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Supplementary Materials 
1H, 13C and 19F nuclear magnetic resonance (NMR) spectra were recorded on a Varian Mercury (400 MHz), calibrated using trimethylsilane 
(TMS, δ 0.00 ppm), residual undeuterated solvent as an internal reference (CHCl3, δ 77.0 ppm), and trifluoroacetic acid (TFA, δ -79.0 ppm). 
IR spectra were measured on a JASCO FT/IR-410 spectrophotometer. Melting points were determined with a Yanagimoto micro melting 
point apparatus without correction. High- and low-resolution mass spectra were measured on a JEOL JMS-DX-303, a JEOL JMS-700, or a 
JMS-T100GC spectrometer. Silica gel 60 (40-50 µm, Kanto Chemical CO., INC.) was employed for flash column chromatography. 
 

Experimental Procedures 

Synthesis of Symmetric Ethers 
Typical experimental procedures: Synthesis of bis(2-naphthyl) ether 2a 
In a two-necked flask equipped with a magnetic stirrer bar and a reflux condenser were placed 2-naphthol (1.00 mmol, 144.2 mg) and 4-
chlorobenzenesulfonic acid (10 mol%, 19.3 mg) in o-dichlorobenzene (1.0 mL) under an argon atmosphere, and the solution was stirred and 
heated at reflux for 10 h. Solvent was removed in vacuo, and the residue was purified by flush column chromatography on silica gel 
(Hexane/Toluene 10:1) giving bis(2-naphthyl) ether (2a) (85%, 115.4 mg). 
 
Bis(2-naphthyl) ether (2a)[1] 
Colorless solid. Mp. 104.0-104.5 °C (Hexane), lit 104-105 °C.[1] Rf = 0.44 (Hexane/Toluene 6:1). 1H-NMR (400 MHz, CDCl3) d 7.30 (2H, 
d, J = 8.8 Hz), 7.36-7.42 (6H, m), 7.66 (2H, d, J = 8.0 Hz), 7.80 (2H, d, J = 6.4 Hz), 7.82 (2H, d, J = 8.4 Hz). 13C-NMR (100 MHz, CDCl3) 
d 114.4, 120.1, 124.8, 126.5, 127.1, 127.7, 129.9, 130.2, 134.3, 155.0. IR (KBr) 3051, 1595, 1269, 806, 742 cm-1. MS (EI) m/z 270 (M+, 
100%). HRMS Calcd for (C20H14O)+: 270.1045. Found: 270.1035. 
 
Bis(6-bromonapht-2-yl) ether (2b) 
Colorless solid. Mp. 178.0-179.0 °C (Hexane). Rf = 0.64 (Hexane/Toluene 6:1). 1H-NMR (400 MHz, CDCl3) d 7.31 (2H, s), 7.32 (2H, dd, 
J = 6.4, 2.4 Hz), 7.52 (2H, dd, J = 8.8, 2.0 Hz), 7.56 (2H, d, J = 8.8 Hz), 7.77 (2H, d, J = 9.6 Hz), 7.99 (2H, s). 13C-NMR (100 MHz, CDCl3) 
d 114.4, 118.6, 121.0, 128.8, 129.2, 129.8, 130.0, 131.3, 132.7, 155.0. IR (KBr) 3063, 1582, 1250, 1209, 878, 808, 638 cm-1. MS (EI) m/z 
430 (M++4, 46%), 428 (M++2, 100%), 426 (M+, 47%). HRMS Calcd for (C20H12Br2O)+: 425.9255. Found: 425.9250. 
 
Bis(7-bromonaphth-2-yl) ether (2c) 
Colorless solid. Mp. 191.0-192.0 °C (Hexane). Rf = 0.62 (Hexane/Toluene 6:1). 1H-NMR (400 MHz, CDCl3) d 7.26 (2H, d, J = 3.6 Hz), 
7.31 (2H, dd, J = 8.8, 2.4 Hz), 7.50 (2H, dd, J = 8.8, 2.0 Hz), 7.71 (2H, d, J = 8.4 Hz), 7.83 (2H, d, J = 8.8 Hz), 7.87 (2H, d, J = 2.0 Hz). 
13C-NMR (100 MHz, CDCl3) d 113.6, 120.4, 120.9, 128.3, 128.7, 129.2, 129.4, 130.1, 135.5, 155.5. IR (KBr) 3062, 1620, 1251, 833, 769 
cm-1. MS (EI) m/z 430 (M++4, 51%), 428 (M++2, 100%), 426 (M+, 51%). HRMS Calcd for (C20H12Br2O)+: 425.9255. Found: 425.9230. 
 
Bis(6-methylnaphth-2-yl) ether (2d) 
Colorless solid. Mp. 145.0-146.0 °C (Hexane/AcOEt = 10). Rf = 0.53 (Hexane/Toluene 6:1). 1H-NMR (400 MHz, CDCl3) d 2.48 (6H, s), 
7.26 (4H, dd, J = 8.8, 2.4 Hz), 7.31 (2H, d, J = 2.4 Hz), 7.57 (2H, d, J = 8.4 Hz), 7.58 (2H, s), 7.73 (2H, d, J = 9.2 Hz). 13C-NMR (100 MHz, 
CDCl3) d 21.5, 114.2, 120.1, 126.7, 127.0, 128.8, 129.2, 130.4, 132.4, 134.3, 154.5. IR (KBr) 3056, 2915, 1600, 1257, 1236, 811 cm-1. MS 
(EI) m/z 298 (M+, 100%). HRMS Calcd for (C22H18O)+: 298.1358. Found: 298.1341. 
 
Bis(6-chloronaphth-6-yl) ether (2e) 
Colorless solid. Mp. 163.0-164.0 °C (Hexane/Toluene = 6). Rf = 0.59 (Hexane/Toluene 6:1). 1H-NMR (400 MHz, CDCl3) d 7.32-7.35 (4H, 
m), 7.41 (2H, dd, J = 8.8, 2.0 Hz), 7.64 (2H, d, J = 8.8 Hz), 7.78 (2H, d, J = 9.6 Hz), 7.83 (2H, d, J = 2.0 Hz). 13C-NMR (100 MHz, CDCl3) 
d 114.4, 121.1, 126.5, 127.5, 128.7, 129.2, 130.5, 130.8, 132.5, 155.0. IR (KBr) 3066, 1589, 1252, 1209, 879, 804 cm-1. MS (EI) m/z 338 
(M+, 100%). HRMS Calcd for (C20H12Cl2O)+: 338.0265. Found: 338.0290. 
 
Bi(1-naphthyl) ether (2f)[2] 
Colorless solid. Mp. 109.0-110.0 °C (Hexane), lit 109.5 °C[2]. Rf = 0.66 (Hexane/Toluene 6:1). 1H-NMR2) (400 MHz, CDCl3) d 6.90 (2H, d, 
J = 7.6 Hz), 7.36 (2H, t, J = 8.0 Hz), 7.50 (2H, td, J = 8.0, 1.2 Hz), 7.55 (2H, td, J = 8.0, 1.2 Hz), 7.64 (2H, d, J = 8.0 Hz), 7.91 (2H, d, J = 
8.0 Hz), 8.31 (2H, d, J = 8.0 Hz). 13C-NMR (100 MHz, CDCl3) d 113.1, 122.0, 123.2, 125.9, 126.0, 126.5, 126.6, 127.8, 134.9, 153.4. IR 
(KBr) 3057, 1233, 1092, 772 cm-1. MS (EI) m/z 270 (M+, 100%). HRMS Calcd for (C20H14O)+: 270.1045. Found: 270.1028. 
 
Bis(6,7-dimethylnaphth-5-yl) ether (2g) 
Colorless solid. Mp. 225.0-226.0 °C (Hexane). Rf = 0.68 (Hexane/Toluene 6:1). 1H-NMR (400 MHz, CDCl3) d 2.42 (6H, s), 2.45 (6H, s), 
6.77 (2H, d, J = 7.2 Hz), 7.24 (2H, t, J = 8.0 Hz), 7.50 (2H, d, J = 8.4 Hz), 7.65 (2H, s), 8.06 (2H, s). 13C-NMR (100 MHz, CDCl3) d 20.2, 
20.4, 112.2, 121.4, 122.1, 125.0, 125.4, 127.4, 133.9, 135.8, 136.4, 153.0. IR (KBr) 3060, 2939, 2916, 1565, 1230, 1140, 792, 744 cm-1. MS 
(EI) m/z 326 (M+, 100%). HRMS Calcd for (C24H22O)+: 326.1671. Found: 326.1676. 
 
Bis(4,6,7-trimethylnaphth-1-yl) ether (2h) 
Colorless solid. Mp 182.0-183.0 °C (Hexane). Rf = 0.62 (Hexane/Toluene 6:1). 1H-NMR (400 MHz, CDCl3) d  2.41 (6H, s), 2.48 (6H, s), 
2.62 (6H, s), 6.65 (2H, d, J = 7.6 Hz), 7.06 (2H, d, J = 7.6 Hz), 7.75 (2H, s), 8.09 (2H, s). 13C-NMR (100 MHz, CDCl3) d 19.0, 20.3, 20.6, 
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111.7, 122.0, 124.1, 125.4, 125.4, 128.2, 132.6, 135.3, 136.0, 151.8. IR (KBr) 3024, 2963, 2938, 2913, 2853, 1430, 1247, 1208, 862 cm-1. 
MS (EI) m/z 354 (M+, 100%). HRMS Calcd for (C26H26O)+: 354.1984. Found: 354.1986. 
 
Bis(4-methylnaphth-1-yl) ether (2i) 
Colorless solid. Mp. 128.0-129.0 °C (Hexane). Rf = 0.83 (Hexane/Toluene 6:1). 1H-NMR (400 MHz, CDCl3) d 2.66 (6H, d, J = 0.8 Hz), 
6.78 (2H, d, J = 7.6 Hz), 7.17 (2H, dd, J = 8.0, 0.8 Hz), 7.50 (2H, ddd, J = 8.0, 6.8, 1.2 Hz), 7.59 (2H, ddd, J = 8.4, 6.8, 1.6 Hz), 8.02 (2H, 
d, J = 8.4 Hz), 8.34 (2H, d, J = 8.0 Hz). 13C-NMR (100 MHz, CDCl3) d 19.0, 112.6, 122.6, 124.3, 125.6, 126.2, 126.4, 126.6, 129.3, 133.7, 
152.1. IR (KBr) 3064, 2936, 1577, 1236, 758 cm-1. MS (EI) m/z 298 (M+, 100%), 283 (M+-CH3, 24%), 268 (M+-C2H6, 12%), 141 (M+-
C13H9O, 13%). HRMS Calcd for (C22H18O)+: 298.1358. Found: 298.1357. 
 
Bis(6,7-dibromonaphth-5-yl) ether (2j) 
Colorless solid. Mp. 238.5-239.5 °C (Hexane/Toluene = 2). Rf = 0.59 (Hexane/Toluene 6:1). 1H-NMR (400 MHz, CDCl3) d 6.88 (2H, dd, J 
= 7.6, 1.2 Hz), 7.40 (2H, d, J = 8.0 Hz), 7.54 (2H, d, J = 8.4 Hz), 8.22 (2H, s), 8.56 (2H, s). 13C-NMR (100 MHz, CDCl3) d 114.0, 122.5, 
122.7, 123.4, 126.2, 126.7, 127.4, 132.3, 134.5, 152.2.  IR (KBr) 3056, 1562, 1254, 1101, 785, 736 cm-1. MS (EI) m/z 590 (M++8, 17%), 
588 (M++6, 59%), 586 (M++4, 100%), 584 (M++2, 69%), 582 (M+,15%). HRMS Calcd for (C20H10Br4O)+: 581.7465. Found: 581.7464. 
 
Bis(9-phenanthryl) ether (2k)[3] 
Colorless solid. Mp. 212.5-213.0 °C (Hexane), lit 202.5-203.0 °C[3]. Rf = 0.47 (Hexane/Toluene = 6). 1H-NMR (400 MHz, CDCl3) d 7.21 
(2H, s), 7.51 (2H, ddd, J = 8.0, 8.0, 1.2 Hz), 7.58 (2H, ddd, J = 8.4, 6.8, 1.6 Hz), 7.63 (4H, td, J = 6.8, 1.2 Hz), 7.74 (2H, ddd, J = 8.4, 7.2, 
1.6 Hz), 8.43 (2H, dd, J = 8.4, 1.2 Hz), 8.68 (2H, d, J = 8.4 Hz), 8.76 (2H, d, J = 8.4 Hz). 13C-NMR (100 MHz, CDCl3) d 112.1, 122.6, 
122.7, 122.9, 125.5, 126.7, 126.9, 127.0, 127.5, 127.8, 127.9, 131.9, 132.2, 151.4. IR (KBr) 3054, 1625, 1227, 766, 727 cm-1. MS (EI) m/z 
370 (M+, 100%). HRMS Calcd for (C28H18O)+: 379.1358. Found: 370.1339. 
 
Bis(2-phenanthryl) ether (2l) 
Colorless solid. Mp. 198.5-199.5 °C (Hexane/Toluene 10:1). Rf = 0.32 (Hexane/Toluene = 6). 1H-NMR (400 MHz, CDCl3) d 7.45 (2H, d, J 
= 9.2 Hz), 7.48 (2H, s), 7.54 – 7.65 (6H, m), 7.71 (2H, d, J = 9.2 Hz), 7.86 (2H, d, J = 8.0 Hz), 8.60 (2H, d, J = 8.0 Hz), 8.66 (2H, d, J = 8.8 
Hz). 13C-NMR (100 MHz, CDCl3) d 116.1, 119.3, 122.4, 124.7, 126.2, 126.3, 126.5, 126.8, 127.8, 128.6, 130.2, 131.4, 133.4, 155.8. IR 
(KBr) 3047, 1613, 1266, 744 cm-1. MS (EI) m/z 370 (M+, 100%). HRMS Calcd for (C28H18O)+: 370.1358. Found: 370.1378. 
 
Bis(4-pyrenyl) ether (2m) 
Colorless solid. Mp. 234.0-235.0 °C (Hexane/Toluene 3:1). Rf = 0.52 (Hexane/Toluene = 6). 1H-NMR (400 MHz, CDCl3) d 7.65 (2H, s), 
7.94 (2H, dd, J = 12.4, 8.0 Hz), 7.96 (2H, s), 8.05 (2H, t, J = 8.0 Hz), 8.14-8.17 (6H, m), 8.30 (2H, dd, J = 8.0, 1.2 Hz), 8.74 (2H, dd, J = 
8.0, 1.2 Hz). 13C-NMR (100 MHz, CDCl3) d 112.6, 119.9, 122.3, 124.2, 124.6, 125.9, 126.0, 126.0, 126.1, 126.3, 127.4, 127.6, 131.1, 131.4, 
131.4, 152.5. IR (KBr) 3041, 1593, 1269, 717 cm-1. MS (EI) m/z 418 (M+, 100%). HRMS Calcd for (C32H18O)+: 418.1358. Found: 418.1329. 
 
Synthesis of Unsymmetric Ethers 
Typical experimental procedures: Synthesis of 9-(3-fluorophenoxy)phenanthrene 
In a two-necked flask equipped with a magnetic stirrer bar were placed 9-phenanthrol(0.5 mmol, 97.1 mg), 3-fluorophenol (0.5 mmol, 56.1 
mg), and 4-chlorobenzenesulfonic acid (0.1 mmol, 19.3 mg) in o-dichlorobenzene (1.0 mL) under an argon atmosphere, and the solution 
was stirred and heated at reflux for 10 h. Solvent was removed in vacuo, and the residue was purified by flush column chromatography on 
silica gel (Hexane/Toluene 10:1) giving 9-(3-fluorophenoxy)phenanthrene (4a) (68%, 97.9 mg). 
 
9-(3-Fluorophenoxy)phenanthrene (4a) 
Colorless solid. Mp. 82.5-83.0 °C (Hexane). Rf = 0.30 (Hexane/Toluene 6:1). 1H-NMR (400 MHz, CDCl3) d 6.79-6.83 (2H, m), 6.86 (1H, 
d, J = 8.8 Hz), 7.20 (1H, s), 7.26 (1H, td, J = 8.4, 6.8 Hz), 7.50-7.61 (3H, m), 7.65-7.71 (2H, m), 8.22 (1H, dd, J = 8.4, 0.8 Hz), 8.61 (1H, d, 
J = 8.4 Hz), 8.68 (1H, d, J = 8.4 Hz). 13C-NMR (100 MHz, CDCl3) d 106.1 (d, J = 24.5 Hz), 110.1 (d, J = 21.6 Hz), 113.1, 114.0 (d, J = 3.0 
Hz), 122.6, 122.6, 122.9, 125.8, 126.7, 126.8, 127.0, 127.4, 127.9, 128.0, 130.6 (d, J = 9.7 Hz), 131.8, 132.0, 150.6, 159.0 (d, J = 10.4 Hz), 
163.6 (d, J = 245.8 Hz). 19F-NMR (376 MHz, CDCl3) d -114.2. IR (KBr) 3065, 1609, 1485, 1271, 1125, 738, 726 cm-1. MS (EI) m/z 288 
(M+, 100%). HRMS Calcd for (C20H13FO)+: 288.0950. Found: 288.0935.                                                                                 
 
9-(4-Chlorophenoxy)phenanthrene (4b) 
Colorless solid. Mp. 104.0-105.0 °C (Hexane). Rf = 0.59 (Hexane/Toluene 6:1). 1H-NMR (400 MHz, CDCl3) d 6.99 (2H, d, J = 8.8 Hz), 
7.06 (1H, s), 7.26 (2H, d, J = 9.2 Hz), 7.48 (1H, dd, J = 7.2, 1.2 Hz), 7.52 (1H, dd, J = 7.2, 1.6 Hz), 7.57 (1H, ddd, J = 9.2, 8.0, 1.2 Hz), 7.64 
(2H, ddd, J = 9.6, 8.4, 1.6 Hz), 8.25 (1H, dd, J = 8.0, 1.2 Hz), 8.56 (1H, d, J = 8.0 Hz), 8.63 (1H, d, J = 8.4 Hz). 13C-NMR (100 MHz, CDCl3) 
d 111.8, 120.2, 122.5, 122.6, 122.8, 125.6, 126.6, 126.8, 127.0, 127.4, 127.75, 127.80, 128.4, 129.8, 131.7, 132.0, 151.2, 155.9. IR (KBr) 
3054, 1589, 1238, 1063, 823, 726 cm-1. MS (EI) m/z 304 (M+, 100%). HRMS Calcd for (C20H13ClO)+: 304.0655. Found: 304.0647. 
 
9-(4-Methoxyphenoxy)phenanthrene (4c) 
Colorless solid. Mp. 123.5-124.5 °C (Hexane/Toluene 10:1). Rf = 0.26 (Hexane/Toluene 6:1). 1H-NMR (400 MHz, CDCl3) d 3.84 (3H, s), 
6.92 (1H, s), 6.95 (2H, d, J = 9.2 Hz), 7.12 (2H, d, J = 9.2 Hz), 7.50 (1H, td, J = 7.2, 1.6 Hz), 7.54 (1H, td, J = 7.2, 1.6 Hz), 7.63 – 7.68 (2H, 
m), 7.73 (1H, ddd, J = 8.4, 7.2, 1.6 Hz), 8.44 (1H, dd, J = 8.0, 1.2 Hz), 8.62 (1H, d, J = 8.0 Hz), 8.71 (1H, d, J = 8.0 Hz). 13C-NMR (100 
MHz, CDCl3) d 55.7, 108.9, 115.0, 121.2, 122.5, 122.6, 122.7, 125.0, 126.6, 126.7, 126.9, 127.2, 127.3, 127.6, 131.6, 132.4, 149.9, 153.1, 
156.1. IR (KBr) 3075, 2832, 1504, 1207, 834, 726 cm-1. MS (EI) m/z 300 (M+, 100%). HRMS Calcd for (C21H16O2)+: 300.1150. Found: 
300.1143. 
 
9-((6-Chloronaphthalen-2-yl)oxy)phenanthrene (4d) 
Colorless solid. Mp. 122.5-123.5 °C (Hexane). Rf = 0.53 (Hexane/Toluene 6:1). 1H-NMR (400 MHz, CDCl3) d 7.20 (1H, s), 7.35 (1H, d, J 
= 2.4 Hz), 7.38 (1H, dd, J = 8.8, 2.4 Hz), 7.43 (1H, dd, J = 8.8, 2.4 Hz), 7.53-7.65 (4H, m), 7.70 (1H, dd, J = 7.2, 1.6 Hz), 7.73 (1H, ddd, J 
= 8.4, 6.8, 1.2 Hz), 7.80 (1H, d, J = 9.2 Hz), 7.83 (1H, d, J = 2.0 Hz), 8.32 (1H, dd, J = 8.4, 1.2 Hz), 8.68 (1H, d, J = 8.4 Hz), 8.75 (1H, d, J 
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= 8.4 Hz). 13C-NMR (100 MHz, CDCl3) d 112.6, 114.0, 120.9, 122.6, 122.7, 122.9, 125.7, 126.5, 126.8, 126.9, 127.1, 127.4, 127.5, 127.9, 
127.9, 128.7, 129.2, 130.4, 130.7, 131.8, 132.1, 132.6, 151.2, 155.6. IR (KBr) 3071, 1591, 1246, 1195, 1147, 726 cm-1. MS (EI) m/z 354 
(M+, 100%). HRMS Calcd for (C24H15ClO)+: 354.0811. Found: 354.0806. 
 
9-((4-Chloronaphthalen-1-yl)oxy)phenanthrene (4e) 
Colorless solid. Mp. 133.0-134.0 °C (Hexane). Rf = 0.60 (Hexane/Toluene 6:1). 1H-NMR (400 MHz, CDCl3) d 6.96 (1H, d, J = 8.4 Hz), 
7.07 (1H, s), 7.48 (1H, d, J = 8.0 Hz), 7.51-7.71 (6H, m), 7.76 (1H, ddd, J = 8.4, 7.2, 1.6 Hz), 8.33 (1H, d, J = 8.4 Hz), 8.34 (1H, d, J = 8.8 
Hz), 8.40 (1H, dd, J = 8.0, 1.2 Hz), 8.67 (1H, d, J = 8.0 Hz), 8.76 (1H, d, J = 8.0 Hz). 13C-NMR (100 MHz, CDCl3) d 111.4, 113.8, 122.5, 
122.5, 122.6, 122.9, 124.7, 125.6, 125.9, 126.4, 126.7, 126.9, 126.9, 127.0, 127.5, 127.6, 127.8, 127.8, 127.9, 131.8, 131.9, 132.1, 151.7, 
152.0. IR (KBr) 3060, 1589, 1228, 1079, 736 cm-1. MS (EI) m/z 354 (M+, 100%). HRMS Calcd for (C24H15ClO)+: 354.0811. Found: 354.0844. 
 
9-((6,7-Dibromonaphthalen-1-yl)oxy)phenanthrene (4f) 
Colorless solid. Mp. 192.0-193.0 °C (Hexane/Toluene 2:1). Rf = 0.56 (Hexane/Toluene 6:1). 1H-NMR (400 MHz, CDCl3) d 6.93 (1H, dd, J 
= 7.6, 0.8 Hz), 7.17 (1H, s), 7.37 (1H, t, J = 8.0 Hz), 7.50 (1H, d, J = 8.4 Hz), 7.55 (1H, ddd, J = 8.4, 7.2, 1.2 Hz), 7.59 - 7.65 (2H, m), 7.69 
(1H, dd, J = 8.0, 1.2 Hz), 7.75 (1H, ddd, J = 8.4, 7.2, 1.6 Hz), 8.22 (1H, s), 8.29 (1H, dd, J = 8.4, 0.8 Hz), 8.68 (1H, dd, J = 8.4, 0.4 Hz), 
8.69 (1H, s), 8.76 (1H, d, J = 8.0 Hz). 13C-NMR (100 MHz, CDCl3) d 112.7, 113.6, 121.9, 122.5, 122.5, 122.7, 123.0, 123.3, 125.8, 126.1, 
126.5, 126.9, 127.0, 127.1, 127.5, 127.6, 128.0, 128.1, 131.9, 132.0, 132.2, 134.5, 150.9, 152.7. IR (KBr) 3072, 1565, 1230, 1090, 738 cm-

1. MS (EI) m/z 480 (M++4, 50%), 478 (M++2, 100%), 476 (M+, 50%). HRMS Calcd for (C24H14Br2O)+: 475.9411. Found: 475.9405. 
 
2-(Phenanthren-9-yloxy)phenanthrene (4g) 
Colorless solid. Mp. 151.0-152.0 °C (Hexane/Toluene 2:1). Rf = 0.44 (Hexane/Toluene 6:1). 1H-NMR (400 MHz, CDCl3) d 7.22 (1H, s), 
7.51-7.76 (11H, m), 7.88 (1H, dd, J = 8.0, 1.2 Hz), 8.40 (1H, dd, J = 8.0, 1.2 Hz), 8.64 (1H, d, J = 8.4 Hz), 8.68 (1H, d, J = 8.0 Hz), 8.71 
(1H, d, J = 9.2 Hz), 8.76 (1H, d, J = 8.4 Hz). 13C-NMR (100 MHz, CDCl3) d 112.1, 116.1, 119.3, 122.4, 122.6, 122.8, 122.8, 124.8, 125.5, 
126.2, 126.4, 126.5, 126.8 (overlapped 2 peaks), 126.9, 127.0, 127.4, 127.8, 127.8, 127.9, 128.6, 130.2, 131.4, 131.8, 132.2, 133.5, 151.6, 
156.0. IR (KBr) 3057, 1611, 1599, 1252, 750, 726 cm-1. MS (EI) m/z 370 (M+, 100%). HRMS Calcd for (C28H18O)+: 370.1358. Found: 
370.1380. . 
 
2-(Phenanthren-9-yloxy)triphenylene (4h) 
Colorless solid. Mp. 195.0-196.0 °C (Toluene/Hexane 5:1). Rf = 0.30 (Hexane/Toluene 6:1). 1H-NMR (400 MHz, CDCl3) d 7.22 (1H, s), 
7.47 (1H, dd, J = 9.2, 2.4 Hz), 7.53 (1H, ddd, J = 8.0, 7.2, 1.2 Hz), 7.58 (1H, dd, J = 7.2, 1.2 Hz), 7.62 (1H, dd, J = 7.2, 1.6 Hz), 7.64-7.70 
(5H, m), 7.77 (1H, ddd, J = 8.4, 6.8, 1.2 Hz), 8.39 (1H, d, J = 2.4 Hz), 8.46 (2H, t, J = 8.0 Hz), 8.61 (1H, d, J = 9.6 Hz), 8.65-8.71 (4H, m), 
8.77 (1H, d, J = 8.0 Hz). 13C-NMR (100 MHz, CDCl3) d 111.5, 112.8, 119.4, 122.6, 122.8, 122.8, 123.1, 123.3, 123.4, 123.5, 125.4, 125.5, 
126.0, 126.9 (overlapped 3 peaks), 127.0, 127.2, 127.4, 127.5, 127.6, 127.7, 127.9, 129.2, 129.2, 129.6, 130.1, 131.7, 131.8, 132.2, 151.9, 
156.5. IR (KBr) 3073, 1612, 1225, 1199, 754, 729 cm-1. MS (EI) m/z 420 (M+, 100%). HRMS Calcd for (C32H20O)+: 420.1514. Found: 
420.1521. 
 
1-(Phenanthren-9-yloxy)pyrene (4i) 
Yellow solid. Mp. 197.0-198.0 °C (Toluene/Hexane 2:1). Rf = 0.45 (Hexane/Toluene 6:1). 1H-NMR (400 MHz, CDCl3) d 6.89 (1H, s), 7.44-
7.57 (3H, m), 7.73 (1H, ddd, J = 8.4, 7.2, 1.2 Hz), 7.75 (1H, d, J = 8.4 Hz), 7.80 (1H, ddd, J = 8.4, 7.2, 1.6 Hz), 8.03 (1H, t, J = 7.6 Hz), 
8.05 (1H, d, J = 9.6 Hz), 8.08 (2H, d, J = 2.4 Hz), 8.17 (2H, d, J = 8.8 Hz), 8.21 (1H, d, J = 7.6 Hz), 8.40 (1H, d, J = 9.2 Hz), 8.67 (2H, d, J 
= 8.0 Hz), 8.78 (1H, d, J = 8.4 Hz). 13C-NMR (100 MHz, CDCl3) d 109.8, 117.8, 121.1, 122.6, 122.7, 122.8, 123.0, 124.8, 125.0, 125.1, 
125.2, 125.6, 126.1, 126.4, 126.5, 126.9, 126.9, 127.2, 127.4, 127.5, 127.7 (overlapped 2 peaks), 127.7, 128.1, 131.3, 131.4, 131.8, 132.3, 
150.0, 153.2. IR (KBr) 3045, 1596, 1248, 831 cm-1. MS (EI) m/z 394 (M+, 100%). HRMS Calcd for (C30H18O)+: 398.1358. Found: 394.1357. 
 
Synthesis 18O-labeled phenol[4]: Aniline (0.91 mL, 10 mmol) was dissolved in water (3.5 mL) and 50% tetrafluoroboric acid (3.5 mL) was 
added. The solution was cooled to 0 °C, and a solution of sodium nitrite  (700 mg, 10.1 mmol) in water (1.5 mL) was added dropwise. The 
suspension was stirred keeping 0 °C for 30 min, and the mixture was tfiltered, solid materials was purified by re-precipitation from 
acetone/diethyl ether (5:1) solution. Benzenediazonium tetrafluoroborate was obtained in 78% yield (1.5g, 7.81 mmol)  dried under vacuum. 
Concentrated sulfuric acid (62.5 µL) was added to a stirred paste of benzenediazonium tetrafluoroborate (0.5g, 2.6 mmol) in 98% [18O]water 
(0.5 mL, TAIYO NIPPON SANSO Coporation). The mixture was then heated to 65 °C until evolution of nitrogen ceased. The solution was 
extracted with diethyl ether several times. The ethereal layer was washed with 1 M HCl and saturated brine, dried over magnesium sulfate, 
and concentrated under reduced pressure. The crystaline residue was purified by sublimation to give the 18O-labelled phenol as colourless 
solid (158.8 mg, 64%). The 18O-enrichment of phenol was found by ESI-MS to be 85%. 
 
The reaction of 9-phenanthorol (1k) and 18O-labeled phenol: In a two-necked flask equipped with a magnetic stirrer bar were placed 9-
phenanthrol (0.125 mmol, 24.3 mg), 18O-phenol (0.125 mmol, 12.0 mg), and 4-chlorobenzenesulfonic acid (0.025 mmol, 4.8 mg) in o-
dichlorobenzene (0.25 mL) under an argon atmosphere, and the solution was stirred and heated at reflux for 10 h. Solvent was removed in 
vacuo, and the residue was purified by flush column chromatography on silica gel (Hexane/Toluene 50:1) giving 9-phenoxyphenanthrene 
(4j) (63%, 21.4 mg) and 2k (28%, 6.4 mg). The 18O-enrichment of 4j was found by ESI-MS to be at least 83%. 2k was not labelled with 
18O. 
 
9-phenoxyphenanthrene (4j) 
Colorless solid. Mp. 77.5-78.5 °C (Hexane). Rf = 0.2 (Hexane/Toluene 10:1). 1H-NMR (400 MHz, CDCl3) d 7.10-7.20 (4H, m), 7.37 (2H, 
t, J = 8.0 Hz), 7.49-7.57 (2H, m), 7.57-7.72 (3H, m), 8.34 (1H, d, J = 8.4 Hz), 8.62 (1H, d, J = 8.0 Hz), 8.69 (1H, d, J = 8.0 Hz). 13C-NMR 
(100 MHz, CDCl3) d 111.4, 119.1, 122.6, 122.7, 123.5, 125.4, 126.7, 126.9 (overlapped 2 peaks), 127.3, 127.7, 127.8, 129.9, 131.7, 132.2, 
151.7, 157.3. IR (KBr) 3061, 1488, 1229, 1066 cm-1. MS (EI) m/z 270 (M+, 100%). HRMS Calcd for (C20H14O)+: 270.1045. Found: 270.1037. 
One carbon peaks were piled up in 13C-NMR. The data consistent with that reported in the literature.[5] 
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9-(3-Fluorophenoxy)phenanthrene (4a) 13C-NMR 
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9-((6,7-Dibromonaphthalen-1-yl)oxy)phenanthrene (4f) 1H-NMR 

 
9-((6,7-Dibromonaphthalen-1-yl)oxy)phenanthrene (4f) 13C-NMR 

 
  

O

Br
Br

O

Br
Br



 

26 
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1-(Phenanthren-9-yloxy)pyrene (4i) 1H-NMR 
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9-phenoxyphenanthrene (4j) 1H-NMR 
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