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Nonlinear Optical Properties of Novel Carborane-Ferrocene Conjugated Dyads.  Electron-withdrawing Characteristic of Carboranes
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General Information.  Fluorescence spectra and UV-vis absorption spectra were measured with a Hitachi F- 4500 spectrofluorophotometer and Hitachi U-3000 UV-vis spectrometer, respectively.  The HRS measurements were carried out by using a q-switched Nd:YAG laser (spectron LS-412, fwhm: 6 ns) as an incident light beam.  The fundamental light intensity ( = 1064 nm, I ()) was varied by rotating a half-wave plate positioned between two polarizers. The HRS signal, I (2 ) was detected by a photomultiplier (Philips, model XP 2020Q) as a function of I ().  Both incident fundamental light and HRS light signals were fed into two gated integrators (Stanford Research System, model SR250) and out-put signals from the gated integrators were A-D converted and analyzed on a personal computer.  Irradiation was done with USHIO 2 kW xenon short arc lamp.  1H NMR and 13C NMR spectra were recorded on a JEOL JNM AL-300 (300 MHz) spectrometers. IR spectra were recorded on a SHIMADZU FTIR-8200A spectrometer. High resolution mass spectra were obtained on a HITACHI M-2500S, JEOL JMS-HX110, JEOL JMS-AX500 and JEOL JMS-DX303 spectrometer.  GC-MS analyses were performed on a Hewlett-Packard Model 6890 GC interfaced to a Hewlett Packard Model 5973 mass selective detector (30 m ( 0.25 mm capillary column, HP-5MS).  Cyclic Voltammetric measurements were carried out with BAS CV50W.  Column chromatography was carried out employing Silica gel 60 N (spherical, neutral, 40~100 m and 100~210 m, KANTO Chemical Co., Inc.) and Aluminumoxide 90 (activity II~III, 63~200 m, Merck).  Anhydrous solvents were purchased from Kanto Chemicals.  Carboranes were commercially available and purchased from KatChem.  All other reagents were commercially available and were used without further purification.
1-(4-Formylphenyl)-2-dicarbododecaborane (ortho-12). white solid; 1H NMR (300 MHz, CDCl3)  (s, 1H), 7.84 (d, J = 8.4 Hz, 2H), 7.64 (d, J=8.4 Hz, 2H), 4.01 (bs, 1H); 13C NMR (75 MHz, CDCl3) 190.8, 139.1, 136.9, 129.9, 128.2, 75.1, 59.6.

1-(4-Formylphenyl)-7-dicarbododecaborane (meta-derivative). This meta-derivative was obtained in 23% yield from meta-carborane: white solid; 1H NMR (300 MHz, CDCl3)  (s, 1H), 7.78 (d, J = 8.5 Hz, 2H), 7.61(d, J = 8.5 Hz, 2H), 3.14 (bs, 1H); 13C NMR (75 MHz, CDCl3) 191.1, 140.9, 136.1, 129.5, 128.6, 55.2; IR (KBr) 3063, 2602, 1692, 1611, 1572, 1241, 1298, 1285, 1190, 1130, 1082, 1040, 864, 727, 698, 546 cm-1; HRMS (EI) Calcd for C9H16B10O: 250.2131. Found: 250.2132.

1-(4-Formylphenyl)-12-dicarbododecaborane (para-derivative). This para-derivative was obtained in 25% yield from para-carborane: white solid; 1H NMR (300 MHz, CDCl3)  (s, 1H), 7.68 (d, J = 8.5 Hz, 2H), 7.36 (d, J = 8.5 Hz, 2H), 2.83 (bs, 1H); 13C NMR (75 MHz, CDCl3) 191.3, 142.6, 135.9, 129.3, 127.9, 60.7; IR (KBr) 3061, 2814, 2783, 2733, 2611, 1709, 1607, 1574, 1416, 1385, 1310, 1290, 1215, 1175, 1138, 1086, 1015, 853, 741 cm-1; HRMS (EI) Calcd for C9H16B10O: 250.2131. Found: 250.2132.

(E)-1-Ferrocenyl-2-[4-(o-carboranyl)phenyl] ethylene 1a. orange solid; 1H NMR (300 MHz, CDCl3) 7.42 (d, J = 8.2 Hz, 2H), 7.35 (d, J = 8.2 Hz, 2H), 6.92 (d, J = 16.2 Hz, 1H), 6.62 (d, J = 16.2 Hz, 1H), 4.49 (s, 2H), 4.33 (s, 2H), 4.14 (s, 5H), 3.94 (s, 1H); 13C NMR (75 MHz, CDCl3) 139.5, 131.3, 129.6, 127.9, 125.8, 123.9, 82.6, 69.6, 69.4, 67.2, 60.3; IR (KBr) 3055, 2592, 1630, 1603, 1412, 1244, 1190, 1105, 1072, 1027, 1001, 959, 862, 820, 721 cm-1; HRMS (EI) Calcd for C20H26B10Fe: 432.2315. Found: 432.2318.

(Z)-1-Ferrocenyl-2-[4-(o-carboranyl)phenyl] ethylene 1b. orange solid; 1H NMR (300 MHz, CDCl3) 7.35 (d, J = 8.7 Hz, 2H), 7.29 (d, J = 8.7 Hz, 2H), 6.39 (d, J = 11.9 Hz, 1H), 6.30 (d, J = 11.9 Hz, 1H), 4.19 (t, J = 1.8 Hz, 2H), 4.15 (t, J = 1.8 Hz, 2H), 4.10 (s, 5H), 3.93 (bs, 1H); 13C NMR (75 MHz, CDCl3) 139.9, 131.4, 130.1, 129.0, 127.3, 125.2, 80.7, 69.4, 69.3, 68.9, 60.3; IR (KBr) 3072, 2579, 1869, 1844, 1792, 1773, 1749, 1734, 1717, 1697, 1684, 1653, 1647, 1635, 1558, 1541, 1508, 1489, 1474, 1458, 1339, 1200, 1173, 1107, 1072, 1040, 1001, 870, 814, 748, 721 cm-1; HRMS (EI) Calcd for C20H26B10Fe: 432.2315. Found: 432.2348.

(E)-1-Ferrocenyl-2-[4-(m-carboranyl)phenyl] ethylene 2a. orange solid; 1H NMR (300 MHz, CDCl3) 7.36 (d, J = 8.6 Hz, 2H), 7.28 (d, J = 8.6 Hz, 2H), 6.87 (d, J = 16.1 Hz, 1H), 6.61 (d, J = 16.1 Hz, 1H), 4.46 (s, 2H), 4.30 (s, 2H), 4.12 (s, 5H), 3.05 (s, 1H); 13C NMR (75 MHz, CDCl3) 138.3, 133.3, 128.5, 128.1, 125.5, 124.4, 82.7, 69.3, 69.2, 67.0, 55.0 ; IR (KBr) 3057, 2598, 1869, 1846, 1794, 1774, 1751, 1719, 1697, 1686, 1655, 1630, 1578, 1560, 1541, 1508, 1474, 1458, 1411, 1340, 1188, 1105, 1082, 1042, 1001, 957, 881, 862, 822, 729 cm-1; HRMS (EI) Calcd for C20H26B10Fe: 432.2315. Found: 432.2341.

(Z)-1-Ferrocenyl-2-[4-(m-carboranyl)phenyl] ethylene 2b. orange solid; 1H NMR (300 MHz, CDCl3) 7.30 (d, J = 8.8 Hz, 2H), 7.22 (d, J = 8.8 Hz, 2H), 6.31 (m, 2H), 4.18 (s, 4H), 4.10 (s, 5H), 3.04 (s, 1H); 13C NMR (75 MHz, CDCl3) 138.6, 133.3, 129.2, 128.6, 127.4, 125.7, 81.1, 77.2, 69.5, 69.3, 68.8, 55.0; IR (KBr) 3059, 3011, 2598, 1717, 1699, 1647, 1636, 1559, 1508, 1458, 1406, 1340, 1161, 1105, 1082, 1042, 1001, 870, 818, 747, 733 cm-1; HRMS (EI) Calcd for C20H26B10Fe: 432.2315. Found: 432.2301.

(E)-1-Ferrocenyl-2-[4-(p-carboranyl)phenyl] ethylene 3a. orange solid; 1H NMR (300 MHz, CDCl3) 7.21 (d, J = 8.5 Hz, 2H), 7.14 (d, J = 8.5 Hz, 2H), 6.82 (d, J = 16.1 Hz, 1H), 6.57 (d, J = 16.1 Hz, 1H), 4.44 (s, 2H), 4.28 (s, 2H), 4.11 (s, 5H), 2.77 (s, 1H); 13C NMR (75 MHz, CDCl3) 137.9, 135.1, 128.2, 127.3, 125.3, 124.6, 83.1, 69.3, 67.0, 59.6; IR (KBr) 3059, 2615, 1869, 1844, 1773, 1749, 1734, 1717, 1699, 1682, 1653, 1634, 1559, 1541, 1508, 1456, 1410, 1339, 1188, 1107, 1086, 991, 862, 804, 735 cm-1; HRMS (EI) Calcd for C20H26B10Fe: 432.2315. Found: 432.2331.

(Z)-1-Ferrocenyl-2-[4-(p-carboranyl)phenyl] ethylene 3b. orange solid; 1H NMR (300 MHz, CDCl3) 7.16 (d, J = 8.7 Hz, 2H), 7.09 (d, J = 8.7 Hz, 2H), 6.28 (m, 2H), 4.16 (s, 2H), 4.15 (s, 2H), 4.08 (s, 5H), 2.77 (s, 1H); 13C NMR (75 MHz, CDCl3) 138.2, 135.0, 129.0, 128.3, 126.6, 125.9, 81.1, 69.5, 69.3, 68.7, 59.6; IR (KBr) 3057, 3003, 2598, 1868, 1843, 1791, 1771, 1716, 1699, 1635, 1558, 1456, 1404, 1338, 1253, 1103, 1087, 1039, 999, 874, 818, 752, 735, 527 cm-1; HRMS (EI) Calcd for C20H26B10Fe: 432.2315. Found: 432.2303.

(E)-1-Ferrocenyl-2-phenyl ethylene 4a. orange solid; 1H NMR (300 MHz, CDCl3) 7.42 (d, J = 7.4 Hz, 2H), 7.33-7.28 (m, 2H), 7.23-7.18 (m, 1H), 6.86 (d, J = 16.2 Hz, 1H), 6.68 (d, J = 16.2 Hz, 1H), 4.44 (t, J = 1.8 Hz, 2H), 4.26 (t, J = 1.8 Hz, 2H), 4.12 (s, 5H); 13C NMR (75 MHz, CDCl3)137.8, 128.6, 126.9, 126.7, 126.0, 125.7, 83.3, 69.2, 69.0, 66.8.

(Z)-1-Ferrocenyl-2-phenyl ethylene 4b. orange solid; 1H NMR (300 MHz, CDCl3) 7.34-7.19 (m, 5H), 6.42 (d, J = 11.9 Hz, 1H), 6.30 (d, J = 11.9 Hz, 1H), 4.14 (s, 2H), 4.13 (s, 2H), 4.08 (s, 5H); 13C NMR (75 MHz, CDCl3)138.2, 128.7, 128.1, 128.0, 127.2, 126.6, 81.4, 69.4, 69.3, 68.5.

(E)-1-Ferrocenyl-2-(4-nitrophenyl) ethylene 5a. purple solid; 1H NMR (300 MHz, CDCl3) 8.16 (d, J = 8.3 Hz, 2H), 7.50 (d, J = 8.3 Hz, 2H), 7.07 (d, J = 16.0 Hz, 1H), 6.69 (d, J = 16.0 Hz, 1H), 4.52 (s, 2H), 4.39 (s, 2H), 4.17 (s, 5H); 13C NMR (75 MHz, CDCl3)145.9, 144.3, 132.9, 125.9, 124.2, 123.5, 82.0, 70.1, 69.6, 67.6.

(Z)-1-Ferrocenyl-2-(4-nitrophenyl) ethylene 5b. purple solid; 1H NMR (300 MHz, CDCl3) 8.11 (d, J = 8.7 Hz, 2H), 7.47 (d, J = 8.7 Hz, 2H), 6.50 (d, J = 11.9 Hz, 1H), 6.38 (d, J = 11.9 Hz, 1H), 4.22 (s, 2H), 4.15 (s, 2H), 4.10 (s, 5H); 13C NMR (75 MHz, CDCl3)146.1, 145.2, 132.1, 129.3, 124.6, 123.4, 80.2, 69.5, 69.4, 69.3.

1-(4-Nitrophenyl)-2-dicarbodecaborane 16. 1H NMR (300 MHz, CD3COCD3)  8.25 (d, J = 9.2 Hz, 2H), 7.94 (d, J = 9.2 Hz, 2H), 5.33 (s, 1H); 13C NMR (75 MHz, CD3COCD3) 140.5, 129.7, 124.6, 61.4; IR (KBr) 3053, 2928, 2606, 2569, 1065, 1526, 1497, 1406, 1350, 1288, 1109, 1072, 1022, 1003, 860, 845, 729 cm-1;　MS m/z: 265 (M+); HRMS (EI) Calcd for C8H15B10NO2: 265.2106. Found: 265.2097.  

1-(4-Aminophenyl)-2-dicarbodecaborane 17. 1H NMR (300 MHz, CD3COCD3)  7.28 (d, J = 8.7 Hz, 2H), 6.60 (d, J = 8.7 Hz, 2H), 4.96 (s, 2H), 4.74 (s, 1H); 13C NMR (75 MHz, CD3COCD3) 150.5, 129.5, 144.4, 62.5; IR (KBr) 3512, 3415, 2964, 2590, 2573, 1626, 1516, 1317, 1258, 1192, 1142, 1073, 1026, 833, 727 cm-1; MS m/z: 235 (M+); HRMS (EI) Calcd for C8H17B10N: 235.2365. Found: 235.2349.

1-(4-Nitrophenyl)-7-dicarbodecaborane. yellow solid: 1H NMR (300 MHz, CD3COCD3)  8.20 (d, J = 9.0 Hz, 2H,), 7.80 (d, J = 9.0 Hz, 2H,), 4.00 (s, 1H); 13C NMR (75 MHz, CD3COCD3) 139.8, 130.2, 125.7, 124.5 IR (KBr) 3064, 2613, 2571, 1597, 1572, 1524, 1470, 1406, 1350, 1288, 1254, 1200, 1178, 1144, 1109, 1080, 1043, 1009, 976, 922, 847, 737 cm-1; MS m/z: 265 (M+); HRMS (EI) Calcd for C8H15B10NO2: 265.2106. Found: 265.2100.

1-(4-Nitrophenyl)-12-dicarbodecaborane. yellow solid: 1H NMR (300 MHz, CD3COCD3)  8.12 (d, J = 9.0 Hz, 2H,), 7.55 (d, J = 9.0 Hz, 2H), 3.59 (s, 1H); 13C NMR (75 MHz, CD3COCD3)  139.8, 129.3, 125.7, 124.2, 62.5; IR (KBr) 3059, 2856, 2611, 1924, 1597, 1524, 1497, 1348, 1290, 1142, 1111, 1092, 1015, 866, 849, 739 cm-1; MS m/z: 265 (M+); HRMS (EI) Calcd for C8H15B10NO2: 265.2106. Found: 265.2096.

1-(4-Aminophenyl)-7-dicarbodecaborane. 1H NMR (300 MHz, CD3COCD3)  7.13 (d, J = 8.9 Hz, 2H,), 6.55 (d, J = 8.9 Hz, 2H,), 4.87 (s, 2H), 3.73 (s, 1H); 13C NMR (75 MHz, CD3COCD3)  150.0, 129.3, 120.2, 114.4, 56.5; IR (KBr) 3493, 3398, 3053, 2588, 2557, 1620, 1519, 1301, 1189, 1136, 1078, 1039, 1011, 831, 731 cm-1; MS m/z: 235 (M+); HRMS (EI) Calcd for C8H17B10N: 235.2365. Found: 235.2353.

1-(4-Aminophenyl)-12-dicarbodecaborane. 1H NMR (300 MHz, CD3COCD3)  6.89 (d, J = 8.8 Hz, 2H,), 6.46 (d, J = 8.8 Hz, 2H,), 4.78 (s, 2H), 2.85 (s, 1H); 13C NMR (75 MHz, CD3COCD3)  149.7, 128.4, 125.6, 114.2, 59.9; IR (KBr) 3456, 3364, 3061, 2613, 1624, 1518, 1290, 1190, 1140, 1086, 1011, 845, 808, 737 cm-1; MS m/z: 235 (M+); HRMS (EI) Calcd for C8H17B10N: 235.2365. Found: 235.2343.

Ferrocenylmethylidene-4-(o-carboranyl)phenylamine 6. 1H NMR (300 MHz, CDCl3)  8.28 (s, 1H), 7.46 (d, J = 8.7 Hz, 2H), 7.04 (d, J = 8.7 Hz, 2H), 4.77 (t, J = 2.0 Hz, 2H), 4.51 (t, J = 2.0 Hz, 2H,), 4.22 (s, 5H), 3.94 (s, 1H); 13C NMR (75 MHz, CDCl3)  162.8, 154.2, 129.9, 128.6, 120.8, 79.8, 71.7, 69.4, 69.2, 60.6; IR (KBr) 3068, 2594, 1684, 1653, 1624, 1597, 1558, 1541, 1522, 1506, 1458, 1396, 1175, 1072, 1040, 1022, 1001, 858, 826, 718 cm-1; MS m/z: 431 (M+); HRMS (EI) Calcd for C19H25B10NFe: 431.2340. Found: 431.2352.

Ferrocenylmethylidene-4-(m-carboranyl)phenylamine 7. 1H NMR (300 MHz, CDCl3):  8.28 (s, 1H), 7.39 (d, J = 8.5 Hz, 2H), 6.99 (d, J = 8.5 Hz, 2H), 4.77 (s, 2H), 4.48 (s, 2H), 4.22 (s, 5H), 3.01 (s, 1H); 13C NMR (75 MHz, CDCl3):  162.0, 153.1, 131.9, 128.6, 120.4, 80.1, 71.5, 69.3, 69.1, 55.0; IR (KBr) 3007, 2600, 2567, 1624, 1593, 1508, 1466, 1412, 1367, 1252, 1225, 1175, 1109, 1082, 1040, 1024, 1003, 966, 881, 860, 837, 820, 735 cm-1; MS m/z: 431 (M+); HRMS (EI) Calcd for C19H25B10NFe: 431.2340. Found: 431.2342.
Ferrocenylmethylidene-4-(p-carboranyl)phenylamine 8. 1H NMR (300 MHz, CDCl3)  8.23 (s, 1H), 7.18 (d, J = 8.7 Hz, 2H), 6.91 (d, J = 8.7 Hz, 2H), 4.74 (t, J = 1.9 Hz, 2H), 4.46 (t, J = 1.9 Hz, 2H), 4.20 (s, 5H), 1.77 (s, 1H); 13C NMR (75 MHz, CDCl3) 161.8, 152.8, 133.7, 127.8, 120.1, 80.1, 71.4, 69.3, 69.1, 59.5; IR (KBr) 3072, 2606, 1626, 1595, 1504, 1466, 1410, 1396, 1369, 1327, 1259, 1221, 1177, 1134, 1105, 1088, 1040, 1026, 1015, 1003, 972, 897, 868, 845, 826, 812, 802, 737, 719 cm-1; MS m/z: 431 (M+); HRMS (EI) Calcd for C19H25B10NFe: 431.2340. Found: 431.2341.

Ferrocenylmethylidenephenylamine 9. 1H NMR (300 MHz, CDCl3) 7.38-7.33 (m, 2H), 7.21-7.11 (m, 3H), 4.79 (s, 2H), 4.47 (s, 2H), 4.23 (s, 5H); 13C NMR (75 MHz, CDCl3) 161.3, 152.9, 129.1, 125.1, 120.6, 80.4, 71.2, 69.3, 69.0; IR (KBr) 3113, 3071, 3030, 3003, 2885, 1620, 1585, 1539, 1489, 1466, 1448, 1396, 1371, 1350, 1327, 1250, 1188, 1169, 1103, 1043, 1026, 1005, 854, 820, 766, 746, 694, 513 cm-1; HRMS (EI) Calcd for C17H15NFe: 289.0553. Found: 289.0559; MS m/z: 289 (M+); Anal. Calcd for C17H15NFe: C, 70.61; H, 5.22; N, 4.84. Found: C, 70.85; H, 5.22; N, 4.74.
