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Abstract

:

A PAlP pincer ligand derived from 2-diphenylphosphino-6-isopropylphenol was synthesized. The Lewis acidity of the Al center of the ligand was evaluated with coordination of (O)PEt3. A zwitterionic rhodium-aluminum heterobimetallic complex bearing the PAlP ligand was synthesized through its complexation with [RhCl(nbd)]2. Moreover, reduction of the zwitterionic rhodium-aluminum complex with KC8 afforded heterobimetallic complexes bearing an X-type PAlP pincer ligand.
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1. Introduction


Multidentate ligands containing an electropositive element have emerged recently to provide their transition-metal complexes with unique reactivity [1,2,3,4]. Among them, pincer ligands containing a group 13 element are of particular interest owing to their properties including: (1) electron-accepting ability as Z-type ligands through their vacant p orbitals and (2) high electron-donating ability as X-type ligands due to their low electronegativity [5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35]. Those bearing Al have gained much attention due to having the lowest electronegativity of Al among the group 13 elements [36], which could give X-type ligands with high Lewis acidity and electron-donicity (Figure 1). In this context, we previously reported on PAlP pincer ligand 1 and its rhodium complexes, which catalyzed C2-selective mono-alkylation of pyridine with unactivated alkenes through C(2)–H activation of pyridine coordinating to the Al center by the Rh center (Figure 1c) [20]. Herein, we report on PAlP pincer ligand 2 derived from 2-diphenylphosphino-6-isopropylphenol, expecting its Al center to be more Lewis acidic than that in 1 due to the higher electronegativity of oxygen compared to that of nitrogen (Figure 1d).




2. Results and Discussion


PAlP pincer ligand 2 was prepared from commercially available 2-isopropylphenol (3) in three steps (Scheme 1). Methoxymethylation of 3 with methoxymethyl chloride afforded methoxymethyl (MOM)-protected 2-isopropylphenol 4. Lithiation of 4 at the position ortho to the methoxymethoxy (OMOM) group with n-BuLi followed by the reaction with Ph2PCl afforded 2-diphenylphosphino-6-isopropylphenol (5) in 61% yield. Finally, 2 was obtained by the reaction of Et2AlCl with two molar equivalents of 5 in 85% yield.



The Lewis acidity of 1 and 2 was evaluated and compared with common Al Lewis acids based on the method reported by Beckett (Scheme 2) [37,38]. The signal observed in 31P NMR spectrum of 2·(O)PEt3 was in a magnetic field slightly lower than that of 1·(O)PEt3, whereas those of the complexes from methylaluminum bis(2,6-di-tert-butyl-4-methylphenoxide) (MAD) [39,40] and AlMe3 appeared in a much higher magnetic field. The diphenylphosphino groups in 2·(O)PEt3 were observed equally, while the diisopropylphosphino groups in 1·(O)PEt3 were observed unequally. This would suggest that one diisopropylphosphino group in 1·(O)PEt3 coordinates to the Al center to afford penta- or hexacoordinated aluminum species. Although we cannot conclude whether 2 or 1 has a higher Lewis acidity due to the structural difference of the Al moiety between 2·(O)PEt3 and 1·(O)PEt3, the Lewis acidity of 2 is expected to be higher than MAD and AlMe3.



Coordination of 2 to transition metals to prepare heterobimetallic complexes was investigated next. As an example, the complexation of 2 with [RhCl(nbd)]2 in toluene afforded a rhodium-aluminum complex 6 as an orange precipitate in high yield (Scheme 3). Single crystals were obtained by slow diffusion of n-hexane into a concentrated benzene solution of 6. The crystal structure of 6 was revealed by X-ray diffraction analysis (Figure 2). In sharp contrast to the rhodium-aluminum complex bearing 1 as a supporting ligand, where the Al center acts as a neutral Z-type ligand [20], the Al moiety in 6 abstracts chlorine atom from the Rh center to generate a zwitterionic complex [5,12,28]. This could be attributed to the structural flexibility and/or the higher Lewis acidity of the Al center in 2 compared to that in 1.



A reduction of 6 with 2.2 equivalents of KC8 in the presence of 4-dimethylaminopyridine (DMAP) afforded heterobimetallic complexes 7 and 8 in 92% and 4% yield, respectively (Scheme 4). Recrystallization by slow diffusion of n-pentane to a saturated benzene solution of a mixture of 7 and 8 generated crystals of 8. An X-ray diffraction analysis of a crystal of 8 revealed that 2 became an X-type PAlP pincer ligand (Figure 3). Al in 8 would be formally served as an anionic Al(I) ligand, which is based on our knowledge that Al in an X-type PAlP pincer rhodium complex generated through a reduction of a rhodium complex bearing 1 by KC8 was suggested to be an anionic Al(I) ligand by DFT calculations [20]. In the crystal structure, a distance between Rh and Al is 2.318 Å, which is shorter than the sum of the Van der Waals radii of Rh and Al [41]. Coordination of DMAP to the Al center indicates a Lewis acidity of the Al center. Double bonds of a norbornadiene were bridged over two rhodium centers to stabilize the electron-rich rhodium centers. A coordination site trans to the Al is vacant, which would result from strong σ-electron-donicity of the X-type Al ligand. Although all attempts to obtain crystals of 7 are failed, high resolution ESI mass spectrometry and the fact that addition of nbd (11 μmol) to a benzene solution of 8 (9.0 μmol) afforded 7 would support the structure of 7 as a heterobimetallic complex in which the Rh is chelated by a nbd ligand [20,42].




3. Materials and Methods


3.1. General


All manipulations of oxygen- and moisture-sensitive materials were conducted with a standard schlenk technique under an argon atmosphere or in a glove box under a nitrogen atmosphere. Medium pressure liquid chromatography (MPLC) was performed using Kanto Chemical silica gel 60 (spherical, 40–50 μm) (KANTO CHEMICAL CO., INC., Tokyo, Japan). Analytical thin layer chromatography (TLC) (Merck KGaA, Darmstadt, Germany) was performed on Merck TLC silica gel 60 F254 (0.25 μm) plates. Visualization was accomplished with UV light (254 nm).




3.2. Apparatus


Proton, carbon, phosphorus, and aluminum nuclear magnetic resonance spectra (1H, 13C, 31P, and 27Al NMR) were recorded on a JEOL ECS-400 (1H NMR 400 MHz; 13C NMR 101 MHz; 31P NMR 162 MHz; and 27Al NMR 104 MHz) spectrometer) (JEOL, Tokyo, Japan) with solvent resonance as the internal standard (1H NMR, CDCl3 at 7.26 ppm, CD2Cl2 at 5.32 ppm, C6D6 at 7.16 ppm; 13C NMR, CDCl3 at 77.0 ppm, CD2Cl2 at 53.8 ppm, and C6D6 at 128.0 ppm). NMR data are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, quint = quintet, sept = septet, br = broad, m = multiplet, and vt = virtual triplet), coupling constants (Hz), and integration. High resolution mass spectra were obtained with Thermo Scientific Exactive (ESI or APCI). Medium pressure liquid chromatography (MPLC) was performed with a Yamazen EPLC-W-Prep 2XY or SHOKO SCIENTIFIC Purif-espoir2. Elemental analyses were performed on a J-Science Micro corder JM10, JM11, and a YANACO Micro corder MT-6.




3.3. Chemicals


Unless otherwise noted, commercially available chemicals were used without further purification. (Rh(nbd)(μ-Cl))2 (nbd = 2,5-norbornadiene) was synthesized following the reported procedure [43]. Anhydrous n-hexane, toluene, and THF were purchased from Kanto Chemical and purified by passage through activated alumina under positive argon pressure as described by Grubbs et al. [44]. Anhydrous n-pentane and benzene were purchased from FUJIFILM Wako Pure Chemical Corporation, and used after further dehydration with activated MS4Å.




3.4. Synthesis of 1-Isopropyl-2-Methoxymethoxybenzene (4)


To a suspension of sodium hydride (1.3 g, 55 mmol) in THF (20 mL), 2-isoprorylphenol (3, 5.0 g, 37 mmol) in THF (20 mL) was added dropwise at 0 °C and the mixture was stirred for 10 min at the same temperature. To the resulting mixture, chloromethyl methyl ether (3.6 mL, 48 mmol) was added dropwise, and the mixture was stirred for 150 min at room temperature. After being quenched with H2O, the mixture was extracted with Et2O, and the combined organic layers were washed with 3 M NaOH aq. and dried over anhydrous MgSO4. After filtration through a KIRIYAMA filter paper, the filtrate was concentrated in vacuo to give a colorless liquid (6.5 g). The product was used in the next step without further purification. 1H NMR (400 MHz, CDCl3): δ 1.27 (d, J = 6.9 Hz, 6H), 3.40 (sept, J = 6.9 Hz, 1H), 3.53 (s, 3H), 5.24 (s, 2H), 7.02 (dd, J = 7.3, 7.3 Hz, 1H), 7.10 (d, J = 7.8 Hz, 1H), 7.17 (dd, J = 7.8, 7.3 Hz, 1H), and 7.27 (d, J = 7.3 Hz, 1H). 13C{1H} NMR (101 MHz, CDCl3): δ 22.8, 26.8, 56.0, 94.4, 113.9, 121.8, 126.1, 126.6, 137.5, and 154.3. All the resonances of 1H and 13C NMR spectra of the product were consistent with the reported values [45].




3.5. Synthesis of 2-Diphenylphosphino-6-Isopropylphenol (5)


To a solution of 4 (6.6 g, 37 mmol) in Et2O (120 mL) we added tetramethylethylenediamine (5.5 mL, 37 mmol) and a solution of n-BuLi in n-hexane (1.6 M, 23 mL, 37 mmol) at −78 °C under an Ar atmosphere. The reaction mixture was allowed to warm up to room temperature and stirred for 12 h. To the mixture, chlorodiphenylphosphine (6.8 mL, 37 mmol) was added dropwise at 0 °C and the resulting mixture was stirred for 3 h at room temperature. All of the volatiles were removed under reduced pressure, and THF (40 mL) and 5 M HCl (40 mL) were added to the residue. The mixture was heated at 50 °C for 24 h, then neutralized using an aqueous NH3 solution. The aqueous layer was extracted with Et2O, and the combined organic layers were washed with water and dried over anhydrous MgSO4. After filtration through a KIRIYAMA filter paper, the filtrate was concentrated under reduced pressure to give a pale yellow viscous liquid. The residue was purified by MPLC (ethyl acetate:n-hexane = 1:99) on silica gel to give a colorless viscous oil (7.2 g, 22 mmol, 61%). 1H NMR (400 MHz, CDCl3): δ 1.27 (d, J = 6.9 Hz, 6H), 3.33 (sept, J = 6.9 Hz, 1H), 6.54 (d, J = 8.7 Hz, 1H), 6.84–6.89 (m, 2H), 7.25 (t, J = 3.1 Hz, 1H), and 7.33–7.41 (m, 10H). 13C{1H} NMR (101 MHz, CDCl3): δ 22.5, 27.2, 120.1, 120.8 (d, J = 3.5 Hz), 128.3, 128.6 (d, J = 6.9 Hz), 128.9, 132.0 (d, J = 2.3 Hz), 133.4 (d, J = 18.5 Hz), 134.9, 135.1 (d, J = 4.6 Hz), and 156.7 (d, J = 19.7 Hz). 31P{1H} NMR (162 MHz, CDCl3): δ −30.2. HRMS–[APCI(+)] (m/z): [M + H]+ calcd for C21H22OP, 321.1403; found, 321.1407.




3.6. Synthesis of Bis(2-(Diphenylphosphino)-6-Isopropylphenoxy)-Aluminum Chloride (2)


To a solution of 5 (1.5 g, 4.7 mmol) in toluene (10 mL) we added a solution of diethylaluminum chloride in n-hexane (0.87 M, 2.7 mL, 2.3 mmol). The resulting solution was stirred for 12 h at room temperature, and all of the volatiles were removed in vacuo to afford the desired product as a white solid (1.4 g, 2.0 mmol, 85% yield). There would be two kinds of structural isomers (major:minor = 71:29). 1H NMR (400 MHz, C6D6): δ major: 1.08 (d, J = 6.9 Hz, 12H), 3.13 (sept, J = 6.7 Hz, 2H), 6.76 (dd, J = 7.6, 7.6 Hz, 2H), 6.88–7.00 (m, 14H), 7.10 (t, J = 7.1 Hz, 2H), 7.24 (d, J = 7.3 Hz, 2H), 7.31 (br, 2H), 7.72 (br, 4H). minor: 1.12 (d, J = 6.9 Hz, 12H), 3.26–3.34 (m, 2H), 6.72 (dd, J = 7.6, 7.6 Hz, 2H), and 7.21 (d, J = 7.3 Hz, 2H). Other peaks were overlapped with those of the major isomer. 13C{1H} NMR (101 MHz, C6D6): δ 23.0, 23.4, 26.96, 26.98, 117.0, 117.4, 119.5, 120.1 (d, J = 4.6 Hz), 127.9, 128.4 (d, J = 8.1 Hz), 128.5, 128.8 (d, J = 9.3 Hz), 128.9, 129.0, 130.0, 130.8, 131.1, 131.3, 131.4, 134.0 (d, J = 11.6 Hz), 138.5, 138.7 (d, J = 3.5 Hz), 162.6 (d, J = 23.1 Hz), 163.4 (d, J = 8.1 Hz), and 163.6 (d, J = 8.1 Hz). 31P{1H} NMR (162 MHz, C6D6): δ −30.5 (minor), and −37.2 (major). 27Al{1H} NMR (104 MHz, C6D6): δ 65.6 (br) m.p. 119 °C.




3.7. Synthesis of 6


To a solution of (Rh(nbd)(μ-Cl))2 (660 mg, 1.4 mmol) in toluene (5.0 mL), a solution of 2 (2.0 g, 2.9 mmol) in toluene (10 mL) was added at 10 °C. The reaction mixture was stirred for 20 h at 10 °C to give an orange precipitate. The orange precipitate was collected by filtration and washed with toluene (1.0 mL × 3) and followed by n-pentane (2.0 mL × 3). After being dried under reduced pressure, 6 was obtained as an orange solid (1.3 g, 1.4 mmol, 49%). Orange crystals for elemental analysis and X-ray diffraction analysis were obtained by a slow diffusion of n-hexane to a concentrated benzene solution of 6 at room temperature. 1H NMR (400 MHz, CD2Cl2): δ 1.15 (d, J = 6.4 Hz, 6H), 1.16 (d, J = 6.9 Hz, 6H), 1.38 (s, 2H), 3.59 (sept, J = 6.6 Hz, 2H), 3.76 (s, 2H), 4.00 (br s, 4H), 6.29–6.32 (m, 2H), 6.57 (t, J = 7.6 Hz, 2H), 7.01 (t, J = 7.3 Hz, 4H), 7.11 (d, J = 7.3 Hz, 2H), 7.19 (t, J = 7.3 Hz, 2H), 7.31–7.36 (m, 4H), 7.43–7.50 (m, 6H), and 7.59–7.63 (m, 4H). 13C{1H} NMR (101 MHz, CD2Cl2): δ 22.6, 24.4, 26.8, 51.7, 66.1, 74.8, 118.9 (vt, J = 118.9 Hz), 119.2 (vt, J = 4.0 Hz), 128.1 (vt, J = 5.2 Hz), 128.5 (vt, J = 4.6 Hz), 129.4, 129.7, 130.1, 130.5, 131.4 (vt, J = 21.4 Hz), 132.6 (vt, J = 21.4 Hz), 134.7 (vt, J = 6.9 Hz), 135.5 (vt, J = 4.6 Hz), 139.4, and 157.4 (vt, J = 4.0 Hz). 31P{1H} NMR (162 MHz, CD2Cl2): δ 23.3 (JP–Rh = 152.6 Hz). 27Al{1H} NMR (104 MHz, CD2Cl2): δ 67.3 (br) Anal. Calcd C49H48AlCl2O2P2Rh: C, 63.17; H, 5.19. Found: C, 63.00; H, 5.24. HRMS–[ESI(+)] (m/z): [M+Na]+ calcd for C49H48AlCl2O2P2RhNa, 953.1269; found, 953.1273. m.p. 157 °C (decomp).




3.8. Synthesis of 7 and 8


To a THF (4 mL) solution of 6 (50 mg, 50 μmol) and 4-dimethylaminopyridine (7.0 mg, 50 μmol), a suspension of potassium graphite (16 mg, 0.12 mmol) in THF (3 mL) was slowly added at −78 °C. The reaction mixture was stirred for 10 h at room temperature. THF was evaporated and benzene (10 mL) was added to the mixture. After filtration through a KIRIYAMA filter paper, the filtrate was concentrated to afford a brown precipitate. The precipitate was washed with n-pentane (3.0 mL × 2) and dried under reduced pressure to give X-type rhodium-aluminum bimetallic complexes 7 and 8 as a brown solid in 92% and 4% yield (total 48 mg, 48 μmol, 96%). Orange crystals of 8 for X-ray diffraction analysis were obtained by a slow diffusion of n-pentane to the concentrated benzene solution of a mixture of 7 and 8 at room temperature. All our attempts to obtain crystals of 7 failed.



7: 1H NMR (400 MHz, C6D6): δ 1.13 (d, J = 7.3 Hz, 6H), 1.29 (d, J = 7.3 Hz, 1H), 1.32 (d, J = 6.4 Hz, 6H), 1.44 (d, J = 7.3 Hz, 1H), 1.77 (s, 6H), 2.90 (s, 2H), 3.53 (br s, 2H), 3.58 (sept, J = 6.7 Hz, 2H), 4.62 (br s, 2H), 5.54 (d, J = 7.3 Hz, 2H), 6.81 (t, J = 7.8 Hz, 2H), 6.89–6.97 (m, 6H), 7.10 (t, J = 7.3 Hz, 2H), 7.15–7.21 (m, 6H), 7.24 (d, J = 7.3 Hz, 2H), 7.49–7.56 (m, 6H), and 8.07–8.12 (m, 4H). 13C{1H} NMR (101 MHz, C6D6): δ 22.8, 23.5, 27.3, 37.9, 40.8 (vt, J = 8.1 Hz), 40.9 (vt, J = 7.5 Hz), 49.2, 63.4, 98.1, 105.7, 118.0, 123.9 (vt, J = 23.7 Hz), 127.0, 127.2, 127.4, 127.9, 130.7, 133.1 (vt, J = 6.4 Hz), 134.4 (vt, J = 7.5 Hz), 138.4, 139.4 (vt, J = 12.1 Hz), 145.4 (vt, J = 16.8 Hz), 146.1, 154.8, and 161.3 (vt, J = 5.8 Hz), an sp2 carbon signal overlaps with others. 31P{1H} NMR (162 MHz, C6D6): δ 27.0 (JP–Rh = 157.0 Hz). 27Al{1H} NMR (104 MHz, C6D6): it is too broad to identify the corresponding signal. Elemental analysis did not give a satisfactory result due to instability of 7 toward O2 and H2O. HRMS–[ESI(+)] (m/z): [M]+ calcd for C56H58AlN2O2P2Rh, 982.2838; found, 982.2834. m.p. 165 °C (decomp).



8: 1H NMR (400 MHz, C6D6): δ −0.69 (s, 2H), 1.19 (d, J = 6.4 Hz, 12H), 1.29 (d, J = 6.9 Hz, 12H), 1.84 (s, 12H), 3.04 (s, 4H), 3.07 (s, 2H), 3.49 (sept, J = 6.6 Hz, 4H), 5.16 (d, J = 6.0 Hz, 4H), 6.76 (t, J = 7.3 Hz, 4H), 6.93–6.96 (m, 22H), 7.12–7.17 (m, 6H), 7.20 (d, J = 7.3 Hz, 4H), 7.47 (d, J = 6.0 Hz, 4H), 7.50–7.57 (m, 8H), and 7.83–7.91 (m, 8H). 13C{1H} NMR (101 MHz, C6D6): δ 22.9, 23.3, 27.7, 38.1, 47.0, 58.9, 67.1 (br), 105.7, 118.1, 124.7, 125.2, 126.8, 130.4, 133.4 (br), 134.4 (vt, J = 6.9 Hz), 137.8, 140.5 (vt, J = 22.5 Hz), 146.2, 154.8, and 160.8 (vt, J = 6.4 Hz). 31P{1H} NMR (162 MHz, C6D6): δ 24.1 (JP–Rh = 139.5 Hz). 27Al{1H} NMR (104 MHz, C6D6): it is too broad to identify the corresponding signal. Anal. Calcd C105H108Al2N4O4P4Rh2: C, 67.31; H, 5.81; N, 2.99. Found: C, 66.35; H, 5.82; N, 2.50. Elemental analysis did not give a satisfactory result due to instability of 8 toward O2 and H2O. HRMS–[ESI(+)] (m/z): [M]+ calcd for C105H108Al2N4O4P4Rh2, 1872.5056; found, 1872.5005. m.p. 169 °C (decomp).




3.9. Evaluation of Lewis Acidity of Aluminum Compounds


In a glove box, aluminum compound (10 μmol) and the triethylphosphine oxide (10 μmol) were placed together in a J-young NMR tube and dissolved in C6D6 (500 μL). The resulting mixture was analyzed by 31P NMR spectroscopy with a capillary sealing H3PO4 (85 wt % in H2O, diluted with 100-fold D2O) as an internal standard (0.70 ppm). In the case of 2, a set of signals probably derived from a structural isomer (~10%) was also observed in the 31P spectrum of 2·(O)PEt3.




3.10. X-Ray Diffraction Study and X-Ray Crystallographic Analysis


The crystals of 6 and 8 were mounted on the CryoLoop (Hampton Research Corp., California, USA) with a layer of light mineral oil and placed in a nitrogen stream at 143(1) K. The X-ray structural determinations of 6 were performed on a Rigaku/Saturn70 CCD diffractometers using graphite-monochromated Mo Kα radiation (λ = 0.71070 Å) at 153 K, and processed using CrystalClear (Rigaku, Tokyo, Japan) [46,47]. The X-ray structural determinations of 8 were performed on a Rigaku/Saturn724+ CCD diffractometers using graphite-monochromated Mo Kα radiation (λ = 0.71075 Å) at 153 K, and processed using CrystalClear (Rigaku) [46,47]. The structures were solved by a direct method and refined by full-matrix least-square refinement on F2. The structures of 6 and 8 were solved by direct methods (SHELXS-97 and SHELX 2018) [48]. Non-hydrogen atoms were anisotropically refined except for solvent atoms due to their disorder. Hydrogen atoms were included in the refinement on calculated positions riding on their carrier atoms. CCDC 1946453 (for 6) and 1963268 (for 8) contain the supplementary crystallographic data. These data can be obtained from The Cambridge Crystallographic Data Centre.





4. Conclusions


In conclusion, a new Al tethered diphosphine ligand 2 derived from 2-diphenylphosphino-6-isopropylphenol has been developed. The utility of 2 as a supporting ligand was demonstrated through complexation of 2 with [RhCl(nbd)]2 to give zwitterionic complex 6. Moreover, reduction of 6 with KC8 afforded heterobimetallic complexes 7 and 8 bearing an X-type PAlP pincer ligand. Further applications of 2 as a supporting ligand for transition-metal catalysis are under investigation.
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Figure 1. Reported pincer ligands containing an Al group in [15] (a), [18] (b), [20] (c) and this work (d). 
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Scheme 1. The preparation routine of PAlP pincer ligand 2. 






Scheme 1. The preparation routine of PAlP pincer ligand 2.



[image: Inorganics 07 00140 sch001]







[image: Inorganics 07 00140 sch002 550] 





Scheme 2. Evaluation of Lewis Acidity. 
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Scheme 3. Preparation of a rhodium-aluminum complex 6. 
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Figure 2. The crystal structure of 6; (a) side view, (b) top view; thermal ellipsoids set at 30% probability; H atoms omitted for clarity. 
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Scheme 4. Reduction of 6 to prepare 7 and 8. 
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Figure 3. The crystal structure of 8; thermal ellipsoids set at 30% probability; carbon atoms on phosphorus atoms described in wireframes and H atoms omitted for clarity. 
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