funnel, Br2 (12.4 g, 77.49 mmol) was added drop-to-drop, allowing the solution to lose the brown color and take the appearance of a white precipitate. After full addition, the suspension was stirred for 1h and the precipitate was collected on a frit. The cake was washed with water until the filtrate was colorless, then it was washed with cold methanol (30 mL) and cold diethylether (30 mL). The white solid was then dried in vacuum with P2O5 overnight. The compound was recovered as a white solid in 68% yield (6.77 g). 1H NMR (400 MHz, CDCl3) δ 6.94 (s, 1H) and 2.56 (s, 6H). The spectrum was coherent with the previously reported synthesis [55].



3,5-dibromo-4-chloro-2,6-dimethyl-4-pyridine (3): 2 (4 g, 14.3 mmol) and POCl3 (16 mL, 78.4 mmol) were placed in a sealed tube (Ace® tube) and heated at 135 °C overnight. At r.t., the mixture was poured into ice and NaHCO3 was added until neutralization of the pH. The aqueous phase was extracted three times with CH2Cl2 (50 mL) and the collected organic layers were dried on MgSO4 and the solvent was evaporated. The crude product was purified using a flash chromatography column (SiO2, C6H12/EtOAc/CH3C6H5, 7/2.99/0.01, V/V/V) and the pure compound was obtained in a 73% yield (3.15 g). 1H NMR (400 MHz, CDCl3) δ 2.66 (s, 6H). The spectrum was coherent with the previously reported synthesis [55].



3,5-dibromo-2,6-dimethyl-4-pyridine (4): 3 (5 g, 16.59 mmol) was suspended in hydroiodic acid (57%, 25 mL) and red phosphorus (514 mg, 166 mmol) was added. The mixture was refluxed overnight. At r.t., the mixture was carefully added to a saturated solution of Na2CO3 (200 mL) and the mixture was extracted three times with CH2Cl2 (50 mL). The combined organic layers were dried over MgSO4 and the solvents were evaporated. A flash chromatography column (SiO2, C6H12/EtOAc, 6/4) produced the compound in 68% yield (3.01 g). 1H NMR (400 MHz, CDCl3) δ 6.60 (s, 1H), 2.07 (s, 6H). The spectrum was coherent with the previously reported synthesis [55].



3-bromo-5-phenyl-2,6-dimethyl-4-pyridine (5): 4 (1.44 g, 5.4 mmol), 2-(tributylstannyl)pyridine (5 g, 13.6 mmol) and anhydrous LiCl (1.67 g, 39 mmol) were dissolved/suspended in toluene (40 mL). The solution was degassed by bubbling Ar at the mean of a needle for 15–20 min, followed by the addition of Pd(PPh3)4 (254 mg, 0.22 mmol) and the solution was heated under reflux for 24 h. At room temperature, the solution was filtered on celite® and washed with toluene until the filtrate became colorless. After evaporation of the solvent, the crude material was purified by a flash chromatography column (SiO2, pentane/dry-acetone, 6/4 to 4/6), producing two products: 5 in 65% yield (1 g) and 2,6-dimethyl-3,5-diphenyl-4-pyridine (6) in 24% yield (583 mg). 1H NMR (400 MHz, CDCl3) δ 7.65 (s, 1H), 7.48–7.33 (m, 3H), 7.29 (dd, J = 8.3 Hz, J = 1.6 Hz, 2H), 7.16 (ddd, J = 6.3 Hz, J = 0.9 Hz, 1H), 6.95 (ddd, J = 7.7 Hz, J = 1.7 Hz, 1H), 2.67 (s, 3H), 2.43 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 155.19, 154.02, 140.62, 138.66, 136.23, 129.87, 129.26, 129.08, 128.61, 127.99, 127.86, 127.68, 118.32, 24.63. HRMS calculated for [M + H]+ 263.01639, found 263.02546.



2′,6′-dimethyl-2,3′:5′,2″-terpyridine (6) from 5: 5 (1 g, 3.8 mmol), 2-(tributylstannyl)pyridine (1.8 g, 4.9 mmol) and anhydrous LiCl (590 mg, 39 mmol) were dissolved/suspended in toluene (30 mL). The solution was degassed by bubbling Ar at the mean of a needle for 15–20 min prior to the addition of Pd(PPh3)4 (175 mg, 0.15 mmol) and the solution was refluxed overnight. At room temperature, the solution was filtered on celite® and washed with toluene until the filtrate became colorless. After evaporation of the solvent, the crude material was purified by a flash chromatography column (SiO2, pentane/dry-acetone, 6/4 to 4/6) giving 6 in 45% yield (443 mg). 1H NMR (400 MHz, CD2Cl2) δ 8.69 (ddd, J = 4.9, 1.9, 1.0 Hz, 2H, 11), 7.84–7.73 (m, 3H, 12 & 4), 7.48 (dt, J = 7.8 Hz, J = 1.1 Hz, 2H, 13), 7.28 (ddd, J = 7.6 Hz, J = 4.8 Hz, J = 1.1 Hz, 2H, 14), 2.61 (s, 6H, 7 & 8). 13C NMR (101 MHz, CD2Cl2) {1H} δ 158.4, 155.4, 149.9, 138.9, 136.7, 133.5, 124.4, 122.4, 23.4. HRMS calculated for [M + H]+ 262.13387, found 262.13358.



2′,6′-dimethyl-2,3′:5′,2″-terpyridine (6) from 4: 4 (350 g, 1.32 mmol), 2-(tributylstannyl)pyridine (1.5 g, 1.96 mmol) and anhydrous LiCl (348 mg, 15.3 mmol) were dissolved/suspended in toluene (20 mL). The solution was degassed by bubbling Ar at the mean of a needle for 15–20 min prior to the addition of Pd(PPh3)4 (100 mg, 0.09 mmol) and the solution was refluxed for 72 h under Ar. At room temperature, the solution was filtered on celite® and washed with toluene until the filtrate became colorless. After evaporation of the solvent, the crude material was purified by a flash chromatography column (SiO2, ethylacetate), producing 6 in 87% yield (300 mg). 1H NMR (400 MHz, CD2Cl2) δ 8.69 (ddd, J = 4.9, 1.9, 1.0 Hz, 2H, 11), 7.84–7.73 (m, 3H), 7.48 (dt, J = 7.8 Hz, J = 1.1 Hz, 2H), 7.28 (ddd, J = 7.6 Hz, J = 4.8 Hz, J = 1.1 Hz, 2H), 2.61 (s, 6H).



Compound 7: 6 (100 mg, 0.38 mmol) and K2PtCl4 (157 mg, 0.38 mmol) were dissolved in a mixture of butyronitrile (15 mL) and H2O (0.5 mL), and the reaction was refluxed for 60 h. At room temperature, the yellowish suspension was filtered on celite. The celite was recovered and suspended in 2-ethoxyethanol (20 mL) and refluxed 24 h. At room temperature, water was added (30 mL) and the suspension was filtered on celite. The celite was washed successively with ice-cold MeOH (20 mL) and Et2O (30 mL). The celite was then treated with hot CH2Cl2 (3 × 10 mL) and hot MeNO2 (3 × 10 mL). The combined organic phases were dried with MgSO4, filtered, and evaporated under reduced pressure. Complex 7 was isolated as a pale yellow to red solid in 21% yield (40 mg). 1H NMR (400 MHz, CD2Cl2) δ 9.41 (dd, JPt-H = 41.2 Hz, J = 5.7 Hz, 2H), 8.03 (t, J = 7.9 Hz, 2H), 7.94–7.82 (m, 2H), 7.34 (dd, J = 6.5 Hz, J = 6.5 Hz, 2H), 2.82 (s, 6H). The complex was not soluble enough to obtain the 13C NMR spectrum in CD2Cl2, nor CD3Cl or DMSO-d6. HRMS calculated for [M-Cl]+ 455.0835, found 455.0827; calculated for [M-Cl + CH3CN]+ 496.1101, found 496.1066.



Compound 8: 6 (80 mg, 0.31 mmol) and IrCl3.H2O (88 mg, 0.30 mmol) were dissolved in a mixture of 2-ethoxyethanol/H2O (20 mL, 3/1, v/v) and refluxed overnight. At room temperature, H2O was added until precipitation, and the solid was then filtered on Millipore and copiously washed with H2O and Et2O. The crude materials were suspended in toluene (5 mL) and 2-tolylpyridine (61 mg, 0.36 mmol) and AgOTf (128 mg, 0.5 mmol) were added. The reaction was heated at reflux overnight. After evaporation of the solvent, the residue was suspended in CH2Cl2 and filtered on celite. The yellow solution was concentrated and an excess of Et2O (roughly 2 or 3 × the CH2Cl2 residual volume) and the solution stood in a freezer overnight. A yellow precipitate appeared and was filtrated on Millipore, washed with Et2O, and the resulting solid was dried in a vacuum. The compound was isolated as a yellow powder in 61% yield (128 mg). 1H NMR (500 MHz, CD2Cl2) δ 9.99 (ddd, J = 5.5, 1.7, 0.9 Hz, 1H), 8.08 (ddd, J = 8.7, 2.4, 1.2 Hz, 3H), 8.04–7.97 (m, 1H), 7.76–7.68 (m, 4H), 7.57 (ddd, J = 7.2, 5.5, 1.4 Hz, 1H), 7.52 (d, J = 7.9 Hz, 1H), 6.94 (ddd, J = 7.2, 5.8, 1.4 Hz, 2H), 6.57 (ddd, J = 7.9, 1.8, 0.8 Hz, 1H), 5.69 (d, J = 1.8 Hz, 1H), 3.76 (s, 2H), 3.06 (s, 6H). 13C NMR (126 MHz, CD2Cl2) δ 167.64, 164.62, 152.04, 149.40, 146.19, 141.13, 139.99, 138.31, 137.25, 136.59, 135.47, 124.41, 123.48, 123.04, 122.96, 119.27, 54.27, 54.06, 53.84, 53.62, 53.41, 44.34, 21.37. HRMS calculated for [M-Cl]+ 621,16302, found 621.16171.





3. Results


3.1. Synthesis


The synthesis of the dipyridylbenzene-like terdentate ligand 6 (Scheme 1) was adapted from known procedures [55,56] and started from the conversion of 2,6-dimethyl-γ-pyrone into 2,6-dimethyl-4-pyridone (1) in a pressure tube in the presence of an excess ammonia aqueous solution at a high temperature, with a moderate conversion yield (60%). The dibromopyridone 2 was obtained through the addition of bromine to an alkaline solution of compound 1, which provided access to the desired derivative in a moderate yield (68%). The aromatization and conversion of compound 2 to 3 was performed in neat phosphoryl chloride at a high temperature in a pressure tube. After neutralization of the reaction mixture and extraction, the desired compound 3 was obtained after flash chromatography column in good yields (73%). The reduction in the chlorine atom was performed in a refluxing hydroiodic acid in the presence of red phosphorus and the subsequent neutralization and extraction gave a crude material. The latter was purified by a flash chromatography column, yielding 4 (65%). To our surprise, the direct conversion of 4 to 6 by the Stille palladium cross-coupling reaction appeared to be somewhat slow. Indeed, the 1,5-dimethyl-3,4-di(2′-pyridyl)benzene synthesis in similar conditions [56] was obtained after 24 h of reaction in a moderate yield (61%) from the corresponding 1,5-dibromo-2,4-dimethylbenzene. In our case, when the work up of the reaction was performed after 24 h, the column chromatography allowed for isolating two compounds, the first eluted compound was the monosubstituted derivative 5 and the second one was compound 6, in 65% and 24% yields respectively. A second cross-coupling reaction with 5 provided access to 6 in 45% yield, after purification. The direct access to the desired ligand through the cross-coupling reaction required three days of reflux with a slight increase in the Pd0 load, 7% instead of 4%. The ligand was obtained in a high yield (87%) after column chromatography. When performing the cyclometallation reaction to afford complex 7 from the refluxing solution of 6 and K2PtCl4 in a different set of solvents acetic acid, or 2-ethoxyethanol, or in a mixture of solvents (CH3COOH/CH3CN), only degradation materials or starting ligands were observed. Therefore, we attempted the in situ formation of a bis(butyronitrile)dichloridoplatinum(II) complex that would react with ligand 6 [57]. After 60 h of reflux of a mixture of ligand 6 and K2PtCl4 in butyronitrile, the reaction was filtered, and the filtrate was free of materials and the celite displayed a pale yellow color. No product was recovered after washing the celite with hot CH2Cl2. We presumed that the cyclometallation did not take place and the celite was refluxed for 24 h in 2-ethoxyethanol to allow for the cyclometallation to take place. After filtration and washing of the solid, the pure compound was obtained by treating the celite with hot CH2Cl2 and CH3NO2, as a pale yellow to red solid in a low yield (21%). It is worth noting that the presence of a red color, along with a red emission, is characteristic of Pt─Pt interactions in the ground state in this family of square planar complexes [58]. The synthesis of complex 8 followed the classical two steps route [37,56]; first, ligand 6 was dissolved with IrIIICl3.nH2O salt in a mixture of ethoxyethanol/water and refluxed overnight, leading to a µ-dichlorobriged dimer. The latter was not characterized, which is somewhat common regarding the low solubility of these intermediates [37,56] and their known lack of interesting emission properties [59,60,61]. Thus, the intermediate was directly engaged in the next step and suspended in toluene in the presence of an excess of both 2-tolylpyridine and silver triflate. The mixture was refluxed overnight, and the workup followed by a recrystallisation provided the desired complex in a good yield (61%).




3.2. Characterisation


The 1H NMR spectrum of 7 displays four sets of multiplets in the aromatic region (Figure 1), of 9.5 ppm to 7.3 ppm, and a singlet in the aliphatic region. The latter corresponds to the methyl of the cyclometallating ring (6H) and the multiplets belong to the two coordinating pyridyls (8H). The presence of PtII was assessed by the strong coupling constant between the 195Pt and the proton (Figure 1) with J = 41.2 Hz. It was not possible to record a proper 13C NMR spectrum for the complex despite our efforts, notably by changing the solvent. The square planar PtII compounds are prone to interact, which can obstruct their solubility, in contrast with the octahedral geometry of IrIII complexes, which are consequently more soluble.



The 1H NMR spectrum of 8 displayed nine signals belonging to the aromatic protons in the range of 5.5–10 ppm (Figure S11), counting for 15 protons. The doublet at 5.69 ppm corresponds to the proton in ortho position of the cyclometallating carbon of the tolylpyridine ligand, which is in the magnetic field of the N^C^N ligand. As a consequence, the chemical shift moved to a high field. Two singlets in the aliphatic region correspond to the methyl groups of both cyclometallating ligands. The NMR spectrum displays the expected number of protons.




3.3. X-ray Single Crystal Diffraction


Crystallographic quality crystals were obtained for 8 by slow vapor diffusion of n-hexane in a concentrated solution of the complex in 1,2-dichloroethane. The structure is shown in Figure 2. Compound 8 crystallizes in the triclinic space group P-1 with one complex per asymmetric unit. A selection of structural data are gathered in Table 1 and the crystal data and structure refinement are shown in Table S1. The geometrical constraints induced by the chelation of the terdentate ligand forming five member cycles lead to a distorted octahedral geometry coordination around the metal center, with an NNCN^Ir^NNCN angle of 160.5°. The metal–ligand bonds are longer for the bidentate ligand than for the terdentate one, Ir-CNCN is 1.919(9) Å and the Ir-CNC is 2.019(6) Å; such a difference could be the result of the hindrance of the two flanking pyridyl rings of N^C^N ligand on the other ligand. Ir-NNC is 2.160(7) Å, longer than the other Ir-N bonds, which display bond length of roughly 2.05 Å. This difference reflects the trans effect induced by the strong σ donating ability of the cyclometallating carbon. These values are similar to the one encountered in other iridium(III) complexes featuring the cyclometallating terdentate ligand [56,62,63].




3.4. Absorption and Emission Spectroscopy


The complexes were studied in a diluted solution of CH2Cl2 at 298 K under both air equilibrated and deaerated conditions, and at a low temperature (77 K) in a butyronitrile rigid matrix. The complexes [Pt(dpyx)Cl] [64] and [Ir(dpyx)(ppy)Cl] [57] (dpyx = 3,5-dimethyl-2,6-dipyridylbenzene; and ppy = 2-phenylpyridine), presented in Figure 3, are structural analogues of 7 and 8 and were chosen as reference compounds for the study of the photophysical properties. A selection of data are gathered in Table 2 and the spectra are displayed in Figure 4. First, the compound 7 absorption spectrum displays intense bands in the 250–300 nm region (εmax = 75,500 M−1 cm−1) and these bands are usually ascribed to the π─π* transitions of the ligand. Moderately intense absorption bands are present within the range of 300–390 nm with an average ε of 30,000 M−1 cm−1, they could be mixtures of metal perturbated ligand centered (LC) and metal-to-ligand charge transfer (MLCT) transitions [58,65]. At low energy, a very weak absorption band is observed (440 nm, ~800 M−1 cm−1, see Figure S12) and it can be ascribed to the direct absorption from the singlet ground state to the triplet excited state, which is partially allowed by the strong spin–orbit coupling of the platinum [58,65]. The shape of the spectrum is similar to the one displayed by [Pt(dpyx)Cl] [64], but the whole spectrum displays an hypsochromic shift, which could be the consequence of the use of the cyclometallating pyridine as expected. Second, compound 8 absorption spectrum displays relatively intense absorption band at 280 nm (ε = 34,500 M−1 cm−1) ascribed to the π─π* transitions centered on the ligands (N^C^N or/and C^N). In the range of 340–450 nm, the complex displays moderate absorption bands (ε = 6 000–7 500 M−1 cm−1), with no counterpart in the free ligands, which involve metal perturbated ligand transition with, at a lower energy, metal-to-ligand charge transfer (MLCT) and ligand–ligand charge transfer (LLCT) transitions [61,66]. At a low energy, a very weak absorption band around 480 nm (ε < 1 000 M−1 cm−1, see Figure S12) corresponds to the direct absorption of the singlet ground state to the triplet excited state, which is partially allowed thanks to the high spin–orbit coupling brought by the IrIII core [61,66].



At room temperature in a deaerated solution, compound 7 displays a structured blue-green emission with a maximum at 470 nm and a moderate quantum yield of 18%. The emission lifetime is of the µs regime (1.6 µs) and both the quantum yield and the lifetime drop slightly in the presence of oxygen with a moderate bimolecular quenching constant (k[O2] = 0.2 10−9 M−1 s−1) [56,63,67]. The emission quantum yield of 7 is smaller than that of the model complex [Pt(dpyx)Cl] [64], with 18% and 49%, respectively. The introduction of a nitrogen atom in the cyclometallating aryl in the 4 position has the expected consequence of inducing a strong hypsochromic shift, just like the presence of fluorine atoms in 3,5-position of the cyclometallating benzene in complex [Pt(3,5-dFdpyb)Cl] (3,5-dFdpyb = 3,5-difluoro-2,6-di(2-pyridyl)benzene, metallated at C1 of the benzene), which displays a structured emission with a maximum at 467 nm with a quantum yield of 80% in deaerated CH2Cl2 [34]. Complex 7 is one of the rare examples of the Pt(II) complex displaying a blue emission without the presence of fluorine substituents on the ligands. Such a result is impressive, as it is worth noting that the presence of F-CAr in the ligand framework is thought to induce degradation in electroluminescent devices [45]. At 77 K in a rigid matrix, the complex displays a slight bathochromic shift with a maximum emission at 463 nm and an extended emission lifetime of 2.3 µs. The weak rigidochromism displayed by 7, along with the relatively long emission lifetime, are indicative of an emission emanating from the radiative deactivation from the ligand centered (IL) triplet excited state to the singlet ground state [15,52].



Compound 8 displays a bright green structured emission with a maximum at 505 nm and a high quantum yield of 61%. The emission displays a lifetime of 0.87 µs, and both the lifetime and the quantum yield drop drastically in the presence of oxygen and the k[O2] is estimated to be 2.6 109 M−1 s−1. The shape of the emission spectrum is very similar to the model complex [Ir(dpyx)(ppy)Cl], which displays a green structured emission with maximum at 508 nm and a quantum yield of 76%. However, the emission lifetime of [Ir(dpyx)(ppy)Cl] is twice as long as that of 8 and much more sensitive to the presence of oxygen (k[O2] = 4.9 109 M−1 s−1). At 77 K, 8 displays a more pronounced structure for the emission spectrum, but the emission maximum remains almost at the same wavelength (i.e., 500 nm) as at room temperature. The weak rigidochromism is indicative of an emission emanating from the radiative deactivation of the ligand centered (LC) triplet excited state [61,68], which is also the case for [Ir(dpyx)(ppy)Cl]. The two IrIII complexes display very close emission properties despite the presence of the cyclometallating pyridine in 8.





4. Conclusions


We successfully synthesized a dipyridylbenzene-like terdentate ligand featuring an electrodeficient cyclometallating ring; the ligand was fully characterized by NMR and HRMS. Two highly emissive neutral complexes were prepared: a PtII complex and a biscyclometallated trisheteroleptic IrIII complex, emitting in the blue and in the green region of the spectrum, respectively. The PtII derivative required an unusual two step synthesis and some solubility issues interfered with its characterization. Nonetheless, we demonstrate that the introduction of the cyclometallating pyridine in the N^C^N ligand framework allows for inducing a significant hypsochromic shift of both the absorption and emission spectra with a good emission quantum yield (18%), and the emission is attributed to the radiative deactivation of a 3LC* to the ground state, as it is commonly encountered for this class of complexes. We believe this is a rare example of blue emitting PtII complex featuring a fluorine-free dipyridylbenzene-like terdentate ligand, which could be useful in optoelectronic devices [34,69]. In contrast, the IrIII complex was obtained from an easier synthesis. The emission properties were found to be very close to those of the model complex [Ir(dpyx)(ppy)Cl], with practically superimposable emission spectra. The emission is attributed to the radiative deactivation of a 3LC* to the ground state.
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Scheme 1. Synthesis of compounds 1 to 8 (see H atoms numbering on 6). (a) NH4OH 140 °C; (b) Br2, KOH, H2O; (c) POCl3 135 °C; (d) red phosphorus, HIaq reflux; (e) 2-(tributylstannyl)pyridine Pd(PPh3)4 (4 %mol), LiCl, toluene, Ar, reflux; (f) 2-(tributylstannyl)pyridine Pd(PPh3)4 (7 %mol), LiCl, toluene, Ar, reflux; (g) K2PtCl4 ACOH/CH3CN reflux 24 h; (h) IrCl3.nH2O 2-ethoxyethanol H2O reflux; (i) 2-(tolyl)pyridine, AgOTf, toluene reflux, Ar. 
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Figure 1. Complex 7, 1H NMR spectrum of the aromatic region in CD2Cl2, 400 MHz. 
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Figure 2. Molecular structure of 8. Hydrogen atoms have been omitted for clarity. 
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Figure 3. Absorption and emission spectra of 7 (left) and 8 (right) in a diluted solution in CH2Cl2 at 298 K (plain line) and 77 K emission spectra in butyronitrile (dotted line). * Artefact emanating from the spectrometer. 
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Figure 4. Reference complexes [Pt(dpyx)Cl] and [Ir(dpyx)(ppy)Cl]. 
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Table 1. Selected structural data of 8.
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	Bond Length (Å)
	
	Angles (°)





	Ir−C(1)
	1.921(6)
	C(1)−Ir−N(2)
	80.4(2)



	Ir−N(2)
	2.043(6)
	C(1)-Ir−N(3)
	80.0(2)



	Ir−N(3)
	2.053(5)
	C(1)−Ir−N(4)
	174.2(2)



	Ir−N(4)
	2.158(5)
	C(1)−Ir−C(18)
	94.8(2)



	Ir−C(18)
	2.005(4)
	C(1)−Ir−Cl
	92.7(2)



	Ir−Cl
	2.462(2)
	N(3)−Ir−C1
	91.5(1)



	
	
	N(2)-Ir−C1
	88.1(1)



	
	
	N(4)−Ir−Cl
	93.0(1)



	
	
	C(18)−Ir−Cl
	172.1(1)



	
	
	N(2)−Ir−N(3)
	160.3(2)
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Table 2. Absorption and emission data recorded in CH2Cl2 at 298 K and in butyronitrile at 77 K.
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	Complexes
	λabs [nm] (ε 103 [M−1 cm−1])
	λem [nm]
	Φ (Air)
	τ [µs] (Air)
	kr × 105 [s−1] 2
	Σknr × 105 [s−1] 2
	k[O2] × 109 [M−1 s−1] 3
	λem [nm] 77 K
	τ [µs] 77 K





	[Ir(dpyx)(ppy)Cl] 1 [57]
	258 (39.7), 285 (37.0), 353 (6.2), 369 (7.8), 399 (10.0), 417 (11.3), 455 (3.6), 492 (1.3),
	508
	0.76 (0.02)
	1.6 (<0.10)
	4.8
	1.5
	4.9
	-
	-



	[Pt(dpx)Cl] [65]
	-
	493 *, 524, 560
	0.49
	3.4
	1.4
	1.4
	-
	-
	-



	7
	262 (11.9), 293 (75.5), 314 (29.4), 327 (34.6), 339 (41.0) 349 (23.3), 368 (26.7), 403 (2.9), 440 (0.8)
	470 *, 502, 533
	0.18 (0.11)
	1.6

(1.02)
	1.1
	5.1
	0.2
	463 *, 498, 538
	2.3



	8
	254 (32.1), 280 (34.5), 400 (6.6), 440 (1.9), 484 (0.7)
	505 *, 528
	0.61 (0.10)
	0.87 (0.12)
	7.0
	4.5
	2.6
	500 *, 538, 585
	4.22







1 This complex has been studied in CH3CN. 2 The rate constants for radiative (kr) and nonradiative (∑knr) decay can be estimated from the quantum yields and lifetimes: kr = Φlum/τ and ∑knr = (1/τ). 3 Bimolecular rate constant for quenching by 3O2, estimated from τ values in degassed and aerated solutions. * Denotes the most intense band.
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