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Experimental 
Starting materials were purchased from Sigma Aldrich or Merck Chemicals unless specified. Solvents were dried using standard procedures in organic chemistry. 1H NMR (400 MHz), 13C NMR (100 MHz), 31P NMR (160 MHz) were recorded on a Bruker Avance 400 MHz and 1H NMR (500 MHz), 13C NMR (126 MHz), 31P NMR (200 MHz) were measured on a Bruker 500. High resolution mass spectrometry analysis was obtained using the Bruker Compact Q-TOF mass spectrometer.
[bookmark: _Toc8655994]General procedure for the synthesis of substituted vinylgembisphosphonates (1a-f): Benzaldehyde (10 mmol) was dissolved in dry THF (80 mL) and TiCl4 (3 mL) in toluene (20 mL) was added drop wise. The mixture was stirred for 5 minutes at 0 0C. A solution of tetraethyl methylenebisphosphonate (12 mmol) and N-methylmorpholine (24 mmol) in dry THF (20 mL) was added drop wise. The mixture was stirred for 1h at 0 0C, and then stirred for 3h at room temperature. The reaction was quenched with water (50 mL) and extracted three times with ethyl acetate (100 mL). The organic phase was dried with anhydrous sodium sulphate and purified by column chromatography (acetone: EtOAc, 1: 2) to give the product. 

The spectral data obtained was compared to that reported by Fotsing et al 1.


Tetraethyl 2-(phenyl)-ethene-1,1-bisphosphonate 1a: (Pale yellow oil 70%), 1H NMR (400 MHz, CDCl3) δ (ppm): 8.29 (dd, J = 47.7, 29.1 Hz, 1H), 7.75 – 7.69 (m, 2H), 7.40 – 7.34 (m, 3H), 4.18 (qd, J = 6.8, 3.2 Hz, 4H), 4.06 – 3.94 (m, 4H), 1.36 (t, J = 7.1 Hz, 6H), 1.12 (t, J = 7.1 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 161.18 (d, J = 2.1 Hz), 134.35 (dd, J = 21.7, 8.6 Hz), 130.30, 130.09 (t, J = 1.5 Hz), 127.81, 120.68 (dd, J = 170.1, 165.1 Hz), 62.43, 62.19, 16.11 (d, J = 6.7 Hz), 15.79 (d, J = 6.7 Hz). 31P NMR (160 MHz, CDCl3) δ (ppm): 12.04 (d, J = 49.6 Hz), 17.25 (d, J = 49.6). 


Tetraethyl 2-(p-fluorophenyl)-ethene-1,1-bisphosphonate 1b: (clear oil, 60%), 1H NMR (400 MHz, CDCl3) δ 8.24 (dd, J = 47.6, 29.1 Hz, 1H), 7.80 (dd, J = 8.4, 5.6 Hz, 2H), 7.07 (t, J = 8.6 Hz, 2H), 4.27 – 4.11 (m, 4H), 4.10 – 3.92 (m, 4H), 1.37 (t, J = 7.1 Hz, 6H), 1.17 (t, J = 7.1 Hz, 6H). 31P NMR (160 MHz, CDCl3) δ (ppm): 12.52 (d, J = 48 Hz), 17.30 (d, J = 48). 


Tetraethyl 2-(o-tolyl)-ethene-1,1-bisphosphonate 1c: (pale yellow oil, 80%), 1H NMR (400 MHz, CDCl3) δ (ppm): 8.38 (dd, J = 47.5, 28.0 Hz, 1H), 7.57 (d, J = 7.5 Hz, 1H), 7.30 – 7.10 (m, 3H), 4.28 – 4.12 (m, 4H), 4.03 – 3.79 (m, 4H), 2.28 (s, 1H), 1.38 (t, J = 7.1 Hz, 6H), 1.08 (t, J = 7.1 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 161.36, 129.79, 129.62, 129.16, 125.55, 62.83 (d, J = 5.6 Hz), 62.40 (d, J = 6.1 Hz), 20.06 (s), 16.49 (d, J = 6.7 Hz), 16.14 (d, J = 6.6 Hz).31P NMR (160 MHz, CDCl3) δ (ppm): 11.78 (d, J = 52.8 Hz), 16.48 (d, J = 52.8 Hz). 



Tetraethyl 2-(2,3dimethylphenyl)-ethene-1,1-bisphosphonate 1d: (brown, 70%), 1H NMR (400 MHz, CDCl3) δ 8.38 (dd, J = 48.0, 28.6 Hz, 1H), 7.37 (d, J = 7.7 Hz, 1H), 7.04 – 6.79 (m, 2H), 4.29 – 4.06 (m, 4H), 4.03 – 3.87 (m, 4H), 3.81 (d, J = 9.9 Hz, 6H), 1.34 (t, J = 7.0 Hz, 6H), 1.09 (t, J = 7.0 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 162.87, 151.90, 147.65, 126.54, 123.25, 119.62, 113.02, 64.25 (dd, J = 16.7, 6.2 Hz), 63.40 (dd, J = 14.3, 6.4 Hz), 60.47, 59.87, 55.88, 16.39, 16.11 (d, J = 3.4 Hz). 31P NMR (162 MHz, CDCl3) δ 16.55 (d, J = 53.1 Hz), 11.92 (d, J = 53.0 Hz). 


Tetraethyl 2-(2-nitrophenyl)-ethene-1,1-bisphosphonate 1e: (clear oil, 58%) 1H NMR (400 MHz, CDCl3) δ 8.56 (s, 1H), 8.43 – 8.11 (m, 1H), 7.97 (d, J = 7.6 Hz, 2H), 7.55 (t, J = 8.0 Hz, 1H), 4.35 – 4.12 (m, 4H), 4.08 – 3.94 (m, 4H), 1.36 (t, J = 7.1 Hz, 6H), 1.18 (t, J = 7.1 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 157.89, 147.86, 135.70, 129.14, 124.79, 124.61, 63.06 (d, J = 5.9 Hz), 62.80 (d, J = 6.3 Hz), 16.39 (d, J = 6.5 Hz), 16.15 (d, J = 6.5 Hz). 31P NMR (162 MHz, CDCl3) δ 15.49 (d, J = 46.9 Hz), 10.71 (d, J = 46.9 Hz). 



Tetraethyl 2-(p-chlorophenyl)-ethene-1,1-bisphosphonate 1f: (pale yellow, 60%), 1H NMR (400 MHz, CDCl3) δ 8.21 (dd, J = 47.5, 29.1 Hz, 1H), 7.69 (d, J = 8.4 Hz, 2H), 7.34 (d, J = 8.5 Hz, 2H), 4.23 – 4.10 (m, 4H), 4.08 – 3.91 (m, 4H), 1.35 (t, J = 7.1 Hz, 6H), 1.16 (t, J = 7.1 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 159.90, 136.81, 131.92, 128.44, 62.86 (d, J = 5.8 Hz), 62.67 (d, J = 6.3 Hz), 16.42 (d, J = 6.6 Hz), 16.17 (d, J = 6.6 Hz). 31P NMR (162 MHz, CDCl3) δ 16.94 (d, J = 48.9 Hz), 11.75 (d, J = 48.9 Hz). 

General procedure for epoxidation
 Tetraethyl 2-phenyl-1,2-epoxyethane-1,1-bisphosphonate 2a: Tetraethyl 2-phenyl-vinyl-1,1-bisphosphonate (0.133g, 0.337 mmol) and sodium tungstate dehydrate (0.024g, 0.0728 mmol) were charged into a three-neck flask containing a mixture of methanol (10 mL) and distilled water (5 mL). A solution of 30 % hydrogen peroxide (0.2 mL) was added while refluxing at 1-hour intervals until the reaction was complete (monitoring by thin layer chromatography). When the reaction was complete, methanol was evaporated under reduced pressure leaving water. The aqueous phase was then extracted three times with ethyl acetate (30 mL). The combined organic layers were dried over anhydrous sodium sulphate, filtered, and evaporated under reduced pressure to give the product as clear oil (77%). 


1H NMR (400 MHz, CDCl3) δ (ppm): 1.15 (m, 6H); 1.43 (m, 6H); 3.73 – 4.28 (m, 4H), 4.30 – 4.38 (m, 4H), 4.70 (t, J = 5.0Hz, 1H), 7.28 – 7.47 (m, 5H) 31P NMR (160 MHz, CDCl3) δ (ppm): 15.01 (d, JPP = 72Hz, 1P); 13.66 (d, JPP = 72Hz, 1P). 13C NMR (101 MHz, CDCl3) δ (ppm) 132.38 (dd, J = 1.3, 0.7 Hz, C-5), 128.37 (s, C-Ar), 127.70 (s, C-Ar), 126.95 (d, J = 0.7 Hz, C-Ar), 63.95 (d, J = 6.4 Hz, C-3), 62.87 (dd, J = 16.4, 6.4 Hz, C-3), 61.89 (t, J = 2.0 Hz, C-2), 56.00 (dd, J = 183.5, 173.1 Hz, C-1), 16.36 (dd, J = 5.8, 3.9 Hz, C-4), 16.03 (d, J = 6.1 Hz, C-4). HRMS (ESI+) m/z = 393.1245 (calculated for C8H10O6P2[M+H+] = 393.1187).


Tetraethyl 2-(4-fluorophenyl)-1,2-epoxyethane-1,1-bipshosphonate 2b: (clear oil, 63%) 1H NMR (400 MHz, CDCl3) δ 7.40 (dd, J = 8.3, 5.4 Hz, 1H), 7.01 (t, J = 8.6 Hz, 1H), 4.63 (t, J = 4.8 Hz, 1H), 4.33 – 4.21 (m, 1H), 4.01 – 3.79 (m, 1H), 1.38 (td, J = 7.0, 1.0 Hz, 1H), 1.14 (dd, J = 12.4, 6.9 Hz, 1H). 31P NMR (CDCl3, 160 MHz) δ (ppm): 15.22 (d, 1P, JPP = 70.4 Hz); 13.65 (d, 1P, 2JPP = 72 Hz). HRMS (ESI+) m/z = 411.1162 (calculated for C16H25FO7P2[M+H+] = 411.1060).



Tetraethyl 2-o-tolyl-1,2-epoxyethane-1,1-bisphosphonate 2c: (pale yellow oil, 91%) 1H NMR (400 MHz, CDCl3) δ 7.36 (d, J = 7.3 Hz, 1H), 7.22 – 7.10 (m, 1H), 4.58 (t, J = 5.2 Hz, 1H), 4.34 – 4.27 (m, 1H), 4.01 – 3.77 (m, 1H), 3.68 – 3.60 (m, 1H), 2.38 (s, 1H), 1.41 – 1.34 (m, 2H), 1.15 (t, J = 7.1 Hz, 1H), 1.07 (t, J = 7.0 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 136.29 (s), 131.20 (s), 129.36 (s), 128.28 (s), 126.63 (s), 125.12 (s), 63.98 (d, J = 3.9 Hz), 63.10 (d, J = 6.5 Hz), 62.82 (d, J = 6.4 Hz), 61.44 (s), 56.01 (dd, J = 185.2, 173.6 Hz), 18.76 (s), 16.42 (d, J = 3.6 Hz), 16.09 (m). 31P NMR (CDCl3, 160 MHz) δ (ppm): 15.70 (d, 1P, JPP = 73.6 Hz); 13.81 (d, 1P, 2JPP = 73.6 Hz). HRMS (ESI+) m/z = 407.1413 (calculated for C17H28O7P2[M+H+] = 407.1310).


Tetraethyl 2-(2,3-dimethoxyphenyl)-1,2-epoxyethane-1,1-bisphosphonate 2d: (brown oil, 72%) 1H NMR (400 MHz, CDCl3) δ 7.04 – 6.86 (m, 3H), 4.71 (t, J = 4.9 Hz, 1H), 4.38 – 4.27 (m, 4H), 4.15 – 3.76 (m, 10H), 1.39 (td, J = 7.0, 2.5 Hz, 6H), 1.20 (t, J = 7.0 Hz, 3H), 1.11 (t, J = 7.0 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 157.67 (s), 152.03 (s), 147.38 (s), 123.42 (s), 122.60 (s), 114.58 (s), 62.72 (d, J = 5.7 Hz), 62.41 (d, J = 6.3 Hz), 60.98 (s), 55.92 (s), 16.31 (d, J = 6.5 Hz), 16.03 (d, J = 6.7 Hz). 31P NMR (160 MHz, CDCl3) δ 15.57 (d, J = 76.3 Hz), 13.63 (d, J = 76.3 Hz). HRMS (ESI+) m/z = 453.1450 (calculated for C18H30O9P2[M+H+] = 453.1365).


[bookmark: _Hlk617754][bookmark: _Toc8656014]Tetraethyl 2-(3-nitrophenyl)-1,2-epoxyethane-1,1-bisphosphonate 2e: (yellow oil, 65%) 1H NMR (400 MHz, CDCl3) δ 8.27 (s, 1H), 8.17 (d, J = 8.1 Hz, 1H), 7.77 (d, J = 7.6 Hz, 1H), 7.52 (t, J = 7.9 Hz, 1H), 4.71 (t, J = 4.4 Hz, 1H), 4.35 – 4.28 (m, 4H), 4.02 – 3.95 (m, 4H), 1.40 (t, J = 6.8 Hz, 6H), 1.15 (td, J = 7.0, 2.6 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 147.70 (s), 134.68 (s), 133.33 (s), 128.81 (s), 123.43 (s), 122.33 (s), 63.41 (m), 56.18 (dd, J = 182.4, 174.8 Hz), 16.41 (m), 16.07 (d, J = 5.9 Hz). 31P NMR (160 MHz, CDCl3) δ 14.11 (d, J = 70.6 Hz), 12.80 (d, J = 70.6 Hz). HRMS (ESI+) m/z = 438.1104 (calculated for C16H25 NO7P2[M+H+] = 438.1005). 

Dealkylation of epoxygembisphosphonates with dibutylamine
Dibutylammonium diethyl (3-phenyloxirane-2,2-diyl)bis(phosphonate) 3a: Tetraethyl 2-phenyl-1,2-epoxyethane-1,1-bisphosphonate 2a (0.3 g, 0.765 mmol) was heated with excess dibutylamine (10 eq) at 120 0C for 48 hours. Unreacted dibutylamine was removed under reduced pressure. The residue was washed with acetone to give the product as a white solid (0.205 g, 45%): 


1H NMR (400 MHz, D2O) δ 7.44 – 7.34 (m, 2H), 7.32 – 7.18 (m, J = 20.3, 7.4 Hz, 3H), 4.38 (t, J = 5.4 Hz, 1H), 4.05 – 3.91 (m, 2H), 3.66 (dd, J = 14.4, 7.1 Hz, 2H), 2.91 (m, 8H), 1.54 (m, 8H), 1.27 (m, 8H), 1.19 (t, J = 7.0 Hz, 3H), 0.97 (t, J = 7.0 Hz, 3H), 0.81 (t, J = 7.3 Hz, 12H). 31P NMR (202 MHz, D2O) δ 13.48 (d, J = 58.8 Hz), 9.79 (d, J = 59.0 Hz). HRMS (ESI+) m/z = 595.3612 (calculated for C28H56 N2 O7P2 [M+H+] = 595.3563).


Dibutylammonium diethyl (3-(4-fluorophenyl)oxirane-2,2-diyl)bis(phosphonate) 3b: (white solid, 56%) 1H NMR (500 MHz, D2O) δ 7.40 – 7.34 (m, 2H), 6.99 (t, J = 9.0 Hz, 2H), 4.35 (t, J = 5.4 Hz, 1H), 4.02 – 3.90 (m, J = 7.2, 2.7 Hz, 2H), 3.73 – 3.62 (m, 2H), 2.95 – 2.85 (m, J = 8.6, 7.0 Hz, 8H), 1.59 – 1.48 (m, 8H), 1.32 – 1.21 (m, 8H), 1.19 (t, J = 7.1 Hz, 3H), 0.98 (t, J = 7.1 Hz, 3H), 0.81 (t, J = 7.4 Hz, 12H). 13C NMR (126 MHz, D2O) δ 163.04 (s), 161.11 (s), 130.67 (s), 128.73 (d, J = 8.4 Hz), 114.44 (d, J = 21.7 Hz), 62.12 (d, J = 5.9 Hz), 61.26 (d, J = 5.7 Hz), 60.97 (m), 60.86 (s), 47.25 (s), 27.50 (s), 19.13 (s), 16.10 (dd, J = 23.7, 5.8 Hz), 12.72 (s). 31P NMR (202 MHz, D2O) δ 13.34 (d, J = 58.4 Hz), 9.69 (d, J = 58.2 Hz). HRMS (ESI+) m/z = 613.3536 (calculated for C28H55 FN2 O7P2[M+H+] = 613.3469).


Dibutylammonium diethyl (3-(o-tolyl)oxirane-2,2-diyl)bis(phosphonate) 3c: (white solid, 40%) 1H NMR (500 MHz, D2O) δ 7.28 (d, J = 7.5 Hz, 1H), 7.20 – 7.03 (m, 3H), 4.32 (t, J = 5.7 Hz, 1H), 4.07 – 3.88 (m, 2H), 3.63 (dqd, J = 10.6, 6.9, 3.4 Hz, 2H), 2.98 – 2.86 (m, 8H), 2.30 (s, 3H), 1.54 (sext, J = 15.4, 7.6 Hz, 8H), 1.34 – 1.22 (m, 8H), 1.20 (t, J = 7.1 Hz, 3H), 0.97 (t, J = 7.1 Hz, 3H), 0.82 (t, J = 7.4 Hz, 12H). 31P NMR (202 MHz, D2O) δ 13.38 (d, J = 60.0 Hz), 9.89 (d, J = 59.2 Hz). HRMS (ESI+) m/z = 609.3793 (calculated for C29H58 N2O7P2[M+H+] = 609.3719). 


Dibutylammonium diethyl (3-(2,3-dimethoxyphenyl)oxirane-2,2-diyl)bis(phosphonate) 3d: (white solid,38%) 1H NMR (500 MHz, D2O) δ 7.09 – 7.04 (m, 1H), 7.01 (m, J = 6.9, 5.3 Hz, 2H), 4.49 (t, J = 5.4 Hz, 1H), 4.09 – 3.96 (m, 2H), 3.85 (s, 3H), 3.84 (s, 3H), 3.71 – 3.58 (m, 2H), 3.00 – 2.91 (m, 8H), 1.65 – 1.52 (m, 8H), 1.32 (m, J = 14.9, 7.4 Hz, 8H), 1.25 (t, J = 7.1 Hz, 3H), 0.96 (t, J = 7.1 Hz, 3H), 0.86 (t, J = 7.4 Hz, 12H). 31P NMR (202 MHz, D2O) δ 13.21 (d, J = 58.9 Hz), 9.61 (d, J = 59.2 Hz). HRMS (ESI+) m/z = 655.3808 (calculated for C30H60 N2O9P2[M+H+] = 655.3774). 

REFERENCES
1. 	Fotsing MCD, Coville N, Mbianda XY. Dioxirane oxidation of 2-Aryl-1-vinyl-1, 1-diphosphane dioxide: A convenient approach for the synthesis of novel 1,2-epoxy-2-aryl ethylgembisphosphonates. Heteroat Chem. 2013;24(3):234-241. doi:10.1002/hc.21084. 
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