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Iridium(iii) dipyridylamine complexes: synthesis, characterization and catalytic activities in photoredox reactions

Two new series of cyclometalated iridium(III) complexes bearing a dipyridylamine as the N^N ligand have been prepared and fully characterized. After investigation of their photophysical properties, their catalytic activities have been evaluated in a model photoredox reaction and compared with the commercially available [Ir(ppy) 2 (dtbbpy)][PF 6 ] complex.

Introduction

Nitrogen ligands are able to bind strongly to transition metal atoms and can stabilize both very low and high oxidation states [1][2][3][4][5][6]. Among these nitrogen ligands, dipyridylamines (dpa) occupy a unique place in coordination chemistry because they are able to form six-membered chelates upon metal binding. They have found applications in transition metal-catalyzed polymerization, allylic oxidation, transesterification and magnetism and photomagnetism [7]. Despite these interesting examples, the chemistry of 2,2′-dipyridylamines has mainly been limited to the study of their coordination behavior. Since several years, we have developed a research program devoted to the synthesis [8], the coordination [9], and the reactivity of metal complexes coordinated to dipyridylamine derivatives. This interest was directed by their easy functionalization and the possibility to have an anchoring site with the bridged nitrogen atom. These two reasons may give access to a broad range of applications such as supported catalysis [10], ion detection [11] or Organic Light Emitting Diodes [12]. Here, we present the synthesis and the full characterization of a series of neutral and cationic heteroleptic iridium(iii) complexes bearing both C^N ligands and a dipyridylamine motif as the N^N ligand. An evaluation of their catalytic activities in a model photoredox reaction is also reported in order to demonstrate the potentiality of developing supported photoredox catalysis.

Results and discussion

In order to have an orthogonal and homogeneous series of octahedral cationic and neutral iridium(iii) complexes, 2-phenylpyridine (ppy), 2-p-tolylpyridine (4-Me-ppy), 2-(2,4difluorophenyl)pyridine (2,4-F-ppy), benzoquinoline (bzq), N-phenylpyrazole (ppz) and 2phenylisoquinoline (piq) were first selected as C^N cyclometalating ligands (1-6, Fig. 1). The corresponding iridium(iii) dimer complexes were obtained in good to high yields (73 to 99% isolated yields) using a known procedure [13]. Addition of various dipyridylamine derivatives [14] (N^N ligands a-f, Fig. 2) to the mentioned iridium dimers followed by anion metathesis led to a library of cationic iridium complexes with yields ranging from 65 to 97% [15]. It is noteworthy that the formation of the expected complexes between iridium(iii) dimers and 6-Me-Hdpa was not observed. We assume that this non-coordination came from steric repulsions between the methyl substituent on the pyridine rings and the C^N ligands, already coordinated to the iridium centre. Finally, as summarized in Table 1, a series of 18 complexes was obtained in overall yields ranging from 39 to 80% (Scheme 1). Scheme 1 Synthesis of cationic Ir(iii) complexes.

Entry

Complex Yield a (%) Taking advantage of the acidic proton on the bridged nitrogen atom, we thought to prepare a series of neutral iridium complexes. The deprotonation was easily achieved in the presence of K 2 CO 3 in dichloromethane at room temperature [16] and yielded the corresponding "azaacac" type ligands coordinated to the iridium(iii) centre (54-70%). It is noteworthy that a complex mixture was observed by NMR analysis from [Ir(bzq) 2 (Hdpa)][PF 6 ] 3a, and we were not able to isolate any complex (Scheme 2).

Scheme 2 Synthesis of neutral iridium complexes bearing anionic dpa.

To unambiguously establish the atom connectivity in the [Ir(C^N) 2 (N^N)][PF 6 ] complexes, single crystals for X-ray diffraction (XRD) were grown by slow gas diffusion of pentane into a saturated dichloromethane or chloroform solution of [Ir(ppy)(4-Me-Hdpa)][PF 6 ] complex 1c. Ball and stick representations of crystallized complexes [Ir(ppy)(4-Me-Hdpa)][PF 6 ] 1c are presented in Fig. 3. These X-ray diffraction analyses confirmed the expected 6-membered ring chelate. It is worth mentioning that dipyridylamine ligands did not have a planar geometry due to the pyramidal nitrogen atom between the two pyridine rings. With these complexes in hand, their absorption properties were measured between 230 and 600 nm. In a general trend, the absorption spectra, recorded in CHCl 3 , show that the wavelength depends exclusively on the C^N ligands. For all complexes, the maximum of absorption, which can be assigned to a π-π* ligand-centred (LC) transition, was found between 238 and 277 nm (Table 2). The complexes bearing C^N ligands such as ppz (2a-d), bzq (3a-d), piq (4a-d) and 2,4-F-ppy (6a) presented a maximum of absorption which can be ascribed to a second π-π* ligand-centered transition, in a region between 292 and 323 nm (Table 2). It is noteworthy that concerning the complexes bearing bzq (3a-d) and ppy (1a-d), a third local maximum of absorption was found at 425 nm. This weak and broad band corresponds to a dπ-π* metal-to-ligand charge transfer ( 1 MLCT) absorption, as also observed with other iridium complexes [18]. More interestingly, for further applications in photoredox chemistry, the iridium complexes bearing a "piq" ligand exhibited this third local maximum at 440 nm and a more intense absorbance (Fig. 4). Then, if the position of the methyl substituent is considered, [Ir(piq) 2 (3-Me-Hdpa)][PF 6 ] 4b showed a slightly lower absorbance than the Hdpa, 4-Me-Hdpa and 5-Me-Hdpa analogous complexes (4a, 4c-d, respectively, Fig. 4). The emission spectra have also been recorded and weak emission was found between 388 and 416 nm for the iridium complexes bearing the ppz ligand (2a-d). More intense emissions in the visible area and wavelengths ranging from 457 to 639 nm were observed for the other C^N ligands. More precisely, complexes having a "ppy" type ligand have an emission in the blue region. For example, the emission wavelengths are in the blue region (457-487 nm) for the "2,4-F-ppy" ligand (6a), in the blue-green region (482-517 nm) for "ppy" (1a-d) and "4-Me-ppy" ligands (5a), in the green region (516-553 nm) for "bzq" ligands (3a-d), and finally in the red-orange domain for the "piq" ligand (4a-d, Table 2). All these emissions may be due to metal-to-ligand charge transfer ( 3 MLCT). Moreover, for complexes 1a-d, 2a-c, 3a-d, 4adb, 5a and 6a, a second maximum is also observed and is due to the vibronic transition.

The redox behaviour of these iridium complexes in acetonitrile was characterized by cyclic voltammetry (see ESI for all the CVs). Due to the presence of a NH function in the N^N ligand, an irreversible oxidation of the nitrogen atom was observed around 1.25 V SCE . Such oxidation corresponds to previously described results for ruthenium Hdpa complexes [17]. We assume that this irreversible oxidation might be due to water traces in our solution. As depicted in Table 3 (see ESI), redox processes are reversible for complexes 1a-f, 2a-f and 4a-d but not for complexes 3a-d and 6a. The oxidation wave (between +1.19 V and +1.30 V) corresponds to the metal centred Ir III/IV process whereas the reduction wave (between -1.30 V and -1.79 V) is assigned to the ligand-based (H)dpa 0/-process [18]. With complexes 3, in cyclic voltammetry, the oxidation wave was not reversible (see ESI).

Complex As the excited state for the iridium complexes is mainly a triplet state, the potential in the excited state can be approximated to the optic gap (energy gap) and then can be calculated from the emission wavelength (Table 3). This energy gap gives also access to the corresponding half potential E 1/2 (M + /M*) and E 1/2 (M*/M -).

E 1/2 (M + /M*) (V) E 1/2 (M*/M -) (V) E 1/2 (M + /M) (V) E 1/2 (M/M -) (V)
Taking advantage of the photophysical properties of these dipyridylamine iridium complexes, we anticipated that our new iridium complexes could also have interesting photoredox catalytic activities. Photoredox chemistry is a flourishing research area and photoinduced redox processes using visible light offer a great variety of catalytic transformations useful in organic synthesis [19]. As a model reaction we chose the aza-Henry reactions between Nphenyl tetrahydroisoquinoline, which will be in situ oxidized to the corresponding iminium, and nitromethane [20]. This reaction is formally an α-alkylation of amines via a CHfunctionalization. Catalytic activities of all our complexes will be compared with the commercially available [Ir(ppy) 2 (dtbbpy)][PF 6 ] (dtbbpy = 4,4′-di-tert-butylbipyridine) [18a].

No conversion was detected in the absence of light and low conversions were observed in the absence of catalysts as already reported by Stephenson et al [20]. After a rapid screening of the reaction conditions with the commercially available complex (see ESI for a picture of the irradiation system used in this work), we found that a 0.25 M solution of N-phenyl tetrahydroisoquinoline (0.5 mmol) in nitromethane, in the presence of 1 mol% of [Ir(ppy) 2 (dtbbpy)][PF 6 ], under air and blue LED irradiation led to the best results and provided the alkylated product with a complete conversion within 11 h (Scheme 3). We have also highlighted practical problems encountered during the scale up. Indeed, the conversion decreased proportionately to the increase of the starting material quantities, namely conversion was twice as low starting from 1 mmol of N-phenyl tetrahydroisoquinoline 7. We assume that, in batch reactions, the power of the LEDs is crucial to allow efficient processing and to retain catalytic activities more LED strips have to be used.

Scheme 3 Iridium(iii)-catalysed CH-functionalization of 7.

We evaluated the photoredox activities of all our complexes under the mentioned optimized reaction conditions and followed the conversion rate by GC analysis (see ESI for the conversion of all complexes). First, we noted that, whatever the dipyridylamine derivatives used, these N^N ligands have a marginal impact on the reactivity, and thus slight variations of the conversion were observed (see ESI). The essential feature for the redox activity is the nature of the C^N ligand (1-6, Fig. 1). Low conversions (5 to 13%) were obtained with complexes 2 having a "ppz" type ligand. Such activity is in good agreement with their photophysical properties. Good to excellent catalytic activities were achieved with the other C^N ligand families, the "piq" ligand 4 providing the best results. As described in Fig. 5, [Ir(ppy) 2 (dtbbpy)][PF 6 ] has a higher TOF than our dipyridyl-iridium complexes and the reaction is complete within 9 h. However, full conversion can be achieved with [Ir(piq) 2 (Hdpa)][PF 6 ] 4a within 11 h. 4 and it is validated that these iridium complexes are active in photoredox chemistry. The amines were isolated in moderate to high yields (49-79%). Thus, under these reaction conditions, the alkylated N-phenyl tetrahydroisoquinoline was isolated in 79% yield in the presence of [Ir(ppy) Stephenson et al. have proposed a catalytic cycle for this transformation (Scheme 4) [20].

Reductive quenching of the excited state of the iridium complex forms the amine radical cation. The powerful reducing iridium(ii) complex may then reduce oxygen to the corresponding radical anion. Finally, the iminium ion is produced by hydrogen abstraction from the ammonium radical. Addition of nitromethane to the iminium led to the alkylated amine. Oxidation of the amine (or reduction of the excited iridium complex) is the crucial step in this catalytic cycle. As a consequence, the half potential E 1/2 (M*/M -) must be lower than E 1/2 (R 3 N˙+/R 3 N) (for the tetrahydroisoquinoline, E 1/2 = 0.93 V) to enable the overall amine alkylation. Then, the mechanism and the potentials in Table 3 clearly explain the absence of reactivity when iridium complexes 3, bearing a phenylpyrazole ligand, are used. Conversely, complexes 3d and 4, which have a half potential in reduction in the same range as the half potential of [Ir(ppy) 2 (dtbbpy)][PF 6 ], led to similar catalytic activities and afforded the amine with the highest yields. These simple results clearly demonstrate the correlations between the photophysical properties of the iridium complexes and their catalytic activities in photoredox reactions.

Conclusion

In conclusion, two new series of neutral and cationic iridium complexes bearing dipyridylamine derivatives as N^N ligands have been synthesized and fully characterized. Almost 20 different complexes have been prepared with generally good yields. Absorption and emission properties of this series of complexes have also been reported and shown that some complexes exhibit absorption in the visible region corresponding to the blue area, depending on the C^N ligand. Their evaluation for photoredox reaction has been performed and compared with commercially available [Ir(ppy) 2 (dtbbpy)][PF 6 ]. These new complexes bearing Hdpa motifs presented interesting catalytic activities and may compete with known iridium complexes. Furthermore, these results open now some new perspectives in photoredox organic transformations using supported iridium catalysts. These studies are now ongoing in our laboratories.

Fig. 1

 1 Fig. 1 Cyclometalated ligands used in this study.
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 2 Fig. 2 Dipyridylamine ligands used in this study.
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 3 Fig. 3 Different views of the ball and stick representation of [Ir(ppy) 2 (4-Me-Hdpa)][PF 6 ] 1c. Some hydrogen atoms and counter anions were omitted for clarity. Selected bonds (Å) and angles (°): Ir1-N3 2.159(2), Ir1-N5 2.164(2), N3-Ir1-N5 86.21(9), C23-N4-C29 131.3(2).
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 4 Fig. 4 Absorption spectra of [Ir(C^N) 2 (Hdpa)][PF 6 ] complexes.
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 5 Fig. 5 Conversion of 7 into 8 followed by GC. Finally, results of the aza-Henry reaction with seven more active complexes and [Ir(ppy) 2 (dtbbpy)][PF 6 ] are summarized in Table4and it is validated that these iridium complexes are active in photoredox chemistry. The amines were isolated in moderate to high yields (49-79%). Thus, under these reaction conditions, the alkylated N-phenyl tetrahydroisoquinoline was isolated in 79% yield in the presence of [Ir(ppy) 2 (dtbbpy)][PF 6 ] and in 69% yield in the presence of [Ir(piq) 2 (Hdpa)][PF 6 ].
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 4 Scheme 4 Mechanism proposed by Stephenson for the iridium(iii)-catalysed CHfunctionalization of 7.
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