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Analysis of byproduct 3aa 

 

 

 
 

 
[M+Na] m/z : 393.0 
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31P NMR spectra for the synthesis of 3k. 
 
The yield of the crude product 3k was determined by 31P NMR spectrum after reaction at 120 °C for 48 h. 
The conversion of alkynyl phosphonate was almost quantitative. 
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Spectral Data 

Diethyl 3-phenylbicyclo[2.2.1]hepta-2,5-dien-2-ylphosphonate(3a) 

 

Yellow oil;1H NMR (400 MHz, CDCl3) δ 7.61 – 7.49 (m, 2H), 7.43 – 7.23 (m, 3H), 6.96 (m, 2H), 4.14 – 

4.05 (m, 1H), 4.05 – 3.72 (m, 5H), 2.27 (dt, J = 6.6, 1.4 Hz, 1H), 2.06 (dq, J = 6.6, 1.5 Hz, 1H), 1.17 (td, 

7.0, 0.4 Hz, 3H), 1.12 (td, 7.2, 0.3 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 170.6 (d, JPC = 14.3 Hz), 

143.5, 140.9 (d, JPC = 2.1 Hz), 135.6 (d, JPC = 3.5 Hz), 134.5 (d, JPC = 201.9 Hz), 128.7, 127.9, 127.5 (d, 

JPC = 1.6 Hz), 71.4 (d, JPC = 6.2 Hz), 61.5 (d, JPC = 5.5 Hz), 61.3 (d, JPC = 5.4 Hz), 58.4 (d, JPC = 16.3 Hz), 

55.2 (d, JPC = 12.2 Hz), 16.1 (d, JPC = 7.2 Hz), 16.0 (d, JPC = 7.3 Hz). 31P NMR (160 MHz, CDCl3) δ 17.6. 

IR (film): 3062, 2982, 2937, 2905, 2869, 1591, 1557, 1492, 1445, 1391, 1293, 1245, 1162, 1095, 1052, 

1025, 965, 795, 766, 724, 698, 661, 604, 577, 546, 508 cm-1. HRMS (ESI) calcd for C17H22NaO3P, 

328.1204; found 328.1209. 

Dimethyl 3-phenylbicyclo[2.2.1]hepta-2,5-dien-2-ylphosphonate(3b) 

 

Yellow oil;1H NMR (400 MHz, CDCl3) δ 7.61 – 7.44 (m, 2H), 7.35 (m, 3H), 7.04 – 6.86 (m, 2H), 4.17 – 

4.02 (m, 1H), 3.95 (d, J = 1.4 Hz, 1H), 3.57 (d, J = 11.2 Hz, 3H), 3.47 (d, J = 11.4 Hz, 3H), 2.32 – 2.20 

(m, 1H), 2.08-2.05 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 171.7 (d, JPC = 14.7 Hz), 143.5, 140.9 (d, JPC 

= 2.3 Hz), 135.3(d, JPC = 3.8 Hz), 133.4(d, JPC = 201.6 Hz), 128.9, 128.0, 127.3 (d, JPC = 1.7 Hz), 71.4 (d, 

JPC = 6.2 Hz), 58.5 (d, JPC = 16.4 Hz), 55.2 (d, JPC = 12.1 Hz), 52.1 (d, JPC = 5.5 Hz), 51.8 (d, JPC = 5.5 

Hz). 31P NMR (160 MHz, CDCl3) δ 20.6. IR (film): 3062, 2988, 2950, 2849, 1590, 1492, 1447, 1293, 

1247, 1183, 1052, 1028, 930, 825, 795, 767, 725, 698, 661, 602, 575, 545 cm-1. HRMS (ESI) calcd for 

C15H17NaO3P, 299.0813; found 299.0800. 

Diisopropyl (3-phenylbicyclo[2.2.1]hepta-2,5-dien-2-yl)phosphonate(3c) 
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Brown oil; 1H NMR (400 MHz, CDCl3) δ 7.58 – 7.55 (m, 2H), 7.37– 7.27 (m, 3H), 6.96 (dd, J = 4.8, 3.1 

Hz, 1H), 6.90 (dd, J = 4.8, 3.2 Hz, 1H), 4.58 – 4.45 (m, 5H), 4.09 (d, J = 1.2 Hz, 1H), 3.93 - 3.92(m, 1H), 

2.24 - 2.22 (m, 1H), 2.04 - 2.01 (m, 1H), 1.26 (d, J = 6.2 Hz, 3H), 1.21 (d, J = 6.2 Hz, 3H), 1.11 (d, J = 

6.2 Hz, 3H), 1.07 (d, J = 6.2 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 169.2 (d, JPC = 15.0 Hz), 143.5 (d, 

JPC = 1.3 Hz), 140.6 (d, JPC = 2.0 Hz), 135.8 (d, JPC = 201.7 Hz), 135.7 (d, JPC = 3.8 Hz), 128.4, 127.8, 

127.7 (d, JPC = 1.5 Hz), 71.2 (d, JPC = 6.0 Hz), 70.1 (d, JPC = 5.7 Hz), 70.0 (d, JPC = 5.5 Hz), 58.4 (d, JPC 

= 16.3 Hz), 55.5 (d, JPC = 12.3 Hz), 24.0 (d, JPC = 4.0 Hz), 23.9 (d, JPC = 4.2 Hz), 23.7 (d, JPC = 4.9 Hz), 

23.5 (d, JPC = 5.1 Hz). 31P NMR (160 MHz, CDCl3) δ 15.0. IR (film): 3060, 2978, 2935, 2871, 1721, 

1657, 1594, 1492, 1466, 1448, 1385, 1374, 1242, 1177, 1141, 1105, 986, 896, 766, 722, 697, 660, 605, 

579, 549 cm-1. HRMS (ESI) calcd for C19H25NaO3P, 355.1439; found 355.1440. 

Dibutyl 3-phenylbicyclo[2.2.1]hepta-2,5-dien-2-ylphosphonate(3d) 

 

Yellow oil;1H NMR (400 MHz, CDCl3) δ 7.58 – 7.50 (m, 2H), 7.41 – 7.25 (m, 3H), 6.98 – 6.91 (m, 2H), 

4.10 (s, 1H), 4.09-3.73 (m, 5H), 2.26 (dt, J = 6.6, 1.4 Hz, 1H), 2.10 – 1.98 (m, 1H), 1.56 – 1.35 (m, 4H), 

1.35 – 1.16 (m, 4H), 0.85 (dt, J = 14.5, 7.4 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 170.5 (d, JPC = 14.4 

Hz), 143.5, 140.9(d, JPC = 2.1 Hz), 135.6(d, JPC = 3.7 Hz), 134.5(d, JPC = 201.9 Hz), 128.6, 127.9, 127.5 

(d, JPC = 1.6 Hz), 71.4 (d, JPC = 6.2 Hz), 65.2 (d, JPC = 5.8 Hz), 64.9 (d, JPC = 5.6 Hz), 58.4 (d, JPC = 16.2 

Hz), 55.3 (d, JPC = 12.1 Hz), 32.3 (d, JPC = 6.8 Hz), 32.2 (d, JPC = 7.0 Hz), 18.7 (d, JPC = 6.6 Hz), 13.6 (d, 

JPC = 3.2 Hz). 31P NMR (160 MHz, CDCl3) δ 17.7. IR (film): 3063, 2960, 2933, 2872, 1591, 1492, 1461, 

1295, 1247, 1065, 1023, 980, 902, 765, 723, 697, 605, 579, 548 cm-1. HRMS (ESI) calcd for C21H30O3P, 

361.1927; found 361.1925. 

Diphenyl 3-phenylbicyclo[2.2.1]hepta-2,5-dien-2-ylphosphine oxide(3e) 



 6

 

White solid, m.p. 85-87 °C ; 1H NMR (400 MHz, CDCl3) δ 7.70 – 7.61 (m, 2H), 7.53 – 7.38 (m, 5H), 

7.38 – 7.27 (m, 3H), 7.21 (m, 2H), 7.11 – 7.05 (m, 3H), 7.01 (dd, J = 4.9, 3.2 Hz, 1H), 6.73 (dd, J = 4.7, 

3.0 Hz, 1H), 4.03 – 3.93 (m, 1H), 3.71 – 3.60 (m, 1H), 2.39 (dt, J = 6.6, 1.4 Hz, 1H), 2.02 (dd, J = 6.6, 1.1 

Hz, 1H). 13C NMR (100 MHz, CDCl3) δ 172.1 (d, J = 9.1 Hz), 143.1, 141.0(d, JPC = 2.1 Hz), 138.2(d, JPC 

= 108.6 Hz), 135.5(d, JPC = 3.1Hz), 133.3(d, JPC = 108.9 Hz), 132.0 (d, JPC = 106.4 Hz), 131.4(d, JPC = 

9.8 Hz),131.3 (d, JPC = 3.1 Hz), 131.2(d, JPC = 9.6 Hz), 131.1(d, JPC = 3.0 Hz), 128.4(d, JPC = 11.7Hz), 

128.3, 128.0(d, JPC = 12.3 Hz), 127.6, 127.4 (d, JPC = 1.3 Hz), 71.3 (d, JPC = 5.1 Hz), 59.2 (d, JPC = 11.6 

Hz), 55.8 (d, JPC = 11.9 Hz). 31P NMR (160 MHz, CDCl3) δ 22.8. IR (film): 3057, 2967, 2939, 2869, 

1717, 1586, 1556, 1489, 1438, 1296, 1261, 1182, 1115, 1025, 927, 808, 754, 721, 698, 661, 591, 573, 545, 

523 cm-1. HRMS (ESI) calcd for C25H21NaOP, 391.1222; found 391.1230. 

Diethyl 3-o-tolylbicyclo[2.2.1]hepta-2,5-dien-2-ylphosphonate(3f) 

 

Yellow oil;1H NMR (400 MHz, CDCl3) δ 7.24 – 7.11 (m, 3H), 7.00 (dd, J = 5.1, 3.0 Hz, 2H), 6.88 (dd, J 

= 4.9, 3.2 Hz, 1H), 4.07 (s, 1H), 3.94 – 3.68 (m, 5H), 2.38 (d, J = 6.5 Hz, 1H), 2.23 (s, 3H), 2.12 – 1.99 

(m, 1H), 1.08 (dt, J = 19.3, 7.1 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 171.6 (d, JPC = 14.1 Hz), 143.6, 

141.1 (d, JPC = 2.4 Hz), 137.2 (d, JPC = 3.5 Hz), 137.0(d, JPC = 204.0 Hz), 135.1 (d, JPC = 2.0 

Hz),129.7,127.9,127.4,125.3, 72.6 (d, JPC = 6.0 Hz), 61.4 (d, JPC = 6.1 Hz), 61.3 (d, JPC = 6.8 Hz), 59.1 (d, 

JPC = 16.5 Hz), 53.8 (d, JPC = 13.3 Hz), 20.2, 16.1 (d, JPC = 6.8 Hz), 16.0 (d, JPC = 7.0 Hz). 31P NMR (160 

MHz, CDCl3) δ 17.1. IR (film): 3065, 2982, 2935, 2900, 2868, 1620, 1596, 1558, 1482, 1453,  1391, 

1296, 1244, 1199, 1162, 1095, 1052, 1027, 964, 868, 795, 755, 728, 654, 609, 582, 560 cm-1. HRMS (ESI) 

calcd for C18H23NaO3P, 341.1277; found 341.1276. 

Diethyl (3-(p-tolyl)bicyclo[2.2.1]hepta-2,5-dien-2-yl)phosphonate(3g) 
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Yellow oil;1H NMR (400 MHz, CDCl3) δ 7.43 (dd, J = 6.4, 1.7 Hz, 2H), 6.15 (d, J = 7.9 Hz, 2H), 6.93 – 

6.87 (m, 2H),4.04 – 3.76 (m, 6H), 2.33 (s, 3H), 2.22 – 2.20 (m, 1H), 2.01 – 1.99 (m, 1H), 1.13 (dt, J = 

21.8, 7.0 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 170.6 (d, JPC = 14.1 Hz), 143.4, 140.7 (d, JPC = 2.1 Hz), 

138.7, 133.1 (d, JPC = 200.7 Hz), 132.5 (d, JPC = 3.8 Hz), 128.5, 127.4 (d, JPC = 1.4 Hz), 71.1 (d, JPC = 6.3 

Hz), 61.3 (d, JPC = 5.2 Hz), 61.1 (d, JPC = 5.3 Hz), 58.3 (d, JPC = 16.5 Hz), 55.1 (d, JPC = 12.1 Hz), 21.2, 

16.1 (d, JPC = 6.6 Hz), 16.0 (d, JPC = 7.2 Hz). 31P NMR (160 MHz, CDCl3) δ 17.1. IR (film): 2982, 2935, 

1508, 1443, 1391, 1290, 1231, 1163, 1095, 1052, 1024, 967, 820, 603, 573, 537 cm-1. HRMS (ESI) calcd 

for C18H23NaO3P, 341.1283; found 341.1278. 

Diethyl 3-(4-fluorophenyl)bicyclo[2.2.1]hepta-2,5-dien-2-ylphosphonate(3h) 

 

Yellow oil;1H NMR (400 MHz, CDCl3) δ 7.61 – 7.47 (m, 2H), 7.13 – 7.00 (m, 2H), 6.99 – 6.85 (m, 2H), 

4.07 (d, J = 0.9 Hz, 1H), 4.03 – 3.69 (m, 5H), 2.25 (dd, J = 6.6, 1.4 Hz, 1H), 2.05 (dd, J = 6.6, 1.5 Hz, 

1H), 1.25 – 1.18 (m, 3H), 1.17 – 1.09 (m, 3H). 13C NMR (100 MHz, CDCl3) δ 169.5 (d, JPC = 14.2 Hz), 

164.2, 161.7, 143.6 (d, JPC = 1.0 Hz),, 140.6 (d, JPC = 2.3 Hz), 133.4(d, JPC = 201.0 Hz), 131.6, 129.5 (d, 

JPC = 1.7 Hz), 129.4 (d, JPC = 1.6 Hz), 114.9 (d, JPC = 21.6 Hz), 71.4 (d, JPC = 6.2 Hz), 61.5 (d, JPC = 5.4 

Hz), 61.3 (d, JPC = 5.3 Hz), 58.5 (d, JPC = 16.2 Hz), 55.3 (d, JPC = 11.9 Hz), 16.2 (d, JPC = 6.7 Hz), 16.1 (d, 

JPC = 6.9 Hz). 31P NMR (160 MHz, CDCl3) δ 17.3. IR (film): 3068, 2983, 2938, 2906, 2871, 1717, 1666, 

1600, 1506, 1445, 1392, 1293, 1235, 1162, 1097, 1052, 1025, 966, 840, 794, 732, 603, 575, 539 cm-1. 

HRMS (ESI) calcd for C17H20FNaO3P, 345.1026; found 345.1026. 

Diethyl 3-(3-chlorophenyl)bicyclo[2.2.1]hepta-2,5-dien-2-ylphosphonate(3i) 
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Yellow oil;1H NMR (400 MHz, CDCl3) δ 7.52 – 7.48 (m, 1H), 7.48 – 7.41 (m, 1H), 7.33 – 7.25 (m, 2H), 

6.95 (ddt, J = 8.0, 7.4, 3.8 Hz, 2H), 4.13 – 4.06 (m, 1H), 4.05 – 3.79 (m, 5H), 2.26 (dt, J = 6.7, 1.5 Hz, 

1H), 2.06 (dt, J = 6.7, 1.5 Hz, 1H), 1.24 – 1.09 (m, 6H). 13C NMR (100 MHz, CDCl3) δ 168.8 (d, JPC = 

13.9 Hz), 143.6, 140.8 (d, JPC = 2.3 Hz), 137.4 (d, JPC = 5.2 Hz), 136.5(d, JPC = 201.0 Hz), 133.8, 129.2, 

128.5, 127.3 (d, JPC = 1.7 Hz), 125.9, 71.6 (d, JPC = 6.2 Hz), 61.6 (d, JPC = 5.7 Hz), 61.4 (d, JPC = 5.5 Hz), 

58.4 (d, JPC = 16.0 Hz), 55.4 (d, JPC = 12.0 Hz), 16.2 (d, JPC = 4.7 Hz), 16.1 (d, JPC = 4.8 Hz). 31P NMR 

(160 MHz, CDCl3) δ 16.7. IR (film): 3067, 2982, 2937, 2906, 2869, 1586, 1559, 1474, 1392, 1296, 1246, 

1162, 1096, 1052, 1025, 965, 790, 713, 696, 611, 580 cm-1. HRMS (ESI) calcd for C17H20ClNaO3P, 

361.0731; found 361.0739. 

Diethyl (3-(4-bromophenyl)bicyclo[2.2.1]hepta-2,5-dien-2-yl)phosphonate(3j) 

 

Brown oil; 1H NMR (400 MHz, CDCl3) δ 7.48 – 7.46 (m, 2H), 7.41 – 7.39 (m, 2H), 6.94 – 6.89(m, 2H), 

4.06 – 3.76 (m, 6H), 2.23 (d, J = 6.6 , 1H), 2.03 (dd, J = 6.7, 1.3 Hz, 1H), 1.21 – 1.17 (m, 3H), 1.15 – 

1.11 (m, 3H). 13C NMR (100 MHz, CDCl3) δ 169.3 (d, JPC = 14.3 Hz), 143.5, 140.7 (d, JPC = 2.2 Hz), 

135.5 (d, JPC = 200.2 Hz), 134.3 (d, JPC = 4.1 Hz), 131.0, 129.1 (d, JPC = 1.3 Hz), 122.8, 71.4 (d, JPC = 6.2 

Hz), 61.5 (d, JPC = 5.4 Hz), 61.4 (d, JPC = 5.4 Hz), 58.3 (d, JPC = 16.1 Hz), 55.3 (d, JPC = 11.9 Hz), 16.2 (d, 

JPC = 7.1 Hz), 16.1 (d, JPC = 7.8 Hz). 31P NMR (160 MHz, CDCl3) δ 17.0. IR (film): 2981, 2934, 1584, 

1485, 1443, 1394, 1287, 1244, 1163, 1024, 971, 827, 796, 730, 602, 577, 553 cm-1. HRMS (ESI) calcd 

for C17H20BrNaO3P, 405.0231; found 405.0240. 

Diethyl (3-(4-cyanophenyl)bicyclo[2.2.1]hepta-2,5-dien-2-yl)phosphonate(3k) 

 

Deep yellow oil; 1H NMR (400 MHz, CDCl3) δ 7.63 (s, 4H), 6.96 – 6.92 (m, 2H), 4.08 – 3.79 (m, 6H) , 

2.26 – 2.24 (m, 1H), 2.09 – 2.07 (m, 1H), 1.17 (dt, J = 32.9, 7.1 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 

178.3 (d, JPC = 13.9 Hz), 143.5 (d, JPC = 1.5 Hz), 140.7 (d, JPC = 2.2 Hz), 140.0 (d, JPC = 3.9 Hz), 138.9 (d, 

JPC = 199.7 Hz), 131.6, 128.1 (d, JPC = 1.4 Hz), 118.7, 111.9, 71.7 (d, JPC = 6.1 Hz), 61.7 (d, JPC = 5.5 

Hz), 61.6 (d, JPC = 5.6 Hz), 58.2 (d, JPC = 15.8 Hz), 55.6 (d, JPC = 11.4 Hz), 16.2 (d, JPC = 6.7 Hz), 16.1 (d, 
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JPC = 6.6 Hz). 31P NMR (160 MHz, CDCl3) δ 15.8. IR (film): 2983, 2937, 2869, 2226, 1605, 1500, 1391, 

1290, 1246, 1163, 1095, 1054, 1025, 965, 842, 797, 719, 603, 573, 551, 518 cm-1. HRMS (ESI) calcd for 

C18H20NNaO3P, 352.1078; found 352.1081. 

Diethyl (3-(thiophen-2-yl)bicyclo[2.2.1]hepta-2,5-dien-2-yl)phosphonate(3l) 

 

Pale yellow oil;1H NMR (400 MHz, CDCl3) δ 7.83 (d, J = 3.7 Hz, 1H), 7.39 (d, J = 4.6 Hz, 1H), 7.09 (dd, 

J = 5.0, 3.8 Hz, 1H), 6.91 – 6.90 (m, 1H), 6.84 – 6.83 (m, 1H), 4.11 –3.86 (m, 6H), 2.20 (d, J = 6.7 Hz, 

1H), 2.01 (dd, J = 6.7, 1.4 Hz, 1H), 1.25 (dt, J = 16.6, 7.1Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 162.2 

(d, JPC = 14.1 Hz), 143.6, 139.8 (d, JPC = 2.0 Hz), 137.9 (d, JPC = 4.7 Hz), 130.3 (d, JPC = 201.9 Hz), 

129.3, 128.2, 127.9,70.1 (d, JPC = 6.0 Hz), 61.5 (d, JPC = 5.0 Hz), 61.4 (d, JPC = 5.1Hz), 59.0 (d, JPC = 

11.4 Hz), 55.8 (d, JPC = 11.4 Hz), 16.2 (d, JPC = 6.5 Hz), 16.2 (d, JPC = 6.7 Hz). 31P NMR (160 MHz, 

CDCl3) δ 17.1. IR (film): 2963, 2934, 2870, 1729, 1616, 1452, 1384, 1374, 1260, 1177, 1105, 1018, 981, 

799, 595 cm-1. HRMS (ESI) calcd for C15H19NaO3PS, 333.0690; found  333.0691. 

Ethyl methyl 3-butylbicyclo[2.2.1]hepta-2,5-dien-2-ylphosphonate(3m) 

 

Yellow oil;1H NMR (400 MHz, CDCl3) δ 6.81 (dd, J = 4.8, 3.1Hz, 1H), 6.69 (dd, J = 4.8, 3.1Hz 1H), 

4.08 - 3.84 (m, 4H), 3.79 (s, 1H), 3.56 (s, 1H), 2.70 - 2.57 (m, 2H), 2.01 (d, J = 6.3 Hz, 1H), 1.93 (dd, J = 

6.4, 1.2 Hz, 1H), 1.51 - 1.25 (m,10H), 0.91 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 177.0 (d, 

JPC = 17.8 Hz), 143.3, 140.8, 132.4 (d, JPC = 202.5 Hz), 71.8 (d, JPC = 6.0 Hz), 61.0, 60.9, 56.0 (d, JPC = 

17.7 Hz), 53.0 (d, JPC =13.1 Hz), 30.1 (d, JPC = 2.7 Hz), 29.2 (d, JPC = 2.1 Hz), 22.5, 16.3 (d, JPC = 5.7 

Hz), 16.3 (d, JPC = 6.3Hz), 13.9. 31P NMR (160 MHz, CDCl3) δ 18.7. IR (film): 3070, 2980, 2936, 2903, 

2868, 1573, 1556, 1477, 1443, 1419, 1390, 1364, 1298, 1276, 1246,1193, 1163, 1095, 1050, 1024, 961, 

863, 847, 792, 720, 673, 635, 597, 579,  535, 506 cm-1. HRMS (ESI) calcd for C15H17NaO3P, 299.0808; 

found 299.0800. 

Diisopropyl (3-(3-chloropropyl)bicyclo[2.2.1]hepta-2,5-dien-2-yl)phosphonate(3n) 
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Yellow oil;1H NMR (400 MHz, CDCl3) δ 6.82 (dd, J = 5.0, 3.0Hz, 1H), 6.68 (dd, J = 4.9, 3.2Hz 1H), 

4.66-4.43 (m, 2H), 3.76 (s, 1H), 3.53 (s, 1H), 3.51 – 3.43 (m, 2H), 2.88 – 2.80 (m, 1H), 2.78 – 2.70 (m, 

1H), 2.00 – 1.82 (m, 4H), 1.33(d, J = 6.2Hz, 3H), 1.30 (d, J = 6.2Hz, 3H), 1.27 (d, J = 6.2Hz, 3H), 1.19 (d, 

J = 6.2Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 173.0 (d, JPC = 17.4 Hz), 143.5, 140.4 (d, JPC = 2.1 Hz), 

135.6 (d, JPC = 203.4 Hz), 71.9 (d, JPC = 5.9 Hz), 69.7, 69.6, 56.0 (d, JPC = 17.5 Hz), 53.1 (d, JPC =12.4 

Hz), 44.3, 30.4 (d, JPC = 2.0 Hz), 27.9 (d, JPC = 2.7 Hz), 24.1 (d, JPC = 3.7 Hz), 24.1 (d, JPC = 3.5 Hz), 

24.0 (d, JPC = 4.4 Hz), 23.9 (d, JPC = 4.4 Hz). 31P NMR (160 MHz, CDCl3) δ 15.2. IR (film): 3067, 2976, 

2935, 2869, 1726, 1616, 1557, 1451, 1373, 1385, 1302, 1283, 1240, 1178, 1140, 1107, 1042, 979, 849, 

882, 798, 772, 723, 649, 596, 523 cm-1. HRMS (ESI) calcd for C16H26ClNaO3P, 355.1206; found 

355.1212. 

Diethyl (3-(hydroxymethyl)bicyclo[2.2.1]hepta-2,5-dien-2-yl)phosphonate(3o) 

 

Brown oil; 1H NMR (400 MHz, CDCl3) δ 6.81 (dd, J = 5.0,3.0Hz, 1H), 6.69 (dd, J = 4.9,3.3Hz 1H), 5.52 

(s, 1H), 4.63 (dd, J = 17.8,3.5Hz 1H), 6.69 (dd, J = 17.8,4.0Hz 1H), 4.13 – 3.78 (m, 4H), 3.75 (s, 1H), 

3.50 (s, 1H), 2.03 (d, J = 6.6 Hz, 1H), 1.91 (dd, J = 6.6,1.1 Hz, 1H), 1.31 (t, J = 7.1 Hz, 3H), 1.23 (t, J = 

7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 177.5 (d, JPC = 18.2 Hz), 143.3, 140.5 (d, JPC = 2.3 Hz), 

132.2 (d, JPC = 201.1 Hz), 71.6 (d, JPC = 5.8 Hz), 62.5 (d, JPC = 4.2 Hz), 61.8 (d, JPC = 5.1 Hz), 61.7 (d, 

JPC =5.1 Hz), 55.5 (d, JPC = 16.6 Hz), 53.5 (d, JPC = 11.3 Hz), 16.2(d, JPC = 6.4 Hz), 16.1 (d, JPC = 6.7Hz). 
31P NMR (160 MHz, CDCl3) δ 19.7. IR (film): 2983, 2938, 2870, 1725, 1669, 1392, 1281, 1226, 1164, 

1095, 1024, 971, 796, 587 cm-1. HRMS (ESI) calcd for C12H19NaO4P, 281.0919; found 281.0925. 

Diethyl (3-(thiophen-2-yl)bicyclo[2.2.1]hepta-2,5-dien-2-yl)phosphonate(3p) 
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Yellow oil;1H NMR (400 MHz, CDCl3) δ 9.95 (s, 1H), 7.36 -7.19 (m,5H), 6.89 (dd, J = 4.1, 4.1Hz, 1H), 

6.879 (dd, J = 4.8, 3.2Hz, 1H), 4.71 - 4.63 (m, 1H), 4.55 - 4.45 (m, 2H), 4.44 - 4.34 (m, 2H), 3.93 (s, 1H), 

2.06 (d, J = 6.8 Hz, 1H), 1.94 (d, J = 6.8Hz, 1H), 1.36 (d, J = 6.2Hz, 3H), 1.30 (d, J = 6.2Hz, 3H), 1.26 (d, 

J = 6.2Hz, 3H), 1.11 (d, J = 6.2Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 164.2 (d, JPC = 15.4 Hz), 163.0 (d, 

JPC = 4.6 Hz), 143.7 (d, JPC = 194.2 Hz), 142.6 (d, JPC = 2.4 Hz), 141.6 (d, JPC = 1.3 Hz), 138.9, 128.4, 

127.9, 127.0, 71.5 (d, JPC = 6.9 Hz), 71.4 (d, JPC = 9.5 Hz), 56.3 (d, JPC = 9.3 Hz), 54.8 (d, JPC =15.8 Hz), 

43.7, 24.0 (d, JPC = 3.8 Hz), 23.9 (d, JPC = 4.3 Hz), 23.8 (d, JPC =4.2 Hz), 23.7 (d, JPC = 5.2 Hz). 31P NMR 

(160 MHz, CDCl3) δ 13.9. IR (film): 3064, 2979, 2935, 1657, 1538, 1497, 1453, 1386, 1375, 1232, 1177, 

1142, 1103, 988, 897, 700, 585 cm-1. HRMS (ESI) calcd for C21H28NNaO4P, 412.1654; found412.1654. 

Diethyl (3-(thiophen-2-yl)bicyclo[2.2.1]hepta-2,5-dien-2-yl)phosphonate(3q) 

 

Pale yellow oil;1H NMR (400 MHz, CDCl3) δ 8.05 (d, J = 7.4 Hz, 2H), 7.57 (dd, J = 7.4, 7.4 Hz, 1H), 

7.45 (dd, J = 7.7, 7.7 Hz, 2H), 4.86 - 4.84 (m, 1H), 6.74 - 4.72 (m, 1H), 5.49 (dd, J = 13.7, 2.4 Hz, 1H), 

5.30 (dd, J = 13.7, 2.8 Hz, 1H), 4.72 - 4.53 (m, 2H), 3.86 (s, 1H), 3.77 (s, 1H), 2.10 (d, J = 6.5 Hz, 1H), 

1.98 (d, J = 6.4Hz, 1H), 1.36(d, J = 6.2Hz, 3H), 1.33 (d, J = 6.2Hz, 3H), 1.30 (d, J = 6.2 Hz, 3H), 1.21 (d, 

J = 6.2 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 167.3 (d, JPC= 15.5 Hz), 166.2, 143.0 (d, JPC = 1.4 Hz), 

141.1 (d, JPC = 2.3 Hz), 139.9 (d, JPC = 200.5 Hz), 133.0, 130.1, 129.7, 128.4, 72.2 (d, JPC = 5.8 Hz), 70.3 

(d, JPC = 5.3Hz), 70.2 (d, JPC = 5.3Hz), 61.5 (d, JPC = 2.2 Hz), 54.1 (d, JPC = 16.2 Hz), 53.5 (d, JPC =11.6 

Hz), 24.1 (d, JPC = 1.9 Hz), 24.1 (d, JPC = 1.4 Hz), 24.0 (d, JPC = 3.0 Hz), 23.9 (d, JPC = 3.6 Hz). 31P NMR 

(160 MHz, CDCl3) δ 13.5. IR (film): 2977, 2935, 1722, 1451, 1385, 1269, 1176, 1106, 1069, 1045, 1021, 

979, 712,594  cm-1. HRMS (ESI) calcd for C21H27NaO5P, 413.1494; found 413.1493. 

Diethyl [1,1'-biphenyl]-2-ylphosphonate(3r) 

 

Pale yellow oil;1H NMR (400 MHz, CDCl3) δ 8.04 (dd, J = 14.2,7.7Hz, 1H), 7.55 (dd, J = 7.1,7.1Hz 1H), 

7.44-7.31 (m, 7H), 3.97-3.78 (m, 4H), 1.12 (t, J = 6.9 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 146.0 (d, 

JPC = 9.7 Hz), 141.4 (d, JPC = 4.2 Hz), 133.8 (d, JPC = 9.8 Hz), 131.9 (d, JPC = 3.0 Hz), 131.3 (d, JPC = 
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14.1 Hz) ,129.3, 127.5, 127.4, 127.0 (d, JPC = 187.3 Hz), 126.8 (d, JPC = 14.7 Hz), 61.8 (d, JPC = 6.0 Hz), 

16.0 (d, JPC =6.9Hz). 31P NMR (160 MHz, CDCl3) δ 18.2. IR (film): 3056, 2981, 2929, 1467, 1444, 1390, 

1242, 1163, 1139, 1094, 1056, 1024, 965, 777, 756, 701, 569, 552, 523 cm-1. HRMS (ESI) calcd for 

C16H19NaO3P, 313.0970; found 313.0978. 

Diethyl (4,5-dimethyl-3,6-dihydro-[1,1'-biphenyl]-2-yl)phosphonate(3s) 

 

Pale yellow oil;1H NMR (400 MHz, CDCl3) δ 7.34 – 7.23 (m, 5H), 3.90 – 3.81 (m, 2H), 3.77 – 3.68 (m, 

2H), 3.03 (d, J = 5.8 Hz, 2H), 2.93 (d, J = 6.8 Hz, 2H), 1.71 (s, 3 H), 1.64 (s, 3 H), 1.10 (t, J =7.0 Hz, 6H). 
13C NMR (100 MHz, CDCl3) δ 150.1 (d, JPC = 8.6 Hz), 142.3 (d, JPC = 8.2 Hz), 127.8, 127.3 (d, JPC = 1.4 

Hz), 122.7 (d, JPC = 11.0 Hz), 121.8(d, JPC = 1.8Hz), 121.5 (d, JPC = 183.6 Hz), 61.1 (d, JPC = 6.1 Hz), 

42.3 (d, JPC = 16.1 Hz), 35.4 (d, JPC = 10.9 Hz), 17.8 (d, JPC = 8.6 Hz), 16.0 (d, JPC = 6.7 Hz). 31P NMR 

(160 MHz, CDCl3) δ 18.8. IR (film): 3055, 2980, 2927, 2862, 1601, 1479, 1443, 1390, 1367, 1287, 1239, 

1166, 1137, 1096, 1026, 966, 887, 781, 767, 751, 723, 700, 651, 635, 582, 571, 527 cm-1. HRMS (ESI) 

calcd for C18H25NaO3P, 343.1439; found 343.1444. 
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1H , 13C  and 31P NMR spectra of all compounds 
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