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General: Reactions were monitored by thin layer chromatography using UV light to visualize the 

reaction course. Purification of reaction products were carried out by flash chromatography on silica gel. 

Chemical yields refer to pure isolated substances. 1H and 13C NMR spectra were obtained using a Bruker 

DPX-400 spectrometer. The 31P NMR spectra were recorded at 162 MHz with 85% H3PO4 as external 

standard. Chemical shifts are reported in ppm from tetramethylsilane with the solvent resonance as the 

internal standard. The following abbreviations were used to designate chemical shift multiplicities: s = 

singlet, d = doublet, t = triplet, q = quartet, h = heptet, m = multiplet, br = broad.

All reactions were run under an atmosphere of air. Anhydrous THF and toluene were prepared by 

distillation over sodium-benzophenone ketyl prior to use. Anhydrous acetone was distilled over 

anhydrous CaSO4 and stored over MS 4Å. Anhydrous halogenated solvents and CH3CN were prepared 

by first distillation over P2O5 and then from CaH2. Anhydrous ethyl acetate was prepared by first dried in 

anhydrous Na2SO4 and then distilled over P2O5 and stored over MS 4Å. Anhydrous CH3NO2 was 

prepared by first dried in anhydrous Na2SO4 and then distilled under reduced pressure. Triarylmethanols 

1 were prepared according to the literature report.1 Commercially available HOTf 

(trifluoromethanesulfonic acid) was used as received.

1. M. Horn and H. Mayr, Chem. Eur. J., 2010, 16, 7469.
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General procedure for the nucleophilic substitution reaction between R2P(O)H and 
triarylmethanols

3
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The reaction was carried out under an air atmosphere. To a 5-mL vial were added triarylmethanols 1 

(0.45 mmol, 1.5 equivs), R2P(O)H 2 (0.3 mmol, 1.0 equiv) and 1.0 mL of anhydrous CH3NO2. After 

adding HOTf (4.5 mg, 10 mol%) which was prepared as a solution in CH3NO2, the reaction mixture was 

stirred at 75 oC till almost full conversion of 2 by TLC analysis. The reaction mixture was directly 

subjected to column chromatography using petrol ether/ethyl acetate (generally 6:1 to 3:1, v:v) as the 

eluent to afford the desired products 3 or 4.

Column chromatography afforded the desired product 3a2 in 90% yield (102.6 mg) as 

white solid; 1H NMR (400 MHz, CDCl3):  = 7.34-7.25 (m, 15H), 4.06-3.96 (m, 2H), 

3.87-3.77 (m, 2H), 1.09 (t, J = 7.2 Hz, 6H); 13C{1H} NMR (100 MHz, CDCl3):  = 141.6 

(d, JC-P = 5.0 Hz), 130.7 (d, JC-P = 6.0 Hz), 127.8, 126.8 (d, JC-P = 1.0 Hz), 63.3 (d, JC-P = 

8.0 Hz), 63.0 (d, JC-P = 135.0 Hz), 16.2, 16.1; 31P{1H} NMR (162 MHz, CDCl3): δ = 25.9.

Column chromatography afforded 3b in 92% yield (108.7 mg) as white solid; Mp: 126-

128 oC; 1H NMR (400 MHz, CDCl3):  = 7.37-7.35 (m, 4H), 7.32-7.27 (m, 6H), 7.24-

7.22 (m, 2H), 7.12-7.10 (m, 2H), 4.08-3.98 (m, 2H), 3.89-3.79 (m, 2H), 2.36 (s, 3H), 1.11 

(t, J = 7.2 Hz, 6H); 13C{1H} NMR (100 MHz, CDCl3):  = 141.6, 138.4, 136.4, 130.6 (d, 

JC-P = 4.0 Hz), 130.5 (d, JC-P = 4.0 Hz), 128.5, 127.7, 126.8, 63.3 (d, JC-P = 5.0 Hz), 62.5 (d, JC-P = 90.0 

Hz), 20.9, 16.2, 16.1; 31P{1H} NMR (162 MHz, CDCl3): δ = 26.2; IR (neat): 3756, 2920, 1493, 1241, 

1046, 954, 700, 624 cm-1; HRMS (ESI): Exact mass calcd for C24H27O3P [M+H]+: 395.1771, Found: 

395.1769.

Column chromatography afforded the desired product 3c in 95% yield (116.8 mg) as 

white solid; Mp: 116-118 oC; 1H NMR (400 MHz, CDCl3):  = 7.27-7.25 (m, 4H), 

2 R. Palchaudhuri, V. Nesterenko and P. J. Hergenrother, J. Am. Chem. Soc., 2008, 130, 10274.
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7.21-7.14 (m, 8H), 6.74-6.72 (m, 2H), 3.98-3.88 (m, 2H), 3.79-3.71 (m, 2H), 3.69 (s, 3H), 1.02 (t, J = 7.2 

Hz, 6H); 13C{1H} NMR (100 MHz, CDCl3):  = 158.2 (d, JC-P = 1.0 Hz), 141.8 (d, JC-P = 5.0 Hz), 133.5 

(d, JC-P = 5.0 Hz), 131.7 (d, JC-P = 7.0 Hz), 130.6 (d, JC-P = 6.0 Hz), 127.7, 126.7, 113.0, 63.2 (d, JC-P = 

8.0), 62.1 (d, JC-P = 136.0 Hz), 55.1, 16.13, 16.08; 31P{1H} NMR (162 MHz, CDCl3): δ = 26.2; IR (neat): 

2920, 1602, 1295, 1049, 948, 890, 741, 700 cm-1; HRMS (ESI): Exact mass calcd for C24H27O4P [M+H]+: 

411.1720, Found: 411.1719.

Column chromatography afforded the desired product 3d in 80% yield (104.6 mg) as 

white solid; Mp: 128-130 oC; 1H NMR (400 MHz, CDCl3):  = 7.27-7.25 (m, 4H), 

7.21-7.12 (m, 10 H), 3.96-3.87 (m, 2H), 3.78-3.68 (m, 2H), 1.22 (s, 9H), 0.98 (t, J = 7.2 

Hz, 6H); 13C{1H} NMR (100 MHz, CDCl3):  = 149.5 (d, JC-P = 2.0 Hz), 141.7 (d, JC-P 

= 5.0 Hz), 138.2 (d, JC-P = 6.0 Hz), 130.6 (d, JC-P = 6.0 Hz), 130.2 (d, JC-P = 6.0 Hz), 127.6, 126.7 (d, JC-P 

= 1.0 Hz), 124.6, 63.1 (d, JC-P = 8.0 Hz), 61.8, 34.2, 31.2, 16.04, 15.98; 31P{1H} NMR (162 MHz, CDCl3): 

δ = 26.2; IR (neat): 3070, 1600, 1493, 1243, 1015, 952, 754, 699 cm-1; HRMS (ESI): Exact mass calcd 

for C27H33O3P [M+H]+: 437.2240, Found: 437.2239.

Column chromatography afforded the desired product 3e in 47% yield (64.6 mg) as 

white solid; Mp: 118-120 oC; 1H NMR (400 MHz, CDCl3):  = 7.41-7.39 (m, 2H), 7.34-

7.22 (m, 10H), 7.21-7.20 (m, 2H), 4.07-3.97 (m, 2H), 3.88-3.78 (m, 2H), 1.10 (t, J = 7.2 

Hz, 6H); 13C{1H} NMR (100 MHz, CDCl3):  = 141.0 (d, JC-P = 6.0 Hz), 140.8 (d, JC-P = 

6.0 Hz), 132.4 (d, JC-P = 6.0 Hz), 130.8 (d, JC-P = 1.0 Hz), 130.5 (d, JC-P = 6.0 Hz), 127.9, 127.0 (d, JC-P = 

1.0 Hz), 121.1 (d, JC-P = 2.0 Hz), 63.3 (d, JC-P = 8.0 Hz), 62.4 (d, JC-P = 135.0 Hz), 16.11, 16.06; 31P{1H} 

NMR (162 MHz, CDCl3): δ = 25.4; IR (neat): 3348, 2918, 2815, 1596, 1240, 1043, 1009, 947, 701 cm-1; 

HRMS (ESI): Exact mass calcd for C23H24BrO3P [M+H]+: 459.0719, Found: 459.0719.

Column chromatography afforded the desired product 3f in 40% yield (53.8 mg) as 

white solid; Mp: 123-125 oC; 1H NMR (400 MHz, CDCl3):  = 7.46 (d, J = 8.8 Hz, 2H), 

7.40 (d, J = 8.0 Hz, 2H), 7.24-7.18 (m, 10 H), 4.00-3.91 (m, 2H), 3.82-3.72 (m, 2H), 

1.02 (t, J = 7.2 Hz, 6H); 13C{1H} NMR (100 MHz, CDCl3):  = 146.0 (d, JC-P = 5.0 Hz), 

140.8 (d, JC-P = 5.0 Hz), 131.0 (d, JC-P = 6.0 Hz), 130.5 (d, JC-P = 6.0 Hz), 128.9 (q, JC-F = 85.0 Hz), 128.2, 

127.2 (d, JC-P = 1.0 Hz), 124.6 (d, JC-P = 3.0 Hz), 124.1 (q, JC-F = 270.0 Hz), 63.5 (d, JC-P = 8.0 Hz), 62.2, 

16.1, 16.0; 31P{1H} NMR (162 MHz, CDCl3): δ = 25.2; 19F{1H} NMR (376 MHz, CDCl3) : δ = -62.4; IR 

(neat): 2979, 2930, 2355, 1445, 1241, 1070, 949, 703, 686 cm-1; HRMS (ESI): Exact mass calcd for 
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C24H24F3O3P [M+H]+: 449.1488, Found: 449.1488.

Column chromatography afforded the desired product 3g in 60% yield (70.9 mg) as 

white solid; Mp: 124-126 oC; 1H NMR (400 MHz, CDCl3):  = 8.12-8.11 (m, 1H), 

7.57-7.56 (m, 4H), 7.29-7.24 (m, 4H), 7.24-7.22 (m, 4H), 7.05-7.03 (m, 1H), 3.88-3.82 

(m, 2H), 3.64-3.63 (m, 2H), 1.32 (s, 3H), 1.03 (t, J = 4.0 Hz, 6H); 13C{1H} NMR (100 

MHz, CDCl3):  = 140.6 (d, JC-P = 2.0 Hz), 139.3 (d, JC-P = 9.0 Hz), 138.6 (d, JC-P = 6.0 Hz), 132.8, 131.5 

(d, JC-P = 4.0 Hz), 130.7 (d, JC-P = 4.0 Hz), 127.6, 127.1, 126.7, 125.4, 63.3 (d, JC-P = 6.0 Hz), 63.2 (d, JC-

P = 87.0 Hz), 23.0, 16.10, 16.06; 31P{1H} NMR (162 MHz, CDCl3): δ = 26.3; IR (neat): 2920, 1645, 1597, 

1490, 1239, 1015, 958, 736, 698 cm-1; HRMS (ESI): Exact mass calcd for C24H27O3P [M+H]+: 395.1771, 

Found: 395.1772.

Column chromatography afforded product 3h in 80% yield (98.4 mg) as white solid; 

Mp: 124-126 oC; 1H NMR (400 MHz, CDCl3):  = 7.82-7.80 (m, 1H), 7.43-7.41 (m, 

4H), 7.24-7.10 (m, 7H), 6.95-6.91 (m, 1H), 6.74-6.72 (m, 1H), 3.84-3.75 (m, 2H), 

3.67-3.57 (m, 2H), 3.05 (s, 3H), 0.95 (t, J = 7.2 Hz, 6H); 13C{1H} NMR (100 MHz, CDCl3):  = 158.0 (d, 

JC-P = 12.0 Hz), 139.6 (d, JC-P = 7.0 Hz), 131.6 (d, JC-P = 6.0 Hz), 130.2 (d, JC-P = 5.0 Hz), 128.6, 127.0 (d, 

JC-P = 1.0 Hz), 126.3 (d, JC-P = 3.0 Hz), 120.3, 113.2, 63.1 (d, JC-P = 8.0 Hz), 61.4 (d, JC-P = 133.0 Hz), 

54.9, 16.1, 16.0; 31P{1H} NMR (162 MHz, CDCl3): δ = 25.4; IR (neat): 2927, 1596, 1491, 1242, 1024, 

986, 697 cm-1; HRMS (ESI): Exact mass calcd for C24H27O4P [M+H]+: 411.1720, Found: 411.1720.

Column chromatography afforded product 3i in 88% yield (116.2 mg) as red oil; 1H 

NMR (400 MHz, CDCl3):  = 7.77-7.74 (m, 1H), 7.50-7.48 (m, 4H), 7.26-7.16 (m, 

6H), 6.54-6.52 (m, 1H), 6.39-6.38 (m, 1H), 3.90-3.82 (m, 2H), 3.80 (s, 3H), 3.73-3.66 

(m, 2H), 3.12 (s, 3H), 1.02 (t, J = 7.2 Hz, 6H); 13C{1H} NMR (100 MHz, CDCl3):  = 

160.0, 159.0 (d, JC-P = 12.0 Hz), 139.8 (d, JC-P = 7.0 Hz), 131.9 (d, JC-P = 6.0 Hz), 130.1 (d, JC-P = 6.0 Hz), 

126.9 (d, JC-P = 2.0 Hz), 126.1 (d, JC-P = 1.0 Hz), 123.8 (d, JC-P = 3.0 Hz), 103.7, 100.5, 63.0 (d, JC-P = 8.0 

Hz), 60.8 (d, JC-P = 134.0 Hz), 55.1, 54.8, 16.00, 15.95; 31P{1H} NMR (162 MHz, CDCl3): δ = 25.7; IR 

(neat): 2922, 1493, 1286, 1047, 959, 696 cm-1; HRMS (ESI): Exact mass calcd for C25H29O5P [M+H]+: 

441.1825, Found: 441.1826.

Column chromatography afforded 3j in 76% yield (89.8 mg) as white solid; Mp: 90-
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92 oC; 1H NMR (400 MHz, CDCl3):  = 7.33-7.31 (m, 4H), 7.29-7.23 (m, 6H), 7.23-7.15 (m, 2H), 7.12-

7.11 (m, 1H), 7.07-7.06 (m, 1H), 4.04-3.98 (m, 2H), 3.85-3.78 (m, 2H), 2.27 (s, 3H), 1.09 (t, J = 8.0 Hz, 

6H); 13C{1H} NMR (100 MHz, CDCl3):  = 141.6 (d, JC-P = 4.0 Hz), 141.4 (d, JC-P = 3.0 Hz), 137.2, 

131.3 (d, JC-P = 4.0 Hz), 130.7 (d, JC-P = 3.0 Hz), 127.8 (d, JC-P = 4.0 Hz), 127.7, 127.6, 126.8, 63.2 (d, JC-

P = 5.0 Hz), 62.8 (d, JC-P = 90.0 Hz), 21.7, 16.14, 16.10; 31P{1H} NMR (162 MHz, CDCl3): δ = 26.8; IR 

(neat): 2983, 1598, 1490, 1235, 1050, 959, 701 cm-1; HRMS (ESI): Exact mass calcd for C24H27O3P 

[M+H]+: 395.1771, Found: 395.1770.

Column chromatography afforded 3k in 80% yield (105.6 mg) as colorless oil; 1H 

NMR (400 MHz, CDCl3):  = 7.33-7.31 (m, 2H), 7.26-7.21 (m, 7H), 6.81-6.79 (m, 

4H), 4.03-3.96 (m, 2H), 3.84-3.77 (m, 2H), 3.76 (s, 6H), 1.09 (t, J = 8.0 Hz, 6H); 
13C{1H} NMR (100 MHz, CDCl3):  = 158.2 (d, JC-P = 2.0 Hz), 142.1 (d, JC-P = 5.0 

Hz), 133.8 (d, JC-P = 5.0 Hz), 131.7 (d, JC-P = 6.0 Hz), 130.6 (d, JC-P = 7.0 Hz), 

127.8 (d, JC-P = 1.0 Hz), 126.8, 113.1 (d, JC-P = 1.0 Hz), 63.2 (d, JC-P = 8.0 Hz), 61.4 (d, JC-P = 136.0 Hz), 

55.2, 16.22, 16.17; 31P{1H} NMR (162 MHz, CDCl3): δ = 27.1; IR (neat): 3359, 2918, 2849, 1508, 1291, 

1185, 1021, 958, 797, 741 cm-1; HRMS (ESI): Exact mass calcd for C25H29O5P [M+H]+: 441.1825, 

Found: 441.1826.

Column chromatography afforded the desired product 3l2 in 94% yield (132.5 

mg) as white solid; 1H NMR (400 MHz, CDCl3):  = 7.25-7.21 (m, 6H), 6.81-

6.78 (m, 6H), 4.02-3.96 (m, 2H), 3.83-3.78 (m, 2H), 3.76 (s, 9H), 1.10 (t, J = 

4.0 Hz, 6H); 13C{1H} NMR (100 MHz, CDCl3):  = 158.2, 134.1 (d, JC-P = 5.0 

Hz), 131.6 (d, JC-P = 6.0 Hz), 113.0, 63.1 (d, JC-P = 7.0 Hz), 60.7 (d, JC-P = 

136.0 Hz), 55.1, 16.3, 16.2; 31P{1H} NMR (162 MHz, CDCl3): δ = 27.3.

Column chromatography afforded the desired product 3m in 92% yield (120.8 

mg) as white solid; Mp: 89-91 oC; 1H NMR (400 MHz, CDCl3):  = 7.26-7.22 

(m, 6H), 7.10-7.07 (m, 4H), 6.81-6.80 (m, 2H), 4.05-3.99 (m, 2H), 3.86-3.80 (m, 

2H), 3.76 (s, 3H), 2.31 (s, 6H), 1.11 (t, J = 4.0 Hz, 6H); 13C{1H} NMR (100 

MHz, CDCl3):  = 158.1 (d, JC-P = 1.0 Hz), 138.8 (d, JC-P = 6.0 Hz), 136.2 (d, JC-P = 1.0 Hz), 133.6 (d, JC-

P = 6.0 Hz), 131.6 (d, JC-P = 6.0 Hz), 130.3 (d, JC-P = 6.0 Hz), 128.3, 112.9, 63.0 (d, JC-P = 8.0 Hz), 61.3 (d, 

JC-P = 136.0 Hz), 55.0, 20.8, 16.1, 16.0; 31P{1H} NMR (162 MHz, CDCl3): δ = 27.3; IR (neat): 2982, 

1509, 1441, 1291, 1186, 1020, 953, 809, 741 cm-1; HRMS (ESI): Exact mass calcd for C26H31O4P 
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[M+H]+: 439.2033, Found: 439.2033.

Column chromatography afforded the desired product 3n in 81% yield (116.2 

mg) as white solid; Mp: 106-108 oC; 1H NMR (400 MHz, CDCl3):  = 7.26-7.22 

(m, 8H), 7.28-7.16 (m, 2H), 6.81-6.80 (m, 2H), 4.05-3.98 (m, 2H), 3.86-3.79 (m, 

2H), 3.77 (s, 3H), 1.11 (t, J = 4.0 Hz, 6H); 13C{1H} NMR (100 MHz, CDCl3):  

= 158.5, 140.1 (d, JC-P = 5.0 Hz), 133.0 (d, JC-P = 2.0 Hz), 132.5 (d, JC-P = 6.0 Hz), 131.8 (d, JC-P = 6.0 

Hz), 131.5 (d, JC-P = 6.0 Hz), 128.0, 113.3, 63.4 (d, JC-P = 8.0 Hz), 61.1 (d, JC-P = 137.0 Hz), 55.1, 16.2, 

16.1; 31P{1H} NMR (162 MHz, CDCl3): δ = 26.0; IR (neat): 2940, 1604, 1509, 1286, 1096, 960, 793, 

668 cm-1; HRMS (ESI): Exact mass calcd for C24H25Cl2O4P [M+H]+: 479.0940, Found: 479.0941.

Column chromatography afforded 3o in 85% yield (108.1 mg) as white solid; Mp: 

120-122 oC; 1H NMR (400 MHz, CDCl3):  = 7.55 (m, 2H), 7.21-7.18 (m, 2H), 7.07-

7.05 (d, J = 8.0 Hz, 2H), 6.98-6.96 (m, 2H), 6.96-6.90 (m, 2H), 6.84 (d, J = 8.0 Hz, 

2H), 3.82-3.79 (m, 3H), 3.79 (s, 3H), 3.78-3.76 (m, 1H), 1.11 (t, J = 4.0 Hz, 6H); 
13C{1H} NMR (100 MHz, CDCl3):  = 158.1, 151.1 (d, JC-P = 5.0 Hz), 136.3, 132.5 

(d, JC-P = 4.0 Hz), 131.9 (d, JC-P = 9.0 Hz), 128.6 (d, JC-P = 3.0 Hz), 122.5 (d, JC-P = 3.0 Hz), 122.3 (d, JC-P 

= 8.0 Hz), 115.8 (d, JC-P = 2.0 Hz), 113.3, 63.4 (d, JC-P = 8.0 Hz), 55.1, 50.9 (d, JC-P = 143.0 Hz), 16.2, 

16.1; 31P{1H} NMR (162 MHz, CDCl3): δ = 27.2; IR (neat): 3649, 2927, 1601, 1477, 1282, 1125, 1022, 

948, 872, 764 cm-1; HRMS (ESI): Exact mass calcd for C24H25O5P [M+H]+: 425.1512, Found: 425.1512.

Column chromatography afforded the desired product 3p in 88% yield (111.9 mg) 

as white solid; Mp: 84-86 oC; 1H NMR (400 MHz, CDCl3):  = 7.33-7.32 (m, 2H), 

7.27-7.19 (m, 7H), 7.08-7.06 (m, 2H), 6.81-6.79 (m, 2H), 4.03-3.97 (m, 2H), 3.84-

3.78 (m, 2H), 3.77 (s, 3H), 2.32 (s, 3H), 1.09 (t, J = 4.0 Hz, 6H); 13C{1H} NMR 

(100 MHz, CDCl3):  = 158.2 (d, JC-P = 1.0 Hz), 142.0 (d, JC-P = 5.0 Hz), 138.8 (d, 

JC-P = 6.0 Hz), 136.4 (d, JC-P = 1.0 Hz), 133.6 (d, JC-P = 5.0 Hz), 131.8 (d, JC-P = 6.0 Hz), 130.6 (d, JC-P = 

7.0 Hz), 130.4 (d, JC-P = 6.0 Hz), 128.5 (d, JC-P = 1.0 Hz), 127.7, 126.7 (d, JC-P = 2.0 Hz), 113.0, 63.2 (d, 

JC-P = 9.0 Hz), 61.8 (d, JC-P = 136.0 Hz), 55.1, 20.9, 16.2, 16.1; 31P{1H} NMR (162 MHz, CDCl3): δ = 

27.0; IR (neat): 2918, 1509, 1443, 1294, 1186, 1020, 955, 810, 739, 707 cm-1; HRMS (ESI): Exact mass 

calcd for C25H29O4P [M+H]+: 425.1876, Found: 425.1876.
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Column chromatography afforded the desired product 3q in 83% yield (110.6 mg) as 

white solid; Mp: 100-102 oC; 1H NMR (400 MHz, CDCl3):  = 7.29-7.23 (m, 9H), 

7.22-7.19 (m, 2H), 6.82-6.80 (m, 2H), 4.03-3.99 (m, 2H), 3.84-3.80 (m, 2H), 3.78 (s, 

3H), 1.10 (t, J = 4.0 Hz, 6H); 13C{1H} NMR (100 MHz, CDCl3):  = 158.3, 141.3 (d, 

JC-P = 3.0 Hz), 140.6 (d, JC-P = 4.0 Hz), 132.7, 132.0 (d, JC-P = 4.0 Hz), 131.6 (d, JC-P 

= 4.0 Hz), 130.4 (d, JC-P = 4.0 Hz), 127.9, 127.0, 113.2, 63.4 (d, JC-P = 3.0 Hz), 63.3 (d, JC-P = 3.0 Hz), 

61.6 (d, JC-P = 90.0 Hz), 55.1, 16.2, 16.1; 31P{1H} NMR (162 MHz, CDCl3): δ = 26.4; IR (neat): 2927, 

1608, 1490, 1232, 1095, 948, 794, 709 cm-1; HRMS (ESI): Exact mass calcd for C24H26ClO4P [M+H]+: 

445.1330, Found: 445.1331.

Column chromatography afforded the desired product 3r in 85% yield (124.4 mg) as 

white solid; Mp: 102-104 oC; 1H NMR (400 MHz, CDCl3):  = 7.41-7.39 (m, 2H), 

7.32-7.25 (m, 5H), 7.23-7.20 (m, 4H), 6.83-6.81 (m, 2H), 4.04-4.00 (m, 2H), 3.86-

3.79 (m, 2H), 3.77 (s, 3H), 1.11 (t, J = 4.0 Hz, 6H); 13C{1H} NMR (100 MHz, 

CDCl3):  = 158.3, 141.2 (d, JC-P = 3.0 Hz), 141.1 (d, JC-P = 4.0 Hz), 132.3, 131.6, 130.8, 130.4 (d, JC-P = 

4.0 Hz), 127.9, 121.0, 113.2, 63.34 (d, JC-P = 3.0 Hz), 63.29 (d, JC-P = 3.0 Hz), 61.7 (d, JC-P = 91.0 Hz), 

55.1, 16.2, 16.1; 31P{1H} NMR (162 MHz, CDCl3): δ = 26.3; IR (neat): 2922, 1608, 1443, 1233, 1050, 

956, 740 cm-1; HRMS (ESI): Exact mass calcd for C24H26BrO4P [M+H]+: 489.0825, Found: 489.0829.

Column chromatography afforded the desired product 3s2 in 90% yield (103.1 mg) as 

white solid; 1H NMR (400 MHz, CDCl3):  = 7.23-7.18 (m, 10 H), 7.14-7.13 (m, 2H), 

6.76-6.74 (m, 2H), 3.72 (s, 3H), 3.51 (s, 3H), 3.48 (s, 3H); 13C{1H} NMR (100 MHz, 

CDCl3):  = 158.4, 141.5 (d, JC-P = 5.0 Hz), 133.1 (d, JC-P = 6.0 Hz), 131.7 (d, JC-P = 

6.0 Hz), 130.5 (d, JC-P = 7.0 Hz), 127.9, 127.0, 113.2, 62.2 (d, JC-P = 135.0 Hz), 55.1, 53.8 (d, JC-P = 8.0 

Hz); 31P{1H} NMR (162 MHz, CDCl3): δ = 28.8. 

Column chromatography afforded the desired product 3t in 78% yield (102.5 mg) as 

colorless oil; 1H NMR (400 MHz, CDCl3):  = 7.25-7.21 (m, 4H), 7.20-7.15 (m, 8H), 

6.74-6.72 (m, 2H),  4.51-4.43 (m, 2H), 3.73 (s, 3H), 1.09 (d, J = 6.0 Hz, 6H), 0.86 

(d, J = 6.0 Hz, 6H); 13C{1H} NMR (100 MHz, CDCl3):  = 158.2, 142.2 (d, JC-P = 6.0 

Hz), 134.0 (d, JC-P = 5.0 Hz), 131.9 (d, JC-P = 6.0 Hz), 130.7 (d, JC-P = 6.0 Hz), 127.7, 126.7, 113.0, 72.0 

(d, JC-P = 9.0 Hz), 62.3 (d, JC-P = 136.0 Hz), 55.2, 24.0 (d, JC-P = 3.0 Hz), 23.1 (d, JC-P = 6.0 Hz); 31P{1H} 

NMR (162 MHz, CDCl3): δ = 24.3; IR (neat): 2978, 1607, 1240, 1103, 972, 793, 700 cm-1; HRMS (ESI): 
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Exact mass calcd for C26H31O4P [M+H]+: 439.2033, Found: 439.2032.

Column chromatography afforded the desired product 3u in 90% yield (125.8 mg) as 

yellow solid; Mp: 76-78 oC; 1H NMR (400 MHz, CDCl3):  = 7.26-7.24 (m, 4H), 

7.23-7.14 (m, 8H), 6.76-6.73 (m, 2H), 3.90-3.83 (m, 2H), 3.72 (s, 3H), 3.70-3.62 (m, 

2H), 1.39-1.27 (m, 4H), 1.15-1.06 (m, 4H), 0.73 (t, J = 7.2 Hz, 6H); 13C{1H} NMR 

(100 MHz, CDCl3):  = 158.2 (d, JC-P = 2.0 Hz), 141.9 (d, JC-P = 6.0 Hz), 133.5 (d, JC-P = 5.0 Hz), 131.8 

(d, JC-P = 6.0 Hz), 130.6 (d, JC-P = 6.0 Hz), 127.8 (d, JC-P = 12.0 Hz), 126.7 (d, JC-P = 1.0 Hz), 113.1, 66.8 

(d, JC-P = 8.0 Hz), 62.3 (d, JC-P = 136.0 Hz), 55.1, 32.3 (d, JC-P = 6.0 Hz), 18.6, 13.5; 31P{1H} NMR (162 

MHz, CDCl3): δ = 26.0; IR (neat): 2958, 1604, 1508, 1464, 1293, 1191, 1030, 977, 701 cm-1; HRMS 

(ESI): Exact mass calcd for C28H35O4P [M+H]+: 467.2346, Found: 467.2345.

Column chromatography afforded the desired product 4a in 91% yield (129.4 mg) as 

white powder; Mp: 181-183 oC; 1H NMR (400 MHz, CDCl3):  = 7.42-7.39 (m, 2H), 

7.28-7.21 (m, 16 H), 7.14-7.11 (m, 4H), 6.77-6.76 (m, 2H), 3.81 (s, 3H); 13C{1H} 

NMR (100 MHz, CDCl3):  = 158.5, 133.5 (d, JC-P = 5.0 Hz), 132.9, 132.7, 132.1, 

131.7, 131.4, 127.9, 127.8, 127.7, 127.1, 113.0, 64.0 (d, JC-P = 42.0 Hz), 55.2; 31P{1H} NMR (162 MHz, 

CDCl3): δ = 35.0; IR (neat): 3068, 2838, 1607, 1508, 1436, 1251, 1104, 1031, 932, 712 cm-1; HRMS 

(ESI): Exact mass calcd for C32H27O2P [M+H]+: 475.1821, Found: 475.1820.

Column chromatography afforded the desired product 4b in 83% yield (125.0 mg) 

as white powder; Mp: 196-198 oC; 1H NMR (400 MHz, CDCl3):  = 7.27-7.20 (m, 

11 H), 7.03-6.97 (m, 9 H), 6.77-6.75 (m, 2H), 3.81 (s, 3H), 2.31 (s, 6H); 13C{1H} 

NMR (100 MHz, CDCl3):  = 158.4, 141.6, 133.5, 133.4, 132.9, 131.7, 129.6, 

128.9, 128.6 (d, JC-P = 8.0 Hz), 127.7, 127.0, 112.9, 63.9 (d, JC-P = 43.0 Hz), 55.2, 21.4; 31P{1H} NMR 

(162 MHz, CDCl3): δ = 35.3; IR (neat): 2960, 1601, 1462, 1255, 1027, 936, 715, 696 cm-1; HRMS (ESI): 

Exact mass calcd for C34H31O2P [M+H]+: 503.2134, Found: 503.2130.

Column chromatography afforded the desired product 4c in 84% yield (133.6 mg) 

as white powder; Mp: 171-173 oC; 1H NMR (400 MHz, CDCl3):  = 7.32-7.17 (m, 

12 H), 7.02 (s, 2H), 6.77-6.76 (m, 2H), 6.66-6.64 (m, 4H), 3.81 (s, 3H), 2.14 (s, 

12H); 13C{1H} NMR (100 MHz, CDCl3):  = 158.4, 137.1 (d, JC-P = 8.0 Hz), 

133.1, 132.8, 132.2, 131.9, 131.6, 131.23, 131.18, 127.6, 126.9, 112.9, 64.1 (d, JC-
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P = 41.0 Hz), 55.3, 21.2; 31P{1H} NMR (162 MHz, CDCl3): δ = 35.4; IR (neat): 2948, 1597, 1508, 1255, 

1029, 889, 697 cm-1; HRMS (ESI): Exact mass calcd for C36H35O2P [M+H]+: 531.2447, Found: 531.2446.

Column chromatography afforded the desired product 4d in 90% yield (102.1 mg) as 

colorless oil; 1H NMR (400 MHz, CDCl3):  = 7.59 (brs, 5H), 7.29-7.27 (m, 5H), 7.23-

7.21 (m, 2H), 6.83-6.81 (m, 2H), 3.78 (s, 3H), 1.90-1.81 (m, 2H), 1.51-1.44 (m, 2H), 

1.07 (t, J = 4.0 Hz, 3H), 1.04 (t, J = 4.0 Hz, 3H); 13C{1H} NMR (100 MHz, CDCl3):  

= 158.1, 131.8, 130.5, 128.0, 126.7, 113.3, 61.9 (d, JC-P = 39.0 Hz), 55.1, 21.1 (d, JC-P = 44.0 Hz), 6.8, 6.7; 
31P{1H} NMR (162 MHz, CDCl3): δ = 58.5; IR (neat): 3100, 2938, 1610, 1500, 1430, 1251, 1104, 1036, 

950, 712 cm-1; HRMS (ESI): Exact mass calcd for C24H27O2P [M+H]+: 379.1821, Found: 379.1815.

Column chromatography afforded the desired product 4e3 in 60% yield (87.5 mg) as 

white powder; Mp: 145-147 oC; 1H NMR (400 MHz, CDCl3):  = 7.79-7.69 (m, 4H), 

7.26-7.23 (m, 4H), 7.19-7.13 (m, 3H), 7.06-7.04 (m, 2H), 6.81-6.68 (m, 2H), 3.76 and 

3.68 (s × 2, in total 3H), 1.93-1.91 (m, 2H), 1.82-1.76 (m, 2H), 1.64-1.60 (m, 2H), 

1.49-1.44 (m, 4H), 1.25-1.1.17 (m, 4H), 1.07-0.99 (m, 4H), 0.87-0.81 (m, 2H), 0.64-0.52 (m, 2H); 
13C{1H} NMR (100 MHz, CDCl3):  = 158.7, 157.5, 145.5, 138.7, 137.3, 133.5, 132.4, 130.8, 128.0, 

127.9, 127.7, 127.3, 126.0, 113.3, 113.1, 62.1 (d, JC-P = 35.0 Hz), 55.4, 55.0, 37.3 (d, JC-P = 39.0 Hz), 

27.7, 27.5, 27.3 (d, JC-P = 7.0 Hz), 26.7 (d, JC-P = 8.0 Hz), 25.8 ; 31P{1H} NMR (162 MHz, CDCl3): δ = 

56.1; IR (neat): 3100, 1601, 1490, 1170, 1080, 1008, 809, 701 cm-1; HRMS (ESI): Exact mass calcd for 

C32H39O2P [M+H]+: 487.2760, Found: 487.2762.

Column chromatography afforded the desired product 4f in 79% yield (124.0 mg) as 

white powder; Mp: 145-147 oC; 1H NMR (400 MHz, CDCl3):  = 7.36-7.32 (m, 2H), 

7.29-7.27 (m, 2H), 7.23-7.13 (m, 16H), 7.07-7.03 (m, 4H); 13C{1H} NMR (100 MHz, 

CDCl3):  = 133.5, 133.4, 133.3, 132.4, 131.8, 131.7, 131.6 (d, JC-P = 2.0 Hz), 131.5, 

130.9, 128.0, 127.4, 121.4, 64.2 (d, JC-P = 63.0 Hz); 31P{1H} NMR (162 MHz, CDCl3): δ = 34.7; IR 

(neat): 3070, 1594, 1486, 1178, 1091, 1008, 809, 697 cm-1; HRMS (ESI): Exact mass calcd for 

C31H24BrOP [M+H]+: 523.0821, Found: 523.0824.

Column chromatography afforded the desired product 4g in 83% yield (114.0 mg) as 

white powder; Mp: 208-210 oC; 1H NMR (400 MHz, CDCl3):  = 8.30-8.29 (m, 1H), 

3 T. Shibata, K. Iino, Y. Sugimura, Heterocycles, 1986, 24, 1331. 
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7.39-7.34 (m, 6H), 7.27-7.24 (m, 5H), 7.18-7.11 (m, 7H), 7.00-6.99 (m, 1H), 6.88-6.85 (m, 4H), 1.31 (s, 

3H); 13C{1H} NMR (100 MHz, CDCl3):  = 141.7, 139.3, 139.2, 133.6, 133.5, 133.0, 132.1, 131.3, 130.9 

(d, JC-P = 6.0 Hz), 127.64, 127.57, 127.4, 127.0, 125.4, 64.6 (d, JC-P = 40.0 Hz), 23.0; 31P{1H} NMR (162 

MHz, CDCl3): δ = 36.1; IR (neat): 3059, 2346, 1492, 1433, 1172, 1087, 748, 696 cm-1; HRMS (ESI): 

Exact mass calcd for C32H27OP [M+H]+: 459.1872, Found: 459.1870.

Column chromatography afforded the desired product 4h in 51% yield (77.7 mg) 

as colorless oil; Mp: 208-210 oC; 1H NMR (400 MHz, CDCl3):  = 8.56-8.55 (m, 

1H), 7.41-7.32 (m, 4H), 7.25-7.14 (m, 12 H), 6.95-6.94 (m, 2H), 6.92-6.85 (m, 2H), 

6.80-6.78 (m, 2H), 3.83 (s, 3H); 13C{1H} NMR (100 MHz, CDCl3):  = 158.7,  

141.0, 136.1 (d, JC-P = 7.0 Hz), 134.0, 133.62 (d, JC-P = 2.0 Hz), 133.56, 133.4 (d, JC-P = 2.0 Hz), 132.4, 

132.23 (d, JC-P = 6.0 Hz), 132.16 (d, JC-P = 3.0 Hz), 131.5, 128.2, 127.63, 127.62 (d, JC-P = 12.0 Hz), 

127.3, 127.2, 126.3, 112.4, 63.3 (d, JC-P = 41.0 Hz), 55.2; 31P{1H} NMR (162 MHz, CDCl3): δ = 36.1; IR 

(neat): 2926, 1604, 1465, 1251, 1031, 850, 792, 693 cm-1; HRMS (ESI): Exact mass calcd for 

C32H26ClO2P [M+H]+: 509.1432, Found: 509.1430.

Column chromatography afforded the desired product 4i in 79% yield (119.4 mg) as 

white powder; Mp: 153-155 oC; 1H NMR (400 MHz, CDCl3):  = 7.42-7.40 (m, 3H), 

7.29-7.21 (m, 14H), 7.18-7.15 (m, 4H), 6.53 (s, 1H), 6.39 (s, 1H), 3.56 (s, 6H); 
13C{1H} NMR (100 MHz, CDCl3):  = 160.0, 133.4 (d, JC-P = 6.0 Hz), 132.8, 132.2, 

131.8, 131.4, 128.0, 127.9, 127.8, 127.3, 110.4, 99.6, 64.9 (d, JC-P = 42.0 Hz), 55.1; 31P{1H} NMR (162 

MHz, CDCl3): δ = 35.1; IR (neat): 2927, 2359, 1681, 1475, 1064, 997, 899, 697 cm-1; HRMS (ESI): 

Exact mass calcd for C33H29O3P [M+H]+: 505.1927, Found: 505.1926.

Column chromatography afforded the desired product 4j in 74% yield (109.7 mg) as 

white powder; Mp: 167-169 oC; 1H NMR (400 MHz, CDCl3):  = 7.86 (s, 1H), 7.72-

7.70 (m, 1H), 7.62-7.59 (m, 1H), 7.52-7.51 (m, 1H), 7.41-7.20 (m, 11 H), 7.17-7.05 (m, 

12 H); 13C{1H} NMR (100 MHz, CDCl3):  = 133.5 (d, JC-P = 7.0 Hz), 132.62, 132.57, 

132.1, 132.0 (d, J = 5.0 Hz), 131.7, 131.4 (d, JC-P = 3.0 Hz), 130.0 (d, JC-P = 4.0 Hz), 128.5, 127.9, 127.80, 

127.77, 127.3 (d, JC-P = 6.0 Hz), 127.1, 126.3, 125.9, 64.7 (d, JC-P = 63.0 Hz); 31P {1H} NMR (162 MHz, 

CDCl3): δ = 34.9; IR (neat): 3061, 2212, 1598, 1495, 1436, 1173, 1037, 932, 727, 692cm-1; HRMS (ESI): 

Exact mass calcd for C35H27OP [M+H]+: 495.1872, Found: 495.1871.

Column chromatography afforded the desired product 4k in 95% yield (134.5 mg) as 
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white powder; Mp: 218-220 oC; 1H NMR (400 MHz, CDCl3):  = 8.10-8.08 (m, 2H), 7.57-7.56 (m, 2H), 

7.44-7.42 (m, 2H), 7.33-7.27 (m, 4H), 7.24-7.22 (m, 2H), 7.12-7.06 (m, 8H), 6.91-6.89 (m, 2H), 3.82 (s, 

3H); 13C{1H} NMR (100 MHz, CDCl3):  = 159.0, 143.1, 141.5 (d, JC-P = 3.0 Hz), 132.6 (d, JC-P = 6.0 

Hz), 127.9, 127.4 (d, JC-P = 8.0 Hz), 127.0, 119.8, 114.0, 62.5 (d, JC-P = 40.0 Hz), 55.2; 31P{1H} NMR 

(162 MHz, CDCl3): δ = 37.1; IR (neat): 3064, 1604, 1437, 1300, 1251, 1096, 886, 747, 693 cm-1; HRMS 

(ESI): Exact mass calcd for C32H25O2P [M+H]+: 473.1665, Found: 473.1664.

Column chromatography afforded the desired product 4l in 92% yield (134.7 mg) as 

white powder; Mp: 208-210 oC; 1H NMR (400 MHz, CDCl3):  = 7.74-7.73 (m, 2H), 

7.47-7.40 (m, 6H), 7.26-7.23 (m, 4H), 7.19-7.16 (m, 2H), 7.04-7.02 (m, 2H), 6.94-

6.91 (m, 2H), 6.80-6.79 (m, 2H), 6.72-6.71 (m, 2H), 3.76 (s, 3H); 13C{1H} NMR 

(100 MHz, CDCl3):  = 158.0, 151.5 (d, J = 3.0 Hz), 136.6, 133.3, 133.1 (d, JC-P = 

5.0 Hz), 132.4 (d, JC-P = 5.0 Hz), 131.5, 131.1, 130.5, 129.0, 127.5 (d, JC-P = 7.0 Hz), 122.3, 121.6 (d, JC-P 

= 2.0 Hz), 115.6, 113.3, 55.1, 54.5 (d, JC-P = 44.0 Hz); 31P{1H} NMR (162 MHz, CDCl3): δ = 29.2; IR 

(neat): 2956, 2359, 1598, 1475, 1254, 1072, 944, 870, 780, 693 cm-1; HRMS (ESI): Exact mass calcd for 

C32H25O3P [M+H]+: 489.1614, Found: 489.1612.

Column chromatography afforded the desired product 4m in 96% yield (140.5 

mg) as white powder; Mp: 168-170 oC; 1H NMR (400 MHz, CDCl3):  = 7.40-

7.38 (m, 2H), 7.27-7.21 (m, 11H), 7.19-7.12 (m, 6H), 7.03-7.01 (m, 2H), 6.76-

6.75 (m, 2H), 3.79 (s, 3H), 2.33 (s, 3H); 13C{1H} NMR (100 MHz, CDCl3):  = 

158.4, 136.8, 133.4 (d, JC-P = 5.0 Hz), 132.9, 132.8, 132.2, 131.6, 131.5, 131.3, 

128.4, 127.9, 127.8, 127.72, 127.67, 127.0, 112.9, 63.6 (d, JC-P = 43.0 Hz), 55.2, 20.9; 31P{1H} NMR 

(162 MHz, CDCl3): δ = 35.0; IR (neat): 2955, 2329, 1604, 1510, 1436, 1293, 1178, 1035, 750, 693 cm-1; 

HRMS (ESI): Exact mass calcd for C33H29O2P [M+H]+: 489.1978, Found: 489.1976.

Column chromatography afforded the desired product 4n in 90% yield (139.6 

mg) as white powder; Mp: 180-182 oC; 1H NMR (400 MHz, CDCl3):  = 7.39-

7.37 (m, 3H), 7.25-7.14 (m, 15 H), 7.04 (s, 1H), 6.75-6.73 (m, 2H), 6.56 (s, 2H), 

3.78 (s, 3H), 2.93 (s, 6H); 13C{1H} NMR (100 MHz, CDCl3):  = 158.3, 133.52, 

133.46, 133.1, 132.8, 132.6, 131.6, 131.2, 127.8, 127.7 (d, JC-P = 8.0 Hz), 126.8, 112.9, 111.4, 63.11 (d, 

JC-P = 43.0 Hz), 55.2, 40.4; 31P{1H} NMR (162 MHz, CDCl3): δ = 35.0; IR (neat): 3301, 2920, 2854, 

1610, 1585, 1408 1240, 1045, 965, 750, 690 cm-1; HRMS (ESI): Exact mass calcd for C34H32NO2P 

[M+H]+: 518.2243, Found: 518.2241.
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Column chromatography afforded the desired product 4o in 77% yield (127.5 mg) 

as white powder; Mp: 168-170 oC; 1H NMR (400 MHz, CDCl3):  = 7.34-7.31 (m, 

2H), 7.28-7.25 (m, 2H), 7.22-7.11 (m, 11H), 7.09-7.04 (m, 6H), 6.69-6.67 (m, 2H), 

3.71 (s, 3H); 13C{1H} NMR (100 MHz, CDCl3):  = 158.6 (d, JC-P = 1.0 Hz), 

133.39 (d, JC-P = 8.0 Hz), 133.2 (d, JC-P = 5.0 Hz), 132.9 (d, JC-P = 5.0 Hz), 132.5, 

131.62 (d, JC-P = 5.0 Hz), 131.55, 131.5 (d, JC-P = 3.0 Hz), 130.8, 127.9, 127.8, 127.3, 121.2 (d, JC-P = 1.0 

Hz), 113.1, 63.5 (d, JC-P = 63.0 Hz), 55.2; 31P{1H} NMR (162 MHz, CDCl3): δ = 34.7; IR (neat): 3065, 

1604, 1508, 1435, 1252, 1177, 1032, 882, 694 cm-1; HRMS (ESI): Exact mass calcd for C32H26BrO2P 

[M+H]+: 553.0927, Found: 553.0925.

Column chromatography afforded the desired product 4p in 81% yield (131.7 mg) 

as white powder; Mp: 181-183 oC; 1H NMR (400 MHz, CDCl3):  = 7.50-7.48 

(m, 2H), 7.40-7.38 (m, 2H), 7.34-7.31 (m, 2H), 7.21-7.13 (m, 9H), 7.08-7.03 (m, 

6H), 6.71-6.68 (m, 2H), 3.72 (s, 3H); 13C{1H} NMR (100 MHz, CDCl3):  = 

158.8 (d, JC-P = 2.0 Hz), 146.6, 133.44 (d, JC-P = 3.0 Hz), 133.36 (d, JC-P = 3.0 

Hz), 133.0 (d, JC-P =5.0 Hz), 132.3, 131.74 (d, JC-P = 5.0 Hz), 131.65 (d, JC-P = 5.0 Hz), 131.6, 131.4, 

128.9 (q, JC-F = 32.0 Hz), 128.0 (d, JC-P = 7.0 Hz), 127.9 (d, JC-P = 3.0 Hz), 127.5, 124.6 (d, JC-P = 3.0 Hz), 

124.0 (q, JC-F = 270.0 Hz), 113.2, 63.8 (d, JC-P = 63.0 Hz), 55.2; 31P{1H} NMR (162 MHz, CDCl3): δ = 

34.8; 19F{1H} NMR (376 MHz, CDCl3): δ = -62.4; IR (neat): 3053, 1607, 1509, 1325, 1254, 1117, 1018, 

878, 691 cm-1; HRMS (ESI): Exact mass calcd for C33H26F3O2P [M+H]+: 543.1696, Found: 543.1695.

Column chromatography afforded the desired product 4q in 96% yield (140.5 

mg) as white powder; Mp: 161-63 oC; 1H NMR (400 MHz, CDCl3):  = 7.32-

7.26 (m, 4H), 7.16-7.10 (m, 9H), 7.08-7.03 (m, 4H), 7.01-6.92 (m, 4H), 6.68-

6.66 (m, 2H), 3.70 (s, 3H), 2.09 (s, 3H); 13C{1H} NMR (100 MHz, CDCl3):  = 

158.4, 136.9 (d, JC-P = 2.0 Hz), 133.5, 133.4, 132.9, 132.8, 132.6 (d, JC-P = 4.0 Hz), 132.0, 131.63, 131.58, 

131.3 (d, JC-P = 3.0 Hz), 128.8 (d, JC-P = 5.0 Hz), 127.8 (d, JC-P = 4.0 Hz), 127.6 (d, JC-P = 5.0 Hz), 127.0, 

112.9, 63.9 (d, JC-P = 64.0 Hz), 55.1, 21.5; 31P{1H} NMR (162 MHz, CDCl3): δ = 35.0; IR (neat): 3059, 

1603, 1508, 1436, 1253, 1178, 1033, 927, 791, 701 cm-1; HRMS (ESI): Exact mass calcd for C33H29O2P 

[M+H]+: 489.1978, Found: 489.1973.
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