One-pot Synthesis of trans-β-Lactams from Ferrocenylketene Generated by Thermal Wolff Rearrangement
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1. Synthetic details
1.1 General procedures
Infrared spectra were recorded on a Perkin–Elmer 2000 series Fourier Transform IR spectrometer. Melting points were determined with an Electrothermal X-4 series digital mp apparatus without corrections. The NMR spectra were recorded on Bruker Avance 400 MHz/500 MHz or Varian Inova 500 MHz spectrometer; chemical shifts are reported in ppm in δ-values against tetramethylsilane (TMS) as an internal standard and the coupling constants in Hertz. Low and high resolution mass spectra were determined using an Applied Biosystems (Sciex) QStar or API300LC/MS/MS spectrometer. Elemental analyses were carried out using a Vario Micro elemental analyzer.

1.2 General procedure for synthesis of α-diazo ketones 1a-1d

The carbonyl chloride (5 mmol) in ether (5 mL) was added dropwise to a stirred pre-cooled solution of freshly prepared diazomethane (20 mmol) in ether (40 mL), and then the mixture was stirred on an ice-water bath overnight. The solvent was evaporated under reduced pressure. Purification of the residue by column chromatography on neutral alumina or silica gel (elution with petroleum ether/ethyl acetate = 4:1 v/v) gave the diazo ketone.

2-Diazo-1-ferrocenylethanone (1a) 62% yield; red solid; mp 77-78oC; IR (KBr): 3086, 2925, 2107, 1597, 1455, 1379, 1347, 1249, 1152, 1107, 1064, 1026, 1004, 918, 826, 814, 743, 525, 500 cm-1; 1H NMR (400 MHz, CDCl3): δ 4.23 (s, 5H), 4.46 (t, J = 2.0 Hz, 2H), 4.69 (t, J = 2.0 Hz, 2H), 5.50 (s, 1H); 13C NMR (100 MHz, CDCl3): δ 53.35, 68.42, 70.04, 71.69, 79.30, 189.32. Elem. Anal. Calcd for C12H10FeN2O: C, 56.73; H, 3.97; N, 11.03. Found: C, 56.55; H, 3.82; N, 11.13.[1]
2-Diazo-1-(4-methoxyphenyl)ethanone (1b) 52% yield; light yellow solid; mp 87-88oC; IR (KBr): 3099, 2107, 1610, 1590, 1566, 1514, 1420, 1376, 1310, 1269, 1235, 1179, 1120, 1020, 873, 844, 791, 754, 684, 610 cm-1; 1H NMR (400 MHz, CDCl3): δ 3.87 (s, 3H), 5.85 (s, 1H), 6.94 (d, J = 7.2 Hz, 2H), 7.74 (d, J = 7.2 Hz, 2H); 13C NMR (100 MHz, CDCl3): δ 53.46, 55.47, 113.81, 128.74, 129.52, 163.27, 185.16. Elem. Anal. Calcd for C9H8N2O2: C, 61.36; H, 4.58; N, 15.90. Found: C, 61.52; H, 4.63; N, 15.78.[2]
2-Diazo-1-phenylethanone (1c) 58% yield; yellow solid; mp 45-47oC; IR (KBr): 3066, 2112, 胺下间Br): 2099 δS n












1606, 1574, 1497, 1449, 1398, 1376, 1238, 1154, 1018, 869, 785, 699, 529 cm-1; 1H NMR (400 MHz, CDCl3): δ 5.90 (s, 1H), 7.45 (t, J = 7.2 Hz, 2H), 7.55 (t, J = 7.2 Hz,1H), 7.76 (d, J = 7.2 Hz, 2H). Elem. Anal. Calcd for C8H6N2O: C, 65.75; H, 4.14; N, 19.17. Found: C, 65.49; H, 4.06; N, 19.05. [2]
2-Diazo-1-(4-nitrophenyl)ethanone (1d) 24% yield; yellow solid; mp 119-121oC; IR (KBr): 3134, 3097, 2114, 1619, 1592, 1516, 1413, 1363, 1343, 1218, 1137, 1105, 1008, 867, 847, 708, 509 cm-1;[3] 1H NMR (400 MHz, CDCl3): δ 5.98 (s, 1H), 7.93 (d, J = 8.8 Hz, 2H), 8.31 (d, J = 8.8 Hz, 2H); 13C NMR (100 MHz, CDCl3): δ 55.70, 123.93, 127.81, 141,43, 150,15, 184.01. Elem. Anal. Calcd for C8H5N3O3: C, 50.27; H, 2.64; N, 21.98. Found: C, 50.36; H, 2.71; N, 21.83.

1.3 General procedure for synthesis of imines 2a-2i

A mixture of amine (2 mmol) and aromatic aldehyde (2 mmol) was dissolved in anhydrous EtOH (10 mL) at room temperature, and left to stir on an ice-water bath. The precipitate formed was collected by filtration, and the filtrate was washed with cold anhydrous EtOH. The product was recrystallized from anhydrous EtOH,[4] with yields of 77-92%. 

1.4 General procedure for synthesis ofβ-lactams 3

A flamed-dried three-neck flask was charged with a solution of imine (0.2 mmol) in 10 mL of dry xylenes (or toluene). The flask was immersed in an oil bath and heated to desired temperature. A solution of diazo ketone (0.26 mmol) in 5 mL of dry xylenes was then added dropwise through dropping funnel. After the addition, the resulting solution was stirred for another 12 h at the same temperature. After removal of the solvent, the residue was purified by flash chromatography to remove highly polar impurities. The product mixture was submitted to 1H NMR analysis to determine the cis/trans ratio. Column chromatography of the crude mixture on neutral alumina or silica gel afforded the corresponding cis- and trans-β-lactam products.[5]

(±)-trans-1-Phenyl-4-(4-methoxyphenyl)-3-ferrocenylazetidin-2-one (3a) The reaction mixture was chromatographed on a neutral alumina using 10:1 petroleum ether/EtOAc (v/v) to afford the indicated compound as a yellow solid: 70% yield; mp 163oC; IR (KBr): 2959, 2920, 2832, 1742, 1615, 1598, 1512, 1500, 1463, 1383, 1371, 1307, 1244, 1177, 1154, 1108, 1038, 1002, 826, 814, 753, 692, 487 cm−1; 1H NMR (400 MHz, CDCl3): δ 3.81 (s, 3H), 3.94 (d, J = 2.8 Hz, 1H), 4.19 (s, 8H), 4.27 (s, 1H), 4.84 (d, J = 2.8 Hz, 1H), 6.92 (d, J = 8.8 Hz, 2H), 7.04 (t, J = 7.2 Hz, 1H), 7.24-7.28 (m, 2H), 7.32-7.36 (m, 4H); 13C NMR (100 MHz, CDCl3): δ 55.5, 60.5, 62.9, 67.1, 67.6, 68.3, 68.5, 69.1, 81.9, 114.8, 117.3, 124.0, 127.4, 129.3, 129.9, 137.9, 160.0, 165.7; EI-MS: m/z 437.1 (M+); HRMS (EI): Calcd for C26H23FeNO2 (M+): 437.1078, Found: 437.1074. Elem. Anal. Calcd for C26H23FeNO2: C, 71.41; H, 5.30; N, 3.20. Found: C, 71.63; H, 5.24; N, 3.11.
(±)-trans-1-(4-Methoxyphenyl)-4-phenyl-3-ferrocenylazetidin-2-one (3b) The reaction mixture was chromatographed on a neutral alumina using 10:1 petroleum ether/EtOAc (v/v) to afford the indicated compound as a yellow solid: 82% yield; mp 176oC; IR (KBr): 3085, 2956, 1734, 1512, 1455, 1396, 1247, 1161, 1108, 1028, 1003, 927, 826, 752, 699, 485 cm−1; 1H NMR (400 MHz, CDCl3): δ 3.75 (s, 3H), 3.94 (d, J = 2.0 Hz, 1H), 4.21 (s, 8H), 4.29 (s, 1H), 4.84 (d, J = 2.4 Hz, 1H), 6.81 (d, J = 8.8 Hz, 2H), 7.28 (d, J = 8.8 Hz, 2H), 7.36 (t, J = 8.0 Hz, 1H), 7.39-7.40 (d, J = 4.4 Hz, 4H); 13C NMR (100 MHz, CDCl3): δ 55.5, 60.2, 63.2, 66.9, 67.5, 68.1, 68.4, 68.9, 81.9, 114.5, 118.3, 126.0, 128.5, 129.2, 131.3, 137.9, 156.1, 164.8; EI-MS: m/z 437.1 (M+); HRMS (EI): Calcd for C26H23FeNO2 (M+): 437.1078, Found: 437.1069. Elem. Anal. Calcd for C26H23FeNO2: C, 71.41; H, 5.30; N, 3.20. Found: C, 71.70; H, 5.25; N, 3.13.
(±)-trans-1,4-Biphenyl-3-ferrocenylazetidin-2-one (3c) The reaction mixture was chromatographed on a neutral alumina using 10:1 petroleum ether/EtOAc (v/v) to afford the indicated compound as a yellow solid: 74% yield; mp 194oC; IR (KBr): 3084, 1740, 1599, 1503, 1457, 1388, 1374, 1357, 1154, 1106, 815, 783, 751, 699, 471 cm−1; 1H NMR (400 MHz, CDCl3): δ 3.97 (d, J = 2.4 Hz, 1H), 4.20 (s, 8H), 4.28 (s,1H), 4.88 (d, J = 2.4 Hz, 1H), 7.05 (t, J = 7.2 Hz, 1H), 7.25-7.41 (m, 9H); 13C NMR (100 MHz, CDCl3): δ 60.2, 63.1, 66.8, 67.5, 68.1, 68.3, 68.9, 81.6, 117.0, 123.8, 125.9, 128.5, 129.1, 129.2, 137.6, 137.7, 165.3; EI-MS: m/z 407.1 (M+); HRMS (EI): Calcd for C25H21FeNO (M+): 407.0973, Found: 407.0985. Elem. Anal. Calcd for C25H21FeNO: C, 73.72; H, 5.20; N, 3.44. Found: C, 73.24; H, 5.04; N, 3.29.
(±)-trans-1-(4-Nitrophenyl)-4-(4-methoxyphenyl)-3-ferrocenylazetidin-2-one (3d) The reaction mixture was chromatographed on a neutral alumina using 10:1 petroleum ether/EtOAc (v/v) to afford the indicated compound as a yellow solid: 40% yield; mp 171oC; IR (KBr): 3082, 2944, 2844, 1732, 1605, 1512, 1468, 1443, 1385, 1345, 1294, 1248, 1148, 1104, 1030, 1002, 829, 746, 700, 487 cm−1; 1H NMR(400 MHz, CDCl3): δ 3.76 (s, 3H), 3.93 (d, J = 2.4 Hz, 1H), 4.26 (s, 9H), 4.90 (d, J = 2.4 Hz, 1H), 6.83 (d, J = 8.8 Hz, 2H), 7.23 (d, J = 8.8 Hz, 2H), 7.55 (d, J = 8.0 Hz, 2H), 8.26 (d, J = 8.0 Hz, 2H); 13C NMR (100 MHz, CDCl3): 55.5, 60.7, 62.5, 66.8, 67.9, 68.7, 69.3, 81.4, 114.7, 118.2, 124.6, 126.8, 130.7, 145.3, 148.1, 156.4, 163.8; EI-MS: m/z 482.1 (M+); HRMS (EI): Calcd for C26H22FeN2O4 (M+): 482.0929, Found: 482.0944. 

(±)-trans-1-Phenyl-4-(4-nitrophenyl)-3-ferrocenylazetidin-2-one (3e) The reaction mixture was chromatographed on a neutral alumina using 10:1 petroleum ether/EtOAc (v/v) to afford the indicated compound as a yellow solid: 50% yield; mp 196oC; IR (KBr): 2924, 1740, 1638, 1600, 1520, 1504, 1460, 1424, 1386. 1347, 1282, 1156, 1107, 1094, 852, 832, 813, 753, 691, 512, 482 cm−1; 1H NMR (400 MHz, CDCl3): δ 3.98 (d, J = 2.4 Hz, 1H), 4.20-4.25 (m, 9H), 4.95 (d, J = 2.4 Hz, 1H), 7.08-7.12 (m, 1H), 7.30 (d, J = 4.4 Hz, 4H), 7.56 (d, J = 8.8 Hz, 2H), 8.27 (d, J = 8.4 Hz, 2H); 13C NMR (100 MHz, CDCl3): δ 60.7, 62.5, 66.5, 67.7, 68.4, 68.6, 69.0, 80.9, 116.9, 124.4, 124.6, 126.7, 129.4, 137.2, 145.2, 148.1, 164.4; EI-MS: m/z 452.1 (M+); HRMS (EI): Calcd for C25H20FeN2O (M+): 452.0823, Found: 452.0800. 

(±)-cis-1-Phenyl-4-(4-nitrophenyl)-3-ferrocenylazetidin-2-one (3e) The reaction mixture was chromatographed on a neutral alumina using 10:1 petroleum ether/EtOAc (v/v) to afford the indicated compound as a dark red solid: 31% yield; mp 236oC; IR (KBr): 2924, 1740, 1638, 1600, 1520, 1504, 1460, 1424, 1386. 1347, 1282, 1156, 1107, 1094, 852, 832, 813, 753, 691, 512, 482 cm−1; 1H NMR (400 MHz, CDCl3): δ 3.92 (d, J = 6.4 Hz, 3H), 4.26 (s, 6H), 4.83 (d, J = 6.0 Hz, 1H), 5.32 (d, J = 5.6 Hz, 1H), 7.20 (t, J = 6.4 Hz, 1H), 7.24 (d, J = 7.6 Hz, 2H), 7.30-7.32 (m, 4H), 7.99 (d, J = 8.8 Hz, 2H); EI-MS: m/z 452.1 (M+); HRMS (EI): Calcd for C25H20FeN2O (M+): 452.0823, Found: 452.0804.
(±)-trans-3-(4-Methoxyphenyl)-4-(4-N,N-Dimethylaminophenyl)-1-phenylazetidin-2-one (3f) The reaction mixture was chromatographed on a silica gel using 12:1 petroleum ether/EtOAc (v/v) to afford the indicated compound as a white solid: 52% yield; mp 95-98oC; IR (KBr): 2956, 2922, 2804, 1739, 1617, 1503, 1460, 1388, 1355, 1309, 1249, 1185, 1150, 1094, 1035, 814, 755, 689, 532 cm−1; 1H NMR (500 MHz, CDCl3): δ 2.98 (s, 6H), 3.82 (s, 3H), 4.22 ( d, J = 2.0 Hz, 1H), 4.82 (d, J = 2.5 Hz, 1H), 6.75 (s, br, 2H), 6.91 (d, J = 8.5 Hz, 2H), 7.06 (t, J = 7.5 Hz, 1H), 7.25-7.28 (m, 6H) , 7.39 (d, J = 8.0 Hz, 2H); 13C NMR (125 MHz, CDCl3): δ 40.6, 55.3, 64.1, 64.6, 114.4, 117.3, 123.8, 127.0, 128.6, 129.0, 137.7, 159.2, 166.5; APCI-MS: m/z 373.3 ([M+H]+); HRMS (ESI): Calcd for C24H25N2O2 ([M+H]+): 373.1916, Found: 373.1903.
(±)-trans-3,4-Bis(4-methoxyphenyl)-1-phenylazetidin-2-one (3g) The reaction mixture was chromatographed on a silica gel using 10:1 petroleum ether/EtOAc (v/v) to afford the indicated compound as a white solid: 78% yield; mp 137oC; IR (KBr): 2957, 2837, 1736, 1610, 1514, 1498, 1461, 1384, 1304, 1248, 1179, 1144, 1092, 1025, 843, 757, 693, 611, 543 cm−1; 1H NMR (400 MHz, CDCl3): δ 3.81 (d, J = 2.0 Hz, 6H), 4.20 ( d, J = 2.4 Hz, 1H), 4.84 (d, J = 2.8 Hz, 1H), 6.91 (t, J = 6.0 Hz, 4H), 7.06 (t, J = 7.2 Hz, 1H), 7.23-7.36 (m, 8H).
(±)-trans-1,3-Bis(4-methoxyphenyl)-4-phenylazetidin-2-one (3h) The reaction mixture was chromatographed on a silica gel using 10:1 petroleum ether/EtOAc (v/v) to afford the indicated compound as a white solid: 77% yield; mp 155oC; IR (KBr): 2935, 2833, 1731, 1610, 1581, 1514, 1453, 1387, 1300, 1253, 1181, 1148, 1067, 1030, 823, 753, 699, 525 cm−1; 1H NMR (400 MHz, CDCl3): δ 3.75 (s, 3H), 3.81 (s, 3H), 4.20 (d, J = 2.4 Hz, 1H), 4.85 (d, J = 2.4 Hz, 1H), 6.80 (d, J = 8.8 Hz, 2H), 6.90 (d, J = 8.8 Hz, 2H), 7.24-7.30 (m, 4H), 7.33-7.41 (m, 5H); 13C NMR (100 MHz, CDCl3): δ 55.4, 55.5, 64.2, 64.6, 114.4, 114.5, 118.5, 125.9, 127.0, 128.6, 128.7, 129.3, 131.1, 137.7, 156.1, 159.3, 165.5; ESI-MS: m/z 360.2 ([M+H]+); HRMS (ESI): Calcd for C23H21NO3 ([M+H]+): 360.1600, Found: 360.1578.

(±)-trans-3-(4-Methoxyphenyl)-1,4-diphenylazetidin-2-one (3i) The reaction mixture was chromatographed on a silica gel using 10:1 petroleum ether/EtOAc (v/v) to afford the indicated compound as a white solid: 70% yield; mp 205oC;[6] IR (KBr): 3033, 2975, 1735, 1610, 1596, 1519, 1493, 1454, 1386, 1357, 1309, 1253, 1182, 1148, 1032, 751, 700, 688, 527 cm−1; 1H NMR (400 MHz, CDCl3): δ 3.81 (s, 3H), 4.22 (d, J = 2.8 Hz, 1H ), 4.89 (d, J = 2.4 Hz, 1H), 6.91 (d, J = 8.8 Hz, 2H), 7.06 (t, J = 7.2 Hz, 1H), 7.25-7.40 (m, 11H).
(±)-trans-3-(4-Methoxyphenyl)-4-(4-chlorophenyl)-1-phenylazetidin-2-one (3j) The reaction mixture was chromatographed on a silica gel using 10:1 petroleum ether/EtOAc (v/v) to afford the indicated compound as a white solid: 63% yield; mp 131-133oC; IR (KBr): 2927, 2837, 1762, 1598, 1515, 1492, 1416, 1378, 1284, 1255, 1179, 1139, 1093, 1031, 829, 762, 692, 526 cm−1; 1H NMR (500 MHz, CDCl3): δ 3.84 (s, 3H), 4.22 (d, J = 2.5 Hz, 1H), 4.91 (d, J = 2.5 Hz, 1H), 6.94 (d, J = 8.5 Hz, 2H), 7.12 (t, J = 7.5 Hz, 1H), 7.26-7.41 (m, 10H); 13C NMR (125 MHz, CDCl3): δ 55.4, 63.5, 64.8, 114.5, 117.2, 124.2, 126.4, 127.3, 129.6, 134.5, 136.1, 137.3, 159.4, 165.8; APCI-MS: m/z 362.3 ([M-H]-); HRMS (ESI): Calcd for C22H19ClNO2 ([M+H]+): 364.1104, Found: 364.1094; Calcd for C22H18ClNNaO2 ([M+Na]+): 386.0924, Found: 386.0911.

(±)-trans-3-(4-Methoxyphenyl)-4-(4-bromophenyl)-1-phenylazetidin-2-one (3k) The reaction mixture was chromatographed on a silica gel using 10:1 petroleum ether/EtOAc (v/v) to afford the indicated compound as a white solid: 74% yield; mp150-152oC; IR (KBr): 2928, 2835, 1757, 1594, 1515, 1493, 1413, 1378, 1284, 1254, 1178, 1139, 1073, 1030, 830, 761, 692, 524 cm−1; 1H NMR (500 MHz, CDCl3): δ 3.83 (s, 3H), 4.20 (d, J = 2.5 Hz, 1H), 4.87 (d, J = 2.5 Hz, 1H), 6.93 (d, J = 7.0 Hz, 2H), 7.10 (t, J = 7.5 Hz, 1H), 7.24-7.35 (m, 8H), 7.55 (d, J = 8.0 Hz, 2H); 13C NMR (125 MHz, CDCl3): δ 55.4, 63.5, 64.7, 114.5, 117.2, 122.6, 124.2, 126.4, 128.6, 132.5, 136.7 137.3, 159.4, 165.7;  ESI-MS: m/z 408.1 ([M+H]+); HRMS (ESI): Calcd for C22H19BrNO2 ([M+H]+): 408.0599, Found: 408.0590; Calcd for C22H18BrNNaO2 ([M+Na]+): 430.0419, Found: 430.0409.
(±)-trans-1,3-Bis(4-methoxyphenyl)-4-(4-nitrophenyl)azetidin-2-one (3l) The reaction mixture was chromatographed on a silica gel using 10:1 petroleum ether/EtOAc (v/v) to afford the indicated compound as a yellow solid: 45% yield; mp 47oC; IR (KBr): 2932, 2836, 1748, 1608, 1510, 1463, 1441, 1384, 1348, 1299, 1248, 1179, 1140, 1110, 1031, 825, 806, 747, 693, 522 cm−1; 1H NMR (400 MHz, CDCl3): δ 3.76 (s, 3H), 3.82 (s, 3H), 4.18 (d, J = 2.4 Hz, 1H), 4.95 (d, J = 2.8 Hz, 1H), 6.83 (d, J = 8.8 Hz, 2H), 6.92 (d, J = 8.8 Hz, 2H), 7.22-7.25 (m, 4H), 7.54 (d, J = 8.8 Hz, 2H), 8.27 (d, J = 8.8 Hz, 2H); ESI-MS: m/z 405.1 ([M+H]+); HRMS (ESI): Calcd for C23H20N2O5 ([M+H]+): 405.1450, Found: 405.1461.
(±)-trans-3-(4-Methoxyphenyl)-4-(4-nitrophenyl)-1-phenylazetidin-2-one (3m) The reaction mixture was chromatographed on a silica gel using 10:1 petroleum ether/EtOAc (v/v) to afford the indicated compound as a yellow liquid: 46% yield; IR (neat): 2925, 2870, 1756, 1600, 1515, 1500, 1461, 1381, 1348, 1252, 1180, 1142, 1034, 755, 693, 527, cm−1; 1H NMR (400 MHz, CDCl3): δ 3.81 (s, 3H), 4.21 (d, J = 2.4 Hz, 1H), 5.00 (d, J = 2.4 Hz, 1H), 6.92 (d, J = 8.4 Hz, 2H), 7.10-7.11 (m, 1H), 7.23-7.30 (m, 6H), 7.55 (d, J = 8.8 Hz, 2H), 8.26 (d, J = 8.8 Hz, 2H).

(±)-cis-3-(4-Methoxyphenyl)-4-(4-nitrophenyl)-1-phenylazetidin-2-one (3m) The reaction mixture was chromatographed on a silica gel using 10:1 petroleum ether/EtOAc (v/v) to afford the indicated compound as a yellow solid: 18% yield; mp 78oC; IR (KBr): 2912, 1752, 1602, 1518, 1497, 1459, 1377, 1345, 1250, 1177, 1109, 1030, 853, 819, 754, 695, 543, 518 cm−1; 1H NMR (400 MHz, CDCl3): δ 3.68 (s, 3H), 5.05 (d, J = 6.4 Hz, 1H), 5.51 (d, J = 6.4 Hz, 1H), 6.63 (d, J = 8.8 Hz, 2H), 6.95 (d, J = 8.8 Hz, 2H), 7.12 (t, J = 7.2 Hz, 1H), 7.23 (s, 2H), 7.31-7.35 (m ,4H), 8.00 (d, J = 8.8 Hz, 2H).

(±)-trans-1,4-Bis(4-methoxyphenyl)-3-phenylazetidin-2-one (3n) The reaction mixture was chromatographed on a silica gel using 10:1 petroleum ether/EtOAc (v/v) to afford the indicated compound as a white solid: 76% yield; mp 146oC; IR (KBr): 2935, 1736, 1612, 1513, 1464, 1385, 1297, 1249, 1174, 1110, 1031, 830, 697 cm−1; 1H NMR (400 MHz, CDCl3): δ 3.75 (s, 3H), 3.81 (s, 3H), 4.24 (d, J = 2.4 Hz, 1H), 4.86 (d, J = 2.4 Hz, 1H), 6.80 (d, J = 8.8 Hz, 2H), 6.92 (d, J = 8.8 Hz, 2H), 7.28-7.39 (m, 9H).[7]
(±)-trans-4-(4-Methoxyphenyl)-1,3-diphenylazetidin-2-one (3o) The reaction mixture was chromatographed on a silica gel using 10:1 petroleum ether/EtOAc (v/v) to afford the indicated compound as a white solid: 71% yield; mp 125oC; IR (KBr): 3027, 2934, 2841, 1743, 1598, 1514, 1498, 1384, 1249, 1178, 1144, 1027, 831, 755, 740, 695, 497 cm−1; 1H NMR (400 MHz, CDCl3): δ 3.81 (s, 3H), 4.26 (d, J = 2.8 Hz, 1H), 4.90 (d, J = 2.4 Hz, 1H), 6.93 (d, J = 8.8 Hz, 2H), 7.00-7.05 (m, 2H), 7.24-7.39 (m, 10H).[8]
(±)-trans-1-(4-Methoxyphenyl)-3,4-diphenylazetidin-2-one (3p) The reaction mixture was chromatographed on a silica gel using 10:1 petroleum ether/EtOAc (v/v) to afford the indicated compound as a white solid: 77% yield; mp 156oC; IR (KBr): 2924, 1741, 1603, 1512, 1455, 1388, 1355, 1298, 1245, 1180, 1146, 1028, 829, 750, 698, 647 cm−1; 1H NMR (400 MHz, CDCl3): δ 3.75 (s, 3H), 4.26 (d, J = 2.8 Hz, 1H), 4.91 (d, J = 2.8 Hz, 1H), 6.81 (d, J = 9.2 Hz, 2H), 7.28-7.40 (m, 12H).[9]
(±)-trans-1,3,4-Triphenylazetidin-2-one (3q) The reaction mixture was chromatographed on a silica gel using 10:1 petroleum ether/EtOAc (v/v) to afford the indicated compound as a white solid: 83% yield; mp 136oC; IR (KBr): 3030,1742, 1599, 1495, 1456, 1447, 1388, 1357, 1155, 1076, 920, 756, 700, 517, 494 cm−1; 1H NMR (400 MHz, CDCl3): δ 4.28 (d, J = 2.4 Hz, 1H), 4.96 (d, J = 2.4 Hz, 1H), 7.07 (t, J = 7.2 Hz, 1H), 7.27-7.41 (m, 14H).[10]
(±)-trans-1-(4-Methoxyphenyl)-4-(4-nitrophenyl)-3-phenylazetidin-2-one (3r) The reaction mixture was chromatographed on a silica gel using 10:1 petroleum ether/EtOAc (v/v) to afford the indicated compound as a yellow solid: 49% yield; mp 52oC; IR (KBr): 2926, 2837, 1752, 1603, 1513, 1455, 1385, 1348, 1297, 1247, 1141, 1030, 828, 696 cm−1; 1H NMR (400 MHz, CDCl3): δ 3.77 (s, 3H), 4.25 (s, J = 2.4 Hz, 1H), 5.02 (s, J = 2.4 Hz, 1H), 6.83 (d, J = 8.0 Hz, 2H), 7.24 (s, 1H), 7.32-7.41 (m, 6H), 7.56 (d, J = 8.0 Hz, 2H), 8.28 (d, J = 8.4 Hz, 2H).

(±)-cis-1-(4-Methoxyphenyl)-4-(4-nitrophenyl)-3-phenylazetidin-2-one (3r) The reaction mixture was chromatographed on a silica gel using 10:1 petroleum ether/EtOAc (v/v) to afford the indicated compound as a yellow solid: 13% yield; mp 58oC; IR (KBr): 2924, 2852, 1747, 1603, 1513, 1453, 1386, 1346, 1299, 1247, 1171, 1111, 1030, 828, 699 cm−1; 1H NMR (400 MHz, CDCl3): δ 3.78 (s, 1H), 5.09 (d, J = 6.0 Hz, 1H), 5.51 (d, J = 6.0 Hz, 1H), 6.83-6.86 (d, J = 8.8 Hz, 2H), 7.04-7.11 (m, 5H), 7.23 (d, J = 8.4 Hz, 2H), 7.30 (d, J = 9.2 Hz, 2H), 7.98 (d, J = 8.8 Hz, 2H).
(±)-trans-4-(4-Nitrophenyl)-1,3-diphenylazetidin-2-one(3s) The reaction mixture was chromatographed on a silica gel using 10:1 petroleum ether/EtOAc (v/v) to afford the indicated compound as a white solid: 37% yield; 1H NMR (400 MHz, CDCl3): δ 4.27 (d, J = 2.4 Hz, 1H), 5.07 (d, J = 2.8 Hz, 1H), 7.12 (m, 1H), 7.43-7.30 (m, 9H), 7.58 (d, J = 8.7 Hz, 2H), 8.28 (d, J = 8.7 Hz, 2H).[8]
(±)-cis-4-(4-Nitrophenyl)-1,3-diphenylazetidin-2-one (3s) The reaction mixture was chromatographed on a silica gel using 10:1 petroleum ether/EtOAc (v/v) to afford the indicated compound as a yellow solid: 11% yield; mp 110-111oC; 1H NMR (400 MHz, CDCl3): δ 5.10 (d, J = 6.2 Hz, 1H), 5.55 (d, J = 6.2 Hz, 1H), 7.37-7.03 (m, 12H), 7.98 (d, J = 8.6 Hz, 2H).[11]
(±)-trans-4-(4-Methoxyphenyl)-3-(4-nitrophenyl)-1-phenylazetidin-2-one (3t) The reaction mixture was chromatographed on a silica gel using 10:1 petroleum ether/EtOAc (v/v) to afford the indicated compound as a yellow solid: 57% yield; mp 49oC; IR (KBr): 2924, 1750, 1599, 1515, 1384, 1346, 1249, 1175, 1029, 835, 753, 690 cm−1; 1H NMR (400 MHz, CDCl3): δ 3.82 (s, 1H), 4.37 (d, J = 2.4 Hz, 1H), 4.93 (d, J = 2.4 Hz, 1H), 6.95 (d, J = 8.8 Hz, 2H), 7.09 (t, J = 8.8 Hz, 1H), 7.30-7.36 (m, 6H), 7.54 (d, J = 8.8 Hz, 2H), 8.24 (d, J = 8.4 Hz, 2H); ESI-MS: m/z 375.1 ([M+1]+); HRMS (ESI): Calcd for C22H18N2O4 ([M+1]+): 375.1345, Found: 375.1325.
(±)-trans-3-(4-Nitrophenyl)-1,4-diphenylazetidin-2-one (3u) The reaction mixture was chromatographed on a silica gel using 10:1 petroleum ether/EtOAc (v/v) to afford the indicated compound as a white solid: 36% yield; mp 152oC; IR (KBr): 3033, 1737, 1599, 1517, 1456, 1392, 1351, 1153, 1110, 899, 785, 750, 698 cm−1; 1H NMR (400 MHz, CDCl3): δ 4.40 (d, J = 2.4 Hz, 1H), 4.98 ( d, J = 2.4 Hz, 1H), 7.10 (t, J = 7.2 Hz, 1H), 7.29-7.34 (m, 4H), 7.42 (m, 5H), 7.55 (d, J = 8.8 Hz, 2H), 8.26 (d, J = 8.4 Hz, 2H).[11]
(±)-trans-3,4-Bis(4-nitrophenyl)-1-phenylazetidin-2-one (3v) The reaction mixture was chromatographed on a silica gel using 10:1 petroleum ether/EtOAc (v/v) to afford the indicated compound as a yellow solid: 43% yield; mp 64oC; IR (KBr): 2924, 2851, 1759, 1601, 1523, 1494, 1460, 1380, 1346, 1108, 1014, 856, 754, 692 cm−1; 1H NMR (400 MHz, CDCl3): δ 4.39 (d, J = 2.0 Hz, 1H), 5.10 (d, J = 2.0 Hz, 1H), 7.07-7.15 (m, 2H), 7.30-7.32 (m, 3H), 7.55 (d, J = 8.4 Hz, 2H), 7.60 (d, J = 8.4 Hz, 2H), 8.27-8.32 (m, 4H).
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Figure S1. The IR spectrum of 1a in KBr.

[image: image86][image: image2.jpg]e

==
£

21
21

=50 ¢

=1
2

st

L w2z

~ Lsvy

<
I

Eoe
vy

o9
Z50°e
Lese

s6vs
ooz

[Fot— mova

owna |

73

ss697

sve T

gngats =t
1

STe"ZT-SHT\UTHBURYZ\ ORHOD\ BEHHNNIN -0




Figure S2. The 1H NMR spectrum of 1a in CDCl3 (400 MHz).
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Figure S3. The 13C NMR spectrum of 1a in CDCl3 (100 MHz).
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Figure S4. The IR spectrum of 1b in KBr.
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Figure S5. The 1H NMR spectrum of 1b in CDCl3 (400 MHz).
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Figure S6. The 13C NMR spectrum of 1b in CDCl3 (100 MHz).
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Figure S7. The IR spectrum of 1c in KBr.
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Figure S8. The 1H NMR spectrum of 1c in CDCl3 (400 MHz).
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Figure S9. The IR spectrum of 1d in KBr.
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Figure S10. The 1H NMR spectrum of 1d in CDCl3 (400 MHz).
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Figure S11. The 13C NMR spectrum of 1d in CDCl3 (100 MHz).
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Figure S12. The IR spectrum of (±)-trans-3a in KBr.
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Figure S13. The 1H NMR spectrum of (±)-trans-3a in CDCl3 (400 MHz).
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Figure S14. The 13C NMR spectrum of (±)-trans-3a in CDCl3 (100 MHz).
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Figure S15. The EI-MS spectrum of (±)-trans-3a.
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Figure S16. The IR spectrum of (±)-trans-3b in KBr.
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Figure S17. The 1H NMR spectrum of (±)-trans-3b in CDCl3 (400 MHz).
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Figure S18. The 13C NMR spectrum of (±)-trans-3b in CDCl3 (100 MHz).
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Figure S19. The EI-MS spectrum of (±)-trans-3b.
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Figure S20. The IR spectrum of (±)-trans-3c in KBr.
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Figure S21. The 1H NMR spectrum of (±)-trans-3c in CDCl3 (400 MHz).
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Figure S22. The 13C NMR spectrum of (±)-trans-3c in CDCl3 (100 MHz).
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Figure S23. The EI-MS spectrum of (±)-trans-3c.
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Figure S24. The IR spectrum of (±)-trans-3d in KBr.

[image: image110][image: image25.emf]
Figure S25. The 1H NMR spectrum of (±)-trans-3d in CDCl3 (400 MHz).
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Figure S26. The 13C NMR spectrum of (±)-trans-3d in CDCl3 (100 MHz).
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Figure S27. The EI-MS spectrum of (±)-trans-3d.
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Figure S28. The IR spectrum of (±)-trans-3e in KBr.
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Figure S29. The 1H NMR spectrum of (±)-trans-3e in CDCl3 (400 MHz).
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Figure S30. The 13C NMR spectrum of (±)-trans-3e in CDCl3 (100 MHz).
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Figure S31. The EI-MS spectrum of (±)-trans-3e.
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Figure S32. The IR spectrum of (±)-cis-3e in KBr.

[image: image118][image: image33.emf]
Figure S33. The 1H NMR spectrum of (±)-cis-3e in CDCl3 (400 MHz).
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Figure S34. The ESI-MS spectrum of (±)-cis-3e.
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Figure S35. The IR spectrum of (±)-trans-3f in KBr.
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Figure S36. The 1H NMR spectrum of (±)-trans-3f in CDCl3 (500 MHz).
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Figure S37. The 13C NMR spectrum of (±)-trans-3f in CDCl3 (125 MHz).
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Figure S38. The APCI-MS spectrum of (±)-trans-3f.
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Figure S39. The HRMS(ESI) spectrum of (±)-trans-3f.
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Figure S40. The IR spectrum of (±)-trans-3g in KBr

[image: image126][image: image41.emf]
Figure S41. The 1H NMR spectrum of (±)-trans-3g in CDCl3 (400 MHz).
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Figure S42. The IR spectrum of (±)-trans-3h in KBr.
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Figure S43. The 1H NMR spectrum of (±)-trans-3h in CDCl3 (400 MHz).
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Figure S44. The 13C NMR spectrum of (±)-trans-3h in CDCl3 (100 MHz).
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Figure S45. The ESI-MS spectrum of (±)-trans-3h.
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Figure S46. The IR spectrum of (±)-trans-3i in KBr.

[image: image132][image: image47.emf]
Figure S47. The 1H NMR spectrum of (±)-trans-3i in CDCl3 (400 MHz).
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Figure S48. The IR spectrum of (±)-trans-3j in KBr.
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Figure S49. The 1H NMR spectrum of (±)-trans-3j in CDCl3 (500 MHz).
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Figure S50. The 13C NMR spectrum of (±)-trans-3j in CDCl3 (125 MHz).
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Figure S51. The -cAPCI-MS spectrum of (±)-trans-3j.
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Figure S52. The HRMS(ESI) spectrum of (±)-trans-3j.
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Figure S53. The IR spectrum of (±)-trans-3k in KBr.
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Figure S54. The 1H NMR spectrum of (±)-trans-3k in CDCl3 (500 MHz).
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Figure S55. The 13C NMR spectrum of (±)-trans-3k in CDCl3 (125 MHz).

[image: image141][image: image56.emf]
Figure S56. The APCI-MS spectrum of (±)-trans-3k.
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Figure S57. The HRMS(ESI) spectrum of (±)-trans-3k.
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Figure S58. The IR spectrum of (±)-trans-3l in KBr.

[image: image144][image: image59.emf]
Figure S59. The 1H NMR spectrum of (±)-trans-3l in CDCl3 (400 MHz).
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Figure S60. The ESI-MS spectrum of (±)-trans-3l.
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Figure S61. The IR spectrum of (±)-trans-3m in KBr.

[image: image147][image: image62.emf]
Figure S62. The 1H NMR spectrum of (±)-trans-3m in CDCl3 (400 MHz).
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Figure S63. The IR spectrum of (±)-cis-3m in KBr.

[image: image149][image: image64.emf]
Figure S64. The 1H NMR spectrum of (±)-cis-3m in CDCl3 (400 MHz).
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Figure S65. The IR spectrum of (±)-trans-3n in KBr.

[image: image151][image: image66.emf]
Figure S66. The 1H NMR spectrum of (±)-trans-3n in CDCl3 (400 MHz).
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Figure S67. The IR spectrum of (±)-trans-3o in KBr.

[image: image153][image: image68.emf]
Figure S68. The 1H NMR spectrum of (±)-trans-3o in CDCl3 (400 MHz).
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Figure S69. The IR spectrum of (±)-trans-3p in KBr.

[image: image155][image: image70.emf]
Figure S70. The 1H NMR spectrum of (±)-trans-3p in CDCl3 (400 MHz).
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Figure S71. The IR spectrum of (±)-trans-3q in KBr.
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Figure S72. The 1H NMR spectrum of (±)-trans-3q in CDCl3 (400 MHz).
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Figure S73. The IR spectrum of (±)-trans-3r in KBr.
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Figure S74. The 1H NMR spectrum of (±)-trans-3r in CDCl3 (400 MHz).
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Figure S75. The IR spectrum of (±)-cis-3r in KBr.

[image: image161]
[image: image76.emf]0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0

f1 (ppm)

2

.

8

3

1

.

0

0

1

.

0

0

2

.

0

8

4

.

9

2

2

.

2

8

2

.

6

1

1

.

9

8

-

0

.

0

0

1

1

.

5

6

2

1

.

5

7

1

3

.

7

7

6

5

.

0

8

2

5

.

0

9

8

5

.

5

0

3

5

.

5

1

8

6

.

8

3

3

6

.

8

5

5

7

.

0

4

4

7

.

0

8

1

7

.

1

0

5

7

.

2

4

2

7

.

2

9

3

7

.

9

6

4

7

.

9

8

6


Figure S76. The 1H NMR spectrum of (±)-cis-3r in CDCl3 (400 MHz).
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Figure S77. The 1H NMR spectrum of (±)-trans-3s in CDCl3 (400 MHz).
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Figure S78. The 1H NMR spectrum of (±)-cis-3s in CDCl3 (400 MHz).
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Figure S79. The IR spectrum of (±)-trans-3t in KBr.
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Figure S80. The 1H NMR spectrum of (±)-trans-3t in CDCl3 (400 MHz).
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Figure S81. The ESI-MS spectrum of (±)-trans-3t.
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Figure S82. The IR spectrum of (±)-trans-3u in KBr.
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Figure S83. The 1H NMR spectrum of (±)-trans-3u in CDCl3 (400 MHz).
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Figure S84. The IR spectrum of (±)-trans-3v in KBr.
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Figure S85. The 1H NMR spectrum of (±)-trans-3v in CDCl3 (400 MHz).

3. Linear correlation with three variables

To extent this correlation to investigate the relationship between the cis/trans ratio and electron effects of the substituents on both ketene and imine quantitatively further, a linear correlation with three variables was also applied. The correlation equation and the results are shown as the follows.

log (cis/trans) =ρ1•σ1 + ρ2•σ2 + ρ3•σ3 + C
σ1: σ parameter of the subsituent on arylketenes

σ2: σ parameter of the subsituent on C of imines

σ3: σ parameter of the subsituent on N of imines

log (cis/trans) = -0.00037 σ1+0.86 σ2+0.89 σ3-1.10 (relative error: 14%)

These results show that electron-withdrawing groups on both the C and N sides of the imine increase the cis/trans ratio, and compared with the substituent on the imine, the substituents on ketene have much smaller effluence on the cis/trans ratio with a small absolute value of the ρ1. Thus even though good correlations of log (cis/trans) for the ketene substituents for a single imine were found by Xu and co-workers, and by us, the imine substituents have significantly larger effects.
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