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Abstract

        
        

          




          
A Ni(0)-catalyzed intramolecular carbonylative cycloaddition between 1,5-yne-imines and carbon monoxide (CO) is disclosed. When Ni(CO)3PCy3 was employed as a pre-catalyst, a variety of polycyclic α,β-unsaturated γ-lactams were prepared in up to 78% yield with 100% atom efficiency. Aza-nickelacycles, generated by the oxidative cyclization of yne-imines on the Ni(0) center, were experimentally confirmed as key intermediates. Moreover, diastereoselective transformations of the obtained products to afford highly substituted polycyclic γ-lactams with three contiguous carbon stereocenters are reported.
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13 All manipulations were conducted under a nitrogen atmosphere using standard Schlenk or dry-box techniques. 1H, 13C, 19F, and 31P NMR spectra were recorded with Bruker AVANCE III 400 spectrometers at 25 °C. The chemical shifts in the 1H NMR spectra were recorded relative to residual protonated solvent (C6D5H (δ = 7.16 ppm) or CHCl3 (δ = 7.26 ppm)). The chemical shifts in the 13C NMR spectra were recorded relative to deuterated solvent (CDCl3 (δ = 77.16 ppm)). Assignment of the resonances in the 1H and 13C NMR spectra was based on 1H-1H COSY, HMQC, and HMBC experiments. Medium-pressure column chromatography was carried out with a Biotage Flash Purification System Isolera, equipped with a 254 nm UV detector. High-resolution mass spectrometry (HRMS) and elemental analyses were performed at the Instrumental Analysis Centre, Faculty of Engineering, Osaka University. Melting points were determined with a Stanford Research Systems MPA100 OptiMelt Automated Melting-Point System. X-ray crystal data were collected with Rigaku XtaLAB Synergy equipped with the HyPix-6000HE detector. Catalytic reactions were carried out by using multiple autoclave reactors (3.7 mL × 18 reactors, EYELA, HIP-7518).

            Caution: Carbon monoxide is toxic and may react with Ni(0) to afford Ni(CO)4. All experiments in this manuscript must be carried out under well-ventilated conditions.
Ni(0)-Catalyzed [2+2+1] Carbonylative Cycloadditions of 1 with CO; General Procedure
A multiple reactor (3.7 mL × 18 reactors, EYELA, HIP-7518) was used. To a solution of Ni(CO)3PCy3 (4.2 mg, 0.010 mmol) in CPME (1.0 mL) was added 1 (0.100 mmol) at r.t. The mixture was transferred into a 2 mL vial, followed by pressurization with CO (0.5 atm, < 7.0 equiv). After heating at 80 °C for 6 h without stirring, the resulting mixture was quenched with MeOH. After filtration through silica gel (eluted with MeOH), all volatiles were removed under reduced pressure. The residue was purified by flash column chromatography (silica gel, 10% then 20–60% EtOAc/hexane) and subsequent recrystallization (CHCl3/pentane, –20 °C) or recycling HPLC, to afford α,β-unsaturated γ-lactams 2. 3-Methyl-1-tosyl-4,8b-dihydroindeno[1,2-b]pyrrol-2(1H)-one (2a): Obtained by following the general procedure using 1a (31.4 mg, 0.100 mmol). The residue was purified by silica gel column chromatography (10% then 40% EtOAc/hexane) and recrystallization from CHCl3/pentane at –20 °C to afford 2a as a white solid in 75% yield (25.6 mg, 0.0754 mmol); mp 144–148 °C. 1H NMR (CDCl3, 400 MHz): δ = 8.07 (d, J = 7.2 Hz, 1 H, Ar-H), 8.01 (d, J = 8.4 Hz, 2 H, Ar-H), 7.37–7.26 (m, 5 H, Ar-H, overlapped with solvent peak), 5.87 (s, 1 H, CHNTs), 3.75 (d, J = 18.0 Hz, 1 H, CCH
          2C), 3.66 (d, J = 18.0 Hz, 1 H, CCH
          2C), 2.43 (s, 3 H, Ts-CH
          3), 1.79 (s, 3 H, C(O)CCH
          3). 13C{1H} NMR (CDCl3, 100 MHz): δ = 171.8, 161.8, 145.1, 142.8, 137.9, 135.6, 129.8, 129.1, 128.7, 128.2, 126.5, 126.2, 125.2, 67.7, 31.2, 21.8, 9.2. HRMS (CI): m/z [M + H]+ calcd for C19H18NO3S: 340.1007; found: 340.1013. Preparation of 3h: To a solution of Ni(cod)2 (27.5 mg, 0.100 mmol) and PCy3 (28.0 mg, 0.100 mmol) in THF (3.0 mL) was added 1h (37.4 mg, 0.100 mmol) at r.t. The reaction solution was stirred vigorously for 1 h to confirm the precipitation of reddish purple solids. After removal of all volatiles, the resulting solids were washed with cold THF/hexane to afford aza-nickelacycle 3h as a reddish-purple solid in 80% yield (57.2 mg, 0.0803 mmol). A single crystal of 3h suitable for X-ray diffraction analysis was obtained by slow diffusion of pentane into a THF solution of 3h. Complex 3h was almost insoluble in the common solvents. While two distinctive resonances, which can be derived from the existence of diastereomeric isomers such as (S
          C,R
          S)- and (S
          C,S
          S)-3h as well as (R
          C,R
          S)- and (R
          C,S
          S)-3h (see Figure S21), were observed when 3h was dispersed in THF-d
          8, the observed resonances could not be fully assigned due to its complexity. 1H NMR (400 MHz, THF-d
          8): δ = 9.05 (brs, 2 H, Ar-H, minor), 7.89 (brs, 2 H, Ar-H, major), 7.57 (brs, 2 H, Ar-H, minor), 7.31–6.82 (m, major + minor), 6.52 (brs, 1 H, Ar-H, major), 6.10 (s, 1 H, CHNTs, major), 4.78 (s, 1 H, CHNTs, minor), 3.19 (d, J = 17.6 Hz, 1 H, CCH
          2C, major), 2.86 (d, J = 17.6 Hz, 1 H, CCH
          2C, minor), 2.75 (d, J = 17.6 Hz, 1 H, CCH
          2C, major), 2.63 (d, J = 17.6 Hz, 1 H, CCH
          2C, minor), 2.49–2.16 (m, major + minor), 1.73–1.62 (m, major + minor + THF), 1.26–0.87 (m, major + minor). 13C{1H} NMR (100 MHz, THF-d
          8): δ = 144.0, 128.9, 128.0, 127.4, 126.3, 124.2, 123.4, 31.4, 29.9, 29.5, 27.4, 26.9, 26.2, 25.9, 25.4, 20.4. Several peaks were not observed due to the low concentration. 31P{1H} NMR (162 MHz, THF-d
          8): δ = 30.2 (minor), 26.8 (major). Anal. Calcd for C41H52NNiO2PS: C, 69.11; H, 7.36; N, 1.97. Found: C, 68.15; H, 7.41; N, 2.25. Accurate elemental analyses of 3h was precluded by extreme air or thermal sensitivity and/or systematic problems. 
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