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δ 7.27–7.16 (m, 2H), 6.96–6.81 (m, 3H), 5.56–5.58 (m, 2H), 4.33 (s, 2H), 2.56–2.41 (m, 2H), 

2.17–1.79 (m, 5H), 1.59 (br s, 6H); 
13

C NMR δ 158.2, 136.4, 131.0, 130.3, 129.9 (2C), 124.0 (t, 

JCP = 8.2 Hz), 121.7, 115.5 (2C), 74.4, 40.0 (t, JCP = 116.1), 38.8, 26.1, 24.2, 15.6, 13.4; 
31

P 

NMR δ 20.3; HRMS (ES
-
) calcd for (M-H)

-
 C17H25O7P2: 403.1076; found: 403.1082. 

 

 

 

O P(O)(ONa)2

P(O)(ONa)2
 

Tetrasodium bisphosphonate 183.   

A solution of 2,4,6-collidine (1.0 mL, 7.54 mmol, 7.77 eq) was cooled to 0 °C in an ice 

bath and TMSBr (1.0 mL, 7.71 mmol, 7.95 eq) was added.  The solution was allowed to stir for 

10 minutes, the bisphosphonate 201 (516 mg, 0.97 mmol, 1.0 eq) was added, and the solution 

was stirred overnight.  The volatiles were removed, toluene (5 mL) was added and removed in 

vacuo, and the resulting residue was treated with NaOH (1M, 4.1 mL, 4.1 mmol, 4.2 eq) and 

stirred overnight.  The resulting solution was poured into acetone and stored at 4 °C for 72 hrs in 

which time a white precipitate had formed.  The mixture was filtered to give the target 

tetrasodium salt in 79% yield (389 mg): 
1
H NMR δ 7.27 (t, J = 7.5 Hz, 2H), 6.98–6.90 (m, 3H), 

5.55–5.47 (m, 2H), 4.39 (s, 2H), 2.47–2.34 (m, 2H), 2.15–2.00 (m, 4H), 1.62 (s, 3H), 1.55 (s, 

3H), 1.08 (t, JHP = 15.0 Hz, 3H); 
13

C NMR δ 158.0, 136.4, 130.9, 130.7, 130.0 (2C), 123.6 (t, JCP 

= 7.9 Hz), 127.7, 155.5 (2C), 74.6, 40.5 (t, JCP = 116.8 Hz), 39.2, 31.7, 26.2, 18.3, 15.5, 13.3; 

31
P NMR δ 24.9; HRMS (ES

-
)
 
calcd for (M-H)

-  
C18H27O7P2: 417.1232; found: 417.1253. 
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P(O)(ONa)2

P(O)(ONa)2

N

 

Tetrasodium bisphosphonate 184.   

A solution of
 
2,4,6-collidine (0.39 mL, 2.94 mmol) in CH2Cl2 was cooled to 0 °C in an 

ice bath and bromotrimethylsilane (0.38 mL, 2.94 mmol) was added.  The solution was stirred 

for 20 minutes and 193 was added via syringe as a neat liquid.  The solution was allowed to stir 

overnight and the volatiles were removed.  Toluene was added, and the solvent was removed in 

vacuo.  The resulting residue was treated with aqueous NaOH (1M, 1.9 mL, 1.9 mmol) and 

allowed to stir overnight.  The resulting mixture was poured into acetone, held at 3 °C for 72 hrs, 

and filtered.  The solid was dried, dissolved in H2O, and the aqueous solution was filtered and 

concentrated in vacuo to provide 184 (115 mg, 60%): 
 1

H NMR δ 7.60 (d, J = 7.8 Hz, 1H), 7.39 

(d, J = 8.7 Hz, 1H), 7.21–7.12 (m, 2H), 7.06 (dd, J = 7.5, 7.2 Hz, 1H), 6.47 (d, J = 2.7 Hz, 1H), 

5.57–5.46 (m, 1H), 5.36–5.30 (m, 1H), 4.57 (s, 2H), 2.51–2.37 (m, 2H), 2.16–1.93 (m, 4H), 1.62 

(tt, JHP = 21.6 Hz, J = 5.7 Hz, 1H), 1.57 (s, 3H), 1.38 (s, 3H);  
13

C NMR δ  136.3, 134.6, 131.8, 

129.9, 128.5, 128.2, 127.5 (t, JCP = 8.6 Hz), 121.7, 121.1, 119.7, 110.7, 100.3, 53.9, 41.7 (t, JCP 

= 115.6), 39.1, 26.3, 26.2, 15.7, 13.3;  
31

P NMR δ 20.8;  HRMS (ESI, m/z) calcd for (M-H)
- 

C19H26NO6P2: 426.1235. Found: 426.1234. 
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Figure A1. 
1
H NMR spectrum for phosphonate 81. 
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Figure A2.  
13

C NMR spectrum for phosphonate 81. 
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Figure A3.  
1
H NMR spectrum for phosphite 82. 
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Figure A4.  
13

C NMR spectrum for phosphite 82. 
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Figure A5.  
31

P NMR spectrum for phosphite 82. 
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Figure A6.  
1
H NMR spectrum for phosphonate 85. 
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Figure A7.  
13

C NMR spectrum for phosphonate 85. 
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Figure A8.  
31

P NMR spectrum for phosphonate 85. 
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Figure A9.  
1
H NMR spectrum for bisphosphonate 112. 
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Figure A14.  
13

C NMR spectrum for bisphosphonate 119. 
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Figure A15.  
1
H NMR for compound 122. 
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Figure A16.  
13

C NMR for compound 122. 

 

 

 

N

P(O)(OEt)2

(EtO)2(O)P

122

1
4
6
 

 



147 

 

 
 

 

 

Figure A17.  
31

P NMR spectrum for compound 122. 
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Figure A18.  
1
H NMR for bisphosphonate 124. 
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Figure A19.  
13

C NMR spectrum for bisphosphonate 124. 
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Figure A20.  
1
H NMR spectrum for bisphosphonate 127. 
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Figure A21.  
13

C NMR spectrum for bisphosphonate 127. 
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Figure A22.  
1
H NMR spectrum for bisphosphonate 128. 
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Figure A23.  
13

C NMR spectrum for bisphosphonate 128. 
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Figure A24.  
1
H NMR spectrum for bisphosphonate 132. 
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Figure A25.  
13

C NMR spectrum for bisphosphonate 132. 
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Figure A26.  
1
H NMR spectrum for bisphosphonate 133. 

 

 

P(O)(ONa)2

P(O)(ONa)2

133

1
5
6
 

 



157 

 

 
 

 

 

Figure A27.  
13

C NMR spectrum for bisphosphonate 133. 
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Figure A28.  
1
H NMR spectrum for bisphosphonate 134. 
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Figure A29.  
13

C NMR spectrum for bisphosphonate 134. 
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Figure A30.  
1
H NMR spectrum for bisphosphonate 135. 
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Figure A31.  
13

C NMR spectrum for bisphosphonate 135. 
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Figure A32.  
1
H NMR spectrum for alcohol 138. 
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Figure A33.  
13

C NMR spectrum for alcohol 138. 
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Figure A34.  
1
H NMR spectrum for bisphosphonate 139. 
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Figure A35.  
13

C NMR spectrum for bisphosphonate 139. 
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Figure A36.  
1
H NMR spectrum for bisphosphonate 140. 
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Figure A37.  
13

C NMR spectrum for bisphosphonate 140. 
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Figure A38.  
1
H NMR spectrum for bisphosphonate 141. 
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Figure A39.  
1
H NMR spectrum for bisphosphonate 142. 
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Figure A40.  
13

C NMR spectrum for bisphosphonate 142. 
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Figure A41.  
1
H NMR spectrum for bisphosphonate 144. 
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Figure A42.  
13

C NMR spectrum for bisphosphonate 144. 
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Figure A43.  
1
H NMR spectrum for bisphosphonate 145. 
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Figure A44.  
13

C NMR spectrum for bisphosphonate 145. 
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Figure A45.  
1
H NMR spectrum for bisphosphonate 147. 
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Figure A46.  
13

C NMR spectrum for bisphosphonate 147. 
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Figure A47.  
1
H NMR spectrum for bisphosphonate 148. 
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Figure A48.  
13

C NMR spectrum for bisphosphonate 148. 
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Figure A49.  
1
H NMR spectrum for bisphosphonate 150. 
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Figure A50.  
1
H NMR spectrum for bisphosphonate 151. 
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Figure A51.  
1
H NMR spectrum for bisphosphonate 152. 
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Figure A52.  
1
H NMR spectrum for phosphonocarboxylate 166. 
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Figure A53.  
13

C NMR spectrum for phosphonocarboxylate 166. 
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Figure A54.  
1
H NMR spectrum for phosphonophosphinate 169. 
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Figure A55.  
13

C NMR spectrum for phosphonophosphinate 169. 
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Figure A56.  
1
H NMR spectrum for phosphonophosphinate 170. 
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Figure A57.  
13

C NMR spectrum for phosphonophosphinate 170. 
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Figure A58.  
1
H NMR spectrum for bisphosphonate 188. 
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Figure A59.  
13

C NMR spectrum for bisphosphonate 188. 
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Figure A60.  
1
H NMR spectrum for acetate 190. 
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Figure A61.  
13

C NMR spectrum for acetate 190. 
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Figure A62.  
1
H NMR spectrum for alcohol 191. 
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Figure A63.  
13

C NMR spectrum for alcohol 191. 
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Figure A64.  
1
H NMR spectrum for bisphosphonate 193. 
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Figure A65.  
13

C NMR spectrum for bisphosphonate 193. 
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Figure A66.  
1
H NMR spectrum for acetate 194. 
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Figure A67.  
13

C NMR spectrum for acetate 194. 
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Figure A68.  
1
H NMR spectrum for alcohol 195. 
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Figure A69.  
13

C NMR spectrum for alcohol 195. 

 

 

 

 

OH
N

N

195

1
9
9
 

 



200 

 

 
 

 

 

Figure A70.  
1
H NMR spectrum for bisphosphonate 201. 

 

 

 

 

P(O)(OEt)2

P(O)(OEt)2

H3C

PhO
201

2
0
0

 

 



201 

 

 
 

 

 

Figure A71.  
13

C NMR spectrum for bisphosphonate 201. 
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Figure A72.  
1
H NMR spectrum for bisphosphonate 182. 
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Figure A73.  
13

C NMR spectrum for bisphosphonate 182. 
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Figure A74.  
1
H NMR spectrum for bisphosphonate 183. 
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Figure A75.  
13

C NMR spectrum for bisphosphonate 183. 
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Figure A76.  
1
H NMR spectrum for bisphosphonate 184. 
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Figure A77.  
13

C NMR spectrum for bisphosphonate 184. 
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