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1. General Information 

Reactions were performed in a glovebox filled with N2 using dry and deoxygenated solvents. Toluene 

were distilled over sodium and deoxygenated with N2 and other solvents were used directly from 

commercial sources. All reactions under standard conditions were monitored by thin-layer 

chromatography (TLC) on gel F254 plates. The silica gel (200-300 or 300-400 meshes) was used for 

column chromatography. 1H, 13C, 19F and 31P NMR spectra were recorded in CDCl3, CD3COCD3 or 

CD2Cl2 solution on Bruker Aescend TM 500 MHz instruments and spectral data were reported in ppm. 

The residual solvent peak was used as an internal reference: proton (CDCl3 δ 7.26) and carbon (CDCl3 δ 

77.0), proton (CD3COCD3 δ 2.05) and carbon (CD3COCD3 δ 206.26), proton (CD2Cl2 δ 5.32) and carbon 

(CD2Cl2 δ 53.26). High-resolution mass spectral analysis (HRMS) data were measured by means of the 

ESI technique. Enantiomer excess was determined by HPLC analysis employing Darcel Chiracel 

columns (AD-H, OD-H, IF and IH) and nhexane/iPrOH as eluents. Optical rotations were measured by 

Perkin-Elmer-343 polarimeter. Vinylcyclopropanes were prepared according to references 1 and 2, 

phosphine oxides were prepared according to references 3 and 4. 
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2. Optimization of reaction conditions. 

Table S1. Optimization of reaction conditionsa. 

 

 

Entry Base Ligand Solvent Yield(%)b Ee(%) 

1 K2CO3 L1 Toluene 67 81 

2 K2CO3 L2 Toluene No reaction - 

3 K2CO3 L3 Toluene 81 0 

4 K2CO3 L4 Toluene 86 0 

5 K2CO3 L5 Toluene Trace 4 

6 K2CO3 L6 Toluene 79 0 

7 K2CO3 L1 DCE 24 76 

8 K2CO3 L1 Mesitylene 68 65 

9 K2CO3 L1 MeCN 78 68 

10 K2CO3 L1 1,4-Dioxane 80 63 

11 K2CO3 L1 THF 57 81 

12c K2CO3 L1 Toluene 75 69 

13d K2CO3 L1 Toluene 84(70) 90 

14d 

15d 

16d 

17d 

18d 

KOAc 

NaOAc 

LiOAc 

Na2CO3 

Cs2CO3 

L1 

L1 

L1 

L1 

L1 

Toluene 

Toluene 

Toluene 

Toluene 

Toluene 

86 

79 

79 

85 

81 

89 

89 

90 

89 

89 

aReaction conditions: 1a (0.05 mmol, 1.0 equiv.), 2a (0.05 mmol, 1.0 equiv.), Ni(COD)2 (10 mol%), 

ligand (12 mol%), K2CO3 (20 mol%), solvent (0.5 mL) at 80 oC. Ee value determined by chiral 

HPLC. bDetermined by 31P NMR spectra using trimethyl phosphate as internal standard, in brackets 

is the separation yield. cNi(COD)2 (5 mol%), ligand (6 mol%). d2a (0.1 mmol, 2.0 equiv.) at room 

temperature. 
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3. General procedure for the synthesis of racemic products. 

 

 

To a 4 mL vial were added Ni(COD)2 (10 mol%, 1.4 mg), DPPP (12 mol%, 2.50 mg), and toluene (0.5 

mL) in a N2 flushed glove box. Then the mixture was stirred for 10 minutes followed by the addition of 

K2CO3 (20 mol%, 1.4 mg), vinylcyclopropanes 1 (1.2 equiv, 0.06 mmol) and SPOs 2 (1.0 equiv, 0.05 

mmol). The vial was capped, removed from the glove box, and the system was stirred at 80 oC until 

disappearance of 2 by TLC. The reaction mixture was cooled to room temperature and subjected to silica 

gel column chromatography directly for purification. 

 

 

4. General procedure for the synthesis of chiral products. 

 

 

To a 4 mL vial were added Ni(COD)2 (10 mol%, 2.8 mg), (S, S)-BDPP (12 mol%, 5.2 mg), and toluene 

(1.0 mL) in a N2 flushed glove box. Then the mixture was stirred for 10 minutes followed by the addition 

of K2CO3 (20 mol%, 2.8 mg), vinylcyclopropanes 1 (1.0 equiv, 0.1 mmol) and SPOs 2 (2.0 equiv, 0.2 

mmol). The vial was capped, removed from the glove box, and the system was stirred at 10 0C (2b), 25 

oC (2a, 2c-2d, 2h-2j, 2l-2w), 60 oC (2e, 2g, 2k) or 80 oC (2f) until disappearance of 2 by TLC. The 

reaction mixture was cooled to room temperature, S8 (2.5 equiv, 8.0 mg); Et2NH (2.5 equiv, 18.2 mg) 

(2a-2j, 2l-2n, 2p-2w) or 30% H2O2 aqueous solution (20 μL) (2k, 2o) were added to the mixture and 

stirred for 1 h to remove the remaining SPOs. The reaction mixture was then subjected to silica gel 

column chromatography directly for purification. 
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5. Synthetic applications. 

5.1 3 mmol-scale synthesis. 

 

 
 

To a 100 mL Schlenk reaction bottle were added Ni(COD)2 (10 mol%, 82.5 mg), ligand (S, S)-BDPP (12 

mol%, 158.5 mg), and toluene (30 mL) in a N2 flushed glove box. Then the mixture was stirred for 30 

minutes followed by the addition of K2CO3 (20 mol%, 82.8 mg), vinylcyclopropanes 1 (1.0 equiv, 3.0 

mmol) and SPOs 2 (2.0 equiv, 6.0 mmol). The 100 mL Schlenk reaction bottle was capped, removed 

from the glove box, and the system was stirred at 25 oC until disappearance of 2 by TLC (9 days). The 

reaction mixture was cooled to room temperature, S8 (2.5 equiv, 0.24 g) and Et2NH (2.5 equiv, 0.55 g) 

were added to the mixture and stirred 2 h to remove the remaining SPO. Then, the reaction mixture was 

concentrated in vacuo. Purification by silica gel column chromatography with 95:5 EtOAc/MeOH afford 

the desired product 3a in 71% yield (0.78 g) with 90% ee. 

 

 

 

 

 

 

5.2 Decarboxylation. 

 

 

According to reference 5, a 4 mL vial was charged with tertiary phosphine oxide 3a (0.1 mmol), LiCl 

(2.0 equiv, 8.5 mg) and DMAc (0.5 mL). The solution was heated at 140 °C for 6 h. The reaction mixture 

was cooled to room temperature and diluted with EtOAc (5 mL) and water (5 mL). The organic phase 

was separated and washed with additional water (5 mL x 2) and the organic layer was dried over 

anhydrous MgSO4, filtered and concentrated in vacuo. Purification by silica gel column chromatography 

with 95:5 EtOAc/MeOH afford the desired product 3a in 45% yield (13.3 mg) with 90% ee. 
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5.3 Reduction to P-stereogenic phosphine (III). 

 

 
According to reference 6, to a stirred solution of MeOTf (0.12 mmol) in DME (0.2 mL) in a 4 mL vial, 

tertiary phosphine oxide 3i (0.1 mmol) in DME (0.2 mL) was added dropwise at room temperature. The 

reaction was heated at 50 oC overnight. After cooling to room temperature, a dispersion of NaBH4 (0.3 

mmol) in diglyme (0.5 mL) was added dropwise to the vial. The reaction mixture was stirred for 

additional 3 hours at 50 oC before being cooled to room temperature and diluted with DCM (5 mL). 

Water was then added dropwise to quench the remaining NaBH4. The mixture was washed with water (5 

mL x 3) and the organic layer was dried over anhydrous MgSO4, filtered and concentrated in vacuo. 

Purification by silica gel column chromatography with 90:10 PE/EtOAc afford the desired product 4i in 

58% yield (21.9 mg) with 89% ee. 
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6. Spectroscopic data of products. 

 (3a) Colorless oil, Rf = 0.34 (ethyl acetate/methanol = 5:1), 70% 

yield (25.6 mg), 1H NMR (500 MHz, Chloroform-d) δ 7.67 (ddd, 

J = 10.8, 8.2, 1.5 Hz, 2H), 7.56 – 7.45 (m, 3H), 5.66 – 5.38 (m, 

2H), 4.25 – 4.08 (m, 4H), 3.31 (t, J = 7.5 Hz, 1H), 2.73 (dd, J = 

14.8, 6.0 Hz, 2H), 2.58 (ddt, J = 7.7, 6.1, 2.8 Hz, 2H), 2.08 – 1.96 (m, 1H), 1.94 – 1.81 (m, 1H), 1.25 (t, 

J = 7.1 Hz, 6H), 1.11 (dt, J = 17.1, 7.7 Hz, 3H). 13C NMR (126 MHz, Chloroform-d) δ 168.74 (d, J = 

2.6 Hz), 131.67 (d, J = 2.7 Hz), 131.60 (d, J = 11.4 Hz), 131.53 (d, J = 92.8 Hz), 130.54 (d, J = 8.6 Hz), 

128.56 (d, J = 11.3 Hz), 122.31 (d, J = 8.6 Hz), 61.44, 51.69 (d, J = 3.3 Hz), 34.67 (d, J = 65.2 Hz), 31.70 

(d, J = 2.3 Hz), 21.41 (d, J = 70.3 Hz), 14.03, 5.28 (d, J = 5.2 Hz). 31P NMR (202 MHz, Chloroform-d) 

δ 39.9. HRMS (ESI) calcd for C19H27O5PNa+ [M+Na]+ 389.1488, Found 389.1490. The enantiomeric 

excess was determined by Daicel Chiralcel OD-H (90% ee), n-Hexanes/IPA = 80/20, 1 mL/min, λ = 210 

nm, t (major) = 8.25 min, t (minor) = 6.99 min. [α]D
20 = -8.5 (c = 0.2, acetone). 

 

(3b) Colorless oil, Rf = 0.31 (Ethyl acetate/methanol = 5:1), 79% 

yield (27.8 mg), 1H NMR (500 MHz, Chloroform-d) δ 7.71 – 

7.63 (m, 2H), 7.50 (dtt, J = 14.7, 7.0, 4.3 Hz, 3H), 5.51 (m, 2H), 

4.17 (dtt, J = 10.8, 7.2, 3.8 Hz, 4H), 3.32 (t, J = 7.4 Hz, 1H), 

2.77 – 2.64 (m, 2H), 2.59 (dq, J = 7.0, 3.8, 3.2 Hz, 2H), 1.68 (d, J = 12.8 Hz, 3H), 1.24 (t, J = 7.1 Hz, 

6H). 13C NMR (126 MHz, Chloroform-d) δ 168.72 (d, J = 2.6 Hz), 133.26 (d, J = 96.1 Hz), 131.77 (d, 

J = 10.1 Hz), 131.72 – 131.71 (d, J = 1.3 Hz), 130.10 (d, J = 9.0 Hz), 128.58 (d, J = 11.5 Hz), 122.43 (d, 

J = 8.8 Hz), 61.44, 51.71 (d, J = 3.4 Hz), 36.81 (d, J = 67.0 Hz), 31.72 (d, J = 2.4 Hz), 14.72 (d, J = 70.9 

Hz), 14.04. 31P NMR (202 MHz, Chloroform-d) δ 35.1. HRMS (ESI) calcd for C18H26O5P+ [M+H]+ 

353.1512, Found 353.1515. The enantiomeric excess was determined by Daicel Chiralcel OD-H (91% 

ee), n-Hexanes/IPA = 80/20, 1 mL/min, λ = 210 nm, t (major) = 9.60 min, t (minor) = 8.70 min. [α]D
20 = 

-3.9 (c = 0.3, acetone).  

 

 

 (3c) Colorless oil, Rf = 0.37 (Ethyl acetate/methanol = 7:1), 81% 

yield (30.8 mg), 1H NMR (500 MHz, Chloroform-d) δ 7.73 – 7.61 

(m, 2H), 7.49 (dtt, J = 14.3, 6.6, 4.0 Hz, 3H), 5.62 – 5.37 (m, 2H), 

4.26 – 4.04 (m, 4H), 3.30 (t, J = 7.4 Hz, 1H), 2.71 (dd, J = 14.9, 

6.1 Hz, 2H), 2.57 (dq, J = 7.2, 3.3 Hz, 2H), 2.05 – 1.90 (m, 1H), 1.84 (tdd, J = 14.7, 10.1, 5.0 Hz, 1H), 

1.75 – 1.57 (m, 1H), 1.56 – 1.41 (m, 1H), 1.24 (t, J = 7.1 Hz, 6H), 0.98 (t, J = 7.3 Hz, 3H). 13C NMR 

(126 MHz, Chloroform-d) δ 168.72 (d, J = 1.5 Hz), 132.18 (d, J = 91.9 Hz), 131.58, 131.53 (d, J = 9.1 

Hz), 130.48 (d, J = 8.7 Hz), 128.51 (d, J = 11.3 Hz), 122.42 (dd, J = 8.7, 2.7 Hz), 61.41, 51.73 (d, J = 

3.2 Hz), 35.27 (d, J = 65.0 Hz), 31.72 (d, J = 2.3 Hz), 30.64 (d, J = 69.2 Hz), 15.60 (d, J = 14.9 Hz), 

15.00 (d, J = 4.1 Hz), 14.04. 31P NMR (202 MHz, Chloroform-d) δ 37.6. HRMS (ESI) calcd for 

C20H30O5P+ [M+H]+ 381.1825, Found 381.1837. The enantiomeric excess was determined by Daicel 

Chiralcel OD-H (87% ee), n-Hexanes/IPA = 90/10, 1 mL/min, λ = 210 nm, t (major) = 17.28 min, t 

(minor) = 13.48 min. [α]D
20 = -5.9 (c = 0.3, acetone). 
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(3d) Colorless oil, Rf = 0.56 (Ethyl acetate/methanol = 7:1), 58% 

yield (25.7 mg), 1H NMR (500 MHz, Methylene Chloride-d2) δ 

7.69 (ddt, J = 9.6, 6.8, 1.5 Hz, 2H), 7.58 – 7.47 (m, 4H), 7.26 (dd, 

J = 8.2, 7.0 Hz, 2H), 7.20 – 7.15 (m, 3H), 5.57 – 5.39 (m, 2H), 

4.11 (ddtd, J = 17.9, 10.8, 7.0, 3.4 Hz, 5H), 3.30 (t, J = 7.5 Hz, 

1H), 2.93 (dddd, J = 14.2, 12.6, 7.9, 5.1 Hz, 1H), 2.80 – 2.62 (m, 4H), 2.55 (dp, J = 7.9, 2.3 Hz, 2H), 

2.31 (dtd, J = 14.8, 12.3, 5.0 Hz, 1H), 2.15 (dddd, J = 14.8, 12.1, 8.8, 4.8 Hz, 1H), 1.21 (td, J = 7.1, 3.5 

Hz, 6H). 13C NMR (126 MHz, Methylene Chloride-d2) δ 169.04, 141.84 (d, J = 14.3 Hz), 132.83 (d, J 

= 92.5 Hz), 130.93 (d, J = 8.7 Hz), 128.96 (d, J = 11.1 Hz), 128.88, 128.48, 126.59, 122.80 (d, J = 8.7 

Hz), 61.76, 52.11 (d, J = 3.2 Hz), 35.76 (d, J = 65.1 Hz), 32.13 (d, J = 2.3 Hz), 30.98 (d, J = 67.1 Hz), 

27.72 (d, J = 3.4 Hz), 14.25. 31P NMR (202 MHz, Methylene Chloride-d2) δ 35.8. HRMS (ESI) calcd 

for C25H32O5P+ [M+H]+ 443.1982, Found 443.1993. The enantiomeric excess was determined by Daicel 

Chiralcel OD-H (78% ee), n-Hexanes/IPA = 80/20, 1 mL/min, λ = 210 nm, t (major) = 13.43 min, t 

(minor) = 10.41 min. [α]D
20 = +4.1 (c = 0.2, acetone). 

  

(3e) White solid, Rf = 0.52 (Ethyl acetate/methanol = 7:1), 65% 

yield (27.8 mg ), 1H NMR (500 MHz, Acetone-d6) δ 7.73 (ddd, J 

= 10.8, 8.2, 1.4 Hz, 2H), 7.56 – 7.50 (m, 1H), 7.49 – 7.44 (m, 2H), 

7.23 – 7.11 (m, 5H), 5.60 – 5.46 (m, 2H), 4.20 – 4.04 (m, 4H), 

3.47 (t, J = 14.7 Hz, 1H), 3.42 – 3.32 (m, 2H), 2.83 – 2.74 (m, 2H), 2.54 – 2.46 (m, 2H), 1.20 (td, J = 

7.1, 3.1 Hz, 6H). 13C NMR (126 MHz, Acetone-d6) δ 169.43, 134.01 (d, J = 92.5 Hz), 133.83 (d, J = 7.8 

Hz), 132.31 (d, J = 2.7 Hz), 132.29 (d, J = 11.5 Hz), 132.02 (d, J = 8.6 Hz), 131.08 (d, J = 5.1 Hz), 

129.19 (d, J = 11.1 Hz), 129.04 (d, J = 2.5 Hz), 127.28 (d, J = 2.8 Hz), 123.82 (d, J = 9.0 Hz), 61.88, 

52.58 (d, J = 3.2 Hz), 37.74 (d, J = 63.3 Hz), 35.18 (d, J = 65.7 Hz), 32.71 (d, J = 2.2 Hz), 14.53. 31P 

NMR (202 MHz, Acetone-d6) δ 32.4. HRMS (ESI) calcd for C24H30O5P+ [M+H]+ 429.1825, Found 

429.1828. The enantiomeric excess was determined by Daicel Chiralcel OD-H (66% ee), n-Hexanes/IPA 

= 90/10, 1 mL/min, λ = 210 nm, t (major) = 35.80 min, t (minor) = 26.26 min. [α]D
20 = -1.7 (c = 0.3, 

acetone).  

 

(3f) Colorless oil, Rf = 0.34 (Ethyl acetate/methanol = 7:1), 48% 

yield (18.3 mg), 1H NMR (500 MHz, Chloroform-d) δ 7.75 – 7.61 

(m, 2H), 7.49 (dtd, J = 14.4, 7.1, 2.0 Hz, 3H), 5.50 (m, 2H), 4.26 

– 4.06 (m, 4H), 3.28 (t, J = 7.4 Hz, 1H), 2.89 – 2.68 (m, 2H), 2.55 

(ddd, J = 8.3, 5.7, 2.8 Hz, 2H), 2.18 – 2.01 (m, J = 7.4, 6.9 Hz, 1H), 1.34 – 1.18 (m, 10H), 1.03 (dd, J = 

16.3, 7.2 Hz, 3H). 13C NMR (126 MHz, Chloroform-d) δ 168.72 (d, J = 2.3 Hz), 131.50, 131.46 (d, J = 

14.0 Hz), 131.00 (d, J = 8.1 Hz), 130.83 (d, J = 90.0 Hz), 128.38 (d, J = 10.8 Hz), 122.36 (d, J = 8.4 Hz), 

61.39, 51.73 (d, J = 3.0 Hz), 32.25 (d, J = 63.1 Hz), 31.72 (d, J = 2.1 Hz), 27.31 (d, J = 69.6 Hz), 15.54 

(d, J = 2.5 Hz), 14.90 (d, J = 3.0 Hz), 14.03. 31P NMR (202 MHz, Chloroform-d) δ 43.1. HRMS (ESI) 

calcd for C20H30O5P+ [M+H]+ 381.1825, Found 381.1826. The enantiomeric excess was determined by 

Daicel Chiralcel OD-H (62% ee), n-Hexanes/IPA = 80/20, 1 mL/min, λ = 210 nm, t (major) = 7.72 min, 

t (minor) = 6.30 min. [α]D
20 = -0.2 (c = 0.5, acetone).  
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 (3g) Colorless oil, Rf = 0.36 (Ethyl acetate/methanol = 7:1), 66% 

yield (25.0 mg ), 1H NMR (500 MHz, Chloroform-d) δ 7.92 – 

7.65 (m, 2H), 7.64 – 7.40 (m, 3H), 5.67 – 5.35 (m, 2H), 4.16 (ttd, 

J = 10.9, 7.1, 3.7 Hz, 4H), 3.30 (t, J = 7.5 Hz, 1H), 2.92 – 2.67 (m, 

2H), 2.62 – 2.49 (m, 2H), 1.24 (td, J = 7.1, 1.3 Hz, 6H), 1.11 – 0.98 (m, 2H), 0.96 – 0.75 (m, 3H). 13C 

NMR (126 MHz, Chloroform-d) δ 168.74 (d, J = 2.4 Hz), 133.02 (d, J = 98.4 Hz), 131.56 (d, J = 2.7 

Hz), 131.36 (d, J = 11.7 Hz), 130.40 (d, J = 8.7 Hz), 128.44 (d, J = 11.3 Hz), 122.56 (d, J = 8.5 Hz), 

61.41, 51.76 (d, J = 3.4 Hz), 35.72 (d, J = 69.0 Hz), 31.75 (d, J = 2.2 Hz), 14.04, 5.82 (d, J = 101.6 Hz), 

2.40 (dd, J = 73.3, 4.1 Hz). 31P NMR (202 MHz, Chloroform-d) δ 36.1. HRMS (ESI) calcd for 

C20H28O5P+ [M+H]+ 379.1669, Found 379.1675. The enantiomeric excess was determined by Daicel 

Chiralcel OD-H (46% ee), n-Hexanes/IPA = 90/10, 1 mL/min, λ = 210 nm, t (major) = 17.88 min, t 

(minor) = 15.92 min. [α]D
20 = -12.5 (c = 0.2, acetone).  

 

 (3h) Colorless oil, Rf = 0.40 (Ethyl acetate/methanol = 7:1), 67% 

yield (25.3 mg), 1H NMR (500 MHz, Chloroform-d) δ 7.79 – 7.61 

(m, 2H), 7.63 – 7.41 (m, 3H), 5.76 (dddd, J = 17.5, 12.7, 8.8, 6.2 

Hz, 1H), 5.54 (dq, J = 5.9, 2.9 Hz, 2H), 5.27 – 5.07 (m, 2H), 4.25 

– 4.05 (m, 4H), 3.33 (t, J = 7.4 Hz, 1H), 2.82 (m, 4H), 2.60 (dt, J = 8.3, 3.5 Hz, 2H), 1.25 (t, J = 7.1 Hz, 

6H). 13C NMR (126 MHz, Chloroform-d) δ 168.72 (d, J = 2.4 Hz), 131.97 (d, J = 11.8 Hz), 131.78 (d, 

J = 2.8 Hz), 131.60 (d, J = 93.8 Hz), 130.65 (d, J = 8.5 Hz), 128.50 (d, J = 11.4 Hz), 127.26 (d, J = 8.9 

Hz), 122.07 (d, J = 8.8 Hz), 120.76 (d, J = 11.5 Hz), 61.44, 51.71 (d, J = 3.3 Hz), 35.06 (d, J = 65.7 Hz), 

34.07 (d, J = 66.0 Hz), 31.74 (d, J = 2.2 Hz), 14.04. 31P NMR (202 MHz, Chloroform-d) δ 34.9. HRMS 

(ESI) calcd for C20H28O5P+ [M+H]+ 379.1669, Found 379.1685. The enantiomeric excess was 

determined by Daicel Chiralcel OD-H (56% ee), n-Hexanes/IPA = 80/20, 1 mL/min, λ = 210 nm, t (major) 

= 8.83 min, t (minor) = 7.57 min. [α]D
20 = -5.1 (c = 0.5, acetone).  

 

(3i) Colorless oil, Rf = 0.29 (Ethyl acetate/methanol = 7:1), 

76% (28.9 mg) yield, 1H NMR (500 MHz, Chloroform-d) δ 

7.56 – 7.50 (m, 2H), 7.30 – 7.26 (m, 2H), 5.60 – 5.39 (m, 

2H), 4.26 – 4.07 (m, 4H), 3.31 (t, J = 7.5 Hz, 1H), 2.75 – 

2.64 (m, 2H), 2.57 (dq, J = 8.0, 3.3, 2.4 Hz, 2H), 2.39 (s, 3H), 1.96 (m, 1H), 1.84 (m, 1H), 1.23 (t, J = 

7.2 Hz, 6H), 1.08 (dt, J = 17.0, 7.7 Hz, 3H). 13C NMR (126 MHz, Chloroform-d) δ 168.72 (d, J = 2.8 

Hz), 142.02 (d, J = 2.8 Hz), 131.34 (d, J = 11.4 Hz), 130.54 (d, J = 8.8 Hz), 129.27 (d, J = 11.6 Hz), 

128.26 (d, J = 95.1 Hz), 122.56 (d, J = 8.6 Hz), 61.39, 51.70 (d, J = 3.2 Hz), 34.84 (d, J = 65.2 Hz), 31.71 

(d, J = 2.2 Hz), 21.50, 21.46 (d, J = 70.4 Hz), 14.02, 5.29 (d, J = 5.0 Hz). 31P NMR (202 MHz, 

Chloroform-d) δ 39.6. HRMS (ESI) calcd for C20H30O5P+ [M+H]+ 381.1825, Found 381.1829. The 

enantiomeric excess was determined by Daicel Chiralcel IF (90% ee), n-Hexanes/IPA = 80/20, 1 mL/min, 

λ = 210, t (major) = 27.12 min, t (minor) = 31.82 min. [α]D
20 = -9.4 (c = 1.2, acetone).  

 

(3j) Colorless oil, Rf = 0.32 (Ethyl acetate/methanol = 7:1), 

67% yield (25.6 mg), 1H NMR (500 MHz, Chloroform-d) δ 

7.53 (d, J = 11.3 Hz, 1H), 7.45 – 7.29 (m, 3H), 5.59 – 5.44 

(m, 2H), 4.26 – 4.08 (m, 4H), 3.31 (t, J = 7.5 Hz, 1H), 2.70 

(dd, J = 14.8, 6.0 Hz, 2H), 2.61 – 2.54 (m, 2H), 2.39 (s, 3H), 2.09 – 1.96 (m, 1H), 1.86 (m, 1H), 1.24 (t, 
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J = 7.1 Hz, 6H), 1.10 (dt, J = 17.1, 7.7 Hz, 3H). 13C NMR (126 MHz, Chloroform-d) δ 168.73 (d, J = 

3.0 Hz), 138.47 (d, J = 11.0 Hz), 132.41 (d, J = 2.8 Hz), 131.48 (d, J = 92.4 Hz), 131.46 (d, J = 11.2 Hz), 

131.28 (d, J = 8.2 Hz), 128.37 (d, J = 11.9 Hz), 127.31 (d, J = 9.0 Hz), 122.47 (d, J = 8.6 Hz), 61.40, 

51.74 (d, J = 3.1 Hz), 34.77 (d, J = 65.0 Hz), 31.72 (d, J = 2.2 Hz), 21.45 (d, J = 70.3 Hz), 21.35, 14.03, 

5.31 (d, J = 5.1 Hz). 31P NMR (202 MHz, Chloroform-d) δ 39.6. HRMS (ESI) calcd for C20H30O5P+ 

[M+H]+ 381.1825, Found 381.1829. The enantiomeric excess was determined by Daicel Chiralcel OD-

H (87% ee), n-Hexanes/IPA = 80/20, 1 mL/min, λ = 210 nm, t (major) = 7.44 min, t (minor) = 6.33 min. 

[α]D
20 = -7.6 (c = 0.6, acetone).  

 

(3k) Colorless oil, Rf = 0.35 (Ethyl acetate/methanol = 5:1), 39% 

yield (14.8 mg), 1H NMR (500 MHz, Chloroform-d) δ 7.54 (ddd, 

J = 12.1, 7.6, 1.4 Hz, 1H), 7.39 (tt, J = 7.5, 1.5 Hz, 1H), 7.30 – 

7.21 (m, 2H), 5.51 (m, 2H), 4.16 (ddp, J = 10.8, 7.2, 3.6 Hz, 5H), 

3.29 (t, J = 7.5 Hz, 1H), 2.87 – 2.72 (m, 2H), 2.63 (d, J = 1.3 Hz, 3H), 2.56 (qd, J = 4.7, 1.9 Hz, 2H), 

2.13 – 1.91 (m, 2H), 1.24 (td, J = 7.1, 1.2 Hz, 6H), 1.13 (dt, J = 17.1, 7.6 Hz, 3H). 13C NMR (126 MHz, 

Chloroform-d) δ 168.75, 141.60 (d, J = 8.1 Hz), 131.92 (d, J = 10.4 Hz), 131.77 (d, J = 9.7 Hz), 131.61 

(d, J = 2.6 Hz), 131.30 (d, J = 11.5 Hz), 129.53 (d, J = 90.1 Hz), 125.57 (d, J = 11.3 Hz), 122.69 (d, J = 

8.3 Hz), 61.42, 51.78 (d, J = 3.0 Hz), 34.51 (d, J = 64.5 Hz), 31.73 (d, J = 2.2 Hz), 21.61 (d, J = 70.2 

Hz), 21.55 (d, J = 3.1 Hz), 14.05, 5.55 (d, J = 5.0 Hz). 31P NMR (202 MHz, Chloroform-d) δ 42.3. 

HRMS (ESI) calcd for C20H30O5P+ [M+H]+ 381.1825, Found 381.1826. The enantiomeric excess was 

determined by Daicel Chiralcel IH (64% ee), n-Hexanes/IPA = 80/20, 1 mL/min, λ = 210 nm, t (major) 

= 30.44 min, t (minor) = 27.22 min. [α]D
20 = -9.3 (c = 0.3, acetone).  

 

(3l) Colorless oil, Rf = 0.35 (Ethyl acetate/methanol = 5:1), 

72% yield (28.6 mg), 1H NMR (500 MHz, Chloroform-d) 

δ 7.57 (dd, J = 10.4, 8.7 Hz, 2H), 6.97 (dd, J = 8.8, 2.2 Hz, 

2H), 5.55 – 5.42 (m, 2H), 4.24 – 4.07 (m, 5H), 3.83 (s, 3H), 

3.30 (t, J = 7.5 Hz, 1H), 2.67 (dd, J = 14.9, 6.0 Hz, 2H), 2.56 (ddt, J = 7.4, 5.4, 2.6 Hz, 2H), 1.96 (ddq, 

J = 15.3, 12.9, 7.6 Hz, 1H), 1.83 (ddq, J = 15.2, 9.6, 7.7 Hz, 1H), 1.23 (t, J = 7.1 Hz, 6H), 1.08 (dt, J = 

17.1, 7.7 Hz, 3H). 13C NMR (126 MHz, Chloroform-d) δ 168.71 (d, J = 3.2 Hz), 162.23 (d, J = 2.8 Hz), 

132.32 (d, J = 9.7 Hz), 131.33 (d, J = 11.4 Hz), 122.60 (d, J = 8.5 Hz), 122.58 (d, J = 98.8 Hz), 114.10 

(d, J = 12.3 Hz), 61.39, 55.24, 51.71 (d, J = 3.2 Hz), 34.95 (d, J = 65.5 Hz), 31.70 (d, J = 2.2 Hz), 21.56 

(d, J = 70.7 Hz), 14.00, 5.27 (d, J = 5.1 Hz). 31P NMR (202 MHz, Chloroform-d) δ 39.5. HRMS (ESI) 

calcd for C20H29O6PNa+ [M+Na]+ 419.1594, Found 419.1595. The enantiomeric excess was determined 

by Daicel Chiralcel OD-H (88% ee), n-Hexanes/IPA = 80/20, 1 mL/min, λ = 210 nm, t (major) = 8.78 

min, t (minor) = 7.69 min. [α]D
20 = -12.7 (c = 1.2, acetone).  

 

(3m) Colorless oil, Rf = 0.32 (Ethyl acetate/methanol = 7:1), 

66% yield (27.8 mg), 1H NMR (500 MHz, Chloroform-d) δ 

7.58 (dd, J = 10.5, 8.4 Hz, 2H), 7.48 (dd, J = 8.4, 2.5 Hz, 

2H), 5.52 (m, 2H), 4.25 – 4.08 (m, 4H), 3.32 (t, J = 7.5 Hz, 

1H), 2.78 – 2.66 (m, 2H), 2.59 (qd, J = 4.8, 1.9 Hz, 2H), 1.98 

(ddq, J = 15.3, 13.0, 7.6 Hz, 1H), 1.85 (ddq, J = 15.2, 9.6, 7.6 Hz, 1H), 1.33 (s, 9H), 1.24 (t, J = 7.1 Hz, 

6H), 1.10 (dt, J = 17.0, 7.7 Hz, 3H). 13C NMR (126 MHz, Chloroform-d) δ 168.75 (d, J = 2.2 Hz), 
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155.02 (d, J = 2.8 Hz), 131.28 (d, J = 11.4 Hz), 130.39 (d, J = 8.9 Hz), 128.36 (d, J = 95.0 Hz), 125.53 

(d, J = 11.4 Hz), 122.70 (d, J = 8.3 Hz), 61.42 (d, J = 2.4 Hz), 51.71 (d, J = 3.2 Hz), 34.92, 34.84 (d, J = 

65.1 Hz), 31.75 (d, J = 2.2 Hz), 31.08, 21.41 (d, J = 70.6 Hz), 14.04, 5.34 (d, J = 5.0 Hz). 31P NMR (202 

MHz, Chloroform-d) δ 39.2. HRMS (ESI) calcd for C23H36O5P+ [M+H]+ 423.2295, Found 423.2298. 

The enantiomeric excess was determined by Daicel Chiralcel AD-H (80% ee), n-Hexanes/IPA = 80/20, 

1 mL/min, λ = 210 nm, t (major) = 6.29 min, t (minor) = 6.94 min. [α]D
20 = -11.6 (c = 0.8, acetone).  

 

(3n) White solid, Rf = 0.35 (Ethyl acetate/methanol = 4:1), 

84% yield (37.2 mg), 1H NMR (500 MHz, Chloroform-d) δ 

7.82 – 7.66 (m, 4H), 7.66 – 7.55 (m, 2H), 7.49 – 7.41 (m, 

2H), 7.42 – 7.33 (m, 1H), 5.53 (m, 2H), 4.24 – 4.02 (m, 4H), 

3.33 (t, J = 7.5 Hz, 1H), 2.83 – 2.69 (m, 2H), 2.66 – 2.54 (m, 2H), 2.03 (ddq, J = 15.3, 12.9, 7.6 Hz, 1H), 

1.91 (ddq, J = 15.2, 9.5, 7.7 Hz, 1H), 1.22 (td, J = 7.1, 4.2 Hz, 6H), 1.13 (dt, J = 17.2, 7.7 Hz, 3H). 13C 

NMR (126 MHz, Chloroform-d) δ 168.71 (d, J = 2.4 Hz), 144.45 (d, J = 2.8 Hz), 139.82, 131.64 (d, J = 

11.5 Hz), 131.05 (d, J = 8.8 Hz), 130.03 (d, J = 93.8 Hz), 128.88, 128.07, 127.20 (d, J = 11.4 Hz), 127.19, 

122.29 (d, J = 8.5 Hz), 61.42, 51.66 (d, J = 3.2 Hz), 34.72 (d, J = 65.3 Hz), 31.69, 21.47 (d, J = 70.5 Hz), 

13.99 (d, J = 1.6 Hz), 5.29 (d, J = 5.2 Hz). 31P NMR (202 MHz, Chloroform-d) δ 40.0. HRMS (ESI) 

calcd for C25H32O5P+ [M+H]+ 443.1982, Found 443.1986. The enantiomeric excess was determined by 

Daicel Chiralcel OD-H (87% ee), n-Hexanes/IPA = 80/20, 1 mL/min, λ = 210 nm, t (major) = 10.59 min, 

t (minor) = 8.86 min. [α]D
20 = -11.0 (c = 0.4, acetone).  

 

 (3o) Colorless oil, Rf = 0.31 (Ethyl acetate/methanol = 4:1), 

64% yield (24.6 mg), 1H NMR (500 MHz, Chloroform-d) δ 

7.76 – 7.57 (m, 2H), 7.17 (td, J = 8.7, 2.0 Hz, 2H), 5.49 (m, 

2H), 4.24 – 4.07 (m, 4H), 3.30 (t, J = 7.4 Hz, 1H), 2.79 – 2.65 

(m, 2H), 2.58 (tdd, J = 7.8, 4.0, 2.2 Hz, 2H), 2.00 (ddq, J = 15.2, 12.8, 7.6 Hz, 1H), 1.86 (ddq, J = 15.2, 

9.5, 7.6 Hz, 1H), 1.24 (t, J = 7.1 Hz, 5H), 1.10 (dt, J = 17.2, 7.7 Hz, 3H). 13C NMR (126 MHz, 

Chloroform-d) δ 168.69 (d, J = 3.1 Hz), 164.90 (dd, J = 252.7, 3.1 Hz), 133.04 (t, J = 9.3 Hz), 131.78 (d, 

J = 11.5 Hz), 127.49 (dd, J = 94.7, 3.3 Hz), 122.18 (d, J = 8.7 Hz), 115.92 (dd, J = 21.3, 12.2 Hz), 61.45, 

51.66 (d, J = 3.2 Hz), 34.85 (d, J = 65.6 Hz), 31.69 (d, J = 2.3 Hz), 21.59 (d, J = 70.6 Hz), 14.03, 5.25 

(d, J = 5.3 Hz). 31P NMR (202 MHz, Chloroform-d) δ 39.0. 19F NMR (471 MHz, Chloroform-d) δ -

107.30. HRMS (ESI) calcd for C19H26FO5PNa+ [M+Na]+ 407.1394, Found 407.1397. The enantiomeric 

excess was determined by Daicel Chiralcel OD-H (82% ee), n-Hexanes/IPA = 80/20, 1 mL/min, λ = 210 

nm, t (major) = 17.20 min, t (minor) = 16.23 min. [α]D
20 = -7.2 (c = 0.6, acetone).  

 

(3p) Colorless oil, Rf = 0.37 (Ethyl acetate/methanol = 7:1), 

58% yield (22.9 mg), 1H NMR (500 MHz, Methylene 

Chloride-d2) δ 7.25 (dd, J = 11.0, 1.7 Hz, 2H), 7.16 (s, 1H), 

5.54 – 5.43 (m, 2H), 4.13 (dtdd, J = 9.4, 6.9, 4.6, 2.4 Hz, 

5H), 3.30 (t, J = 7.5 Hz, 1H), 2.70 – 2.60 (m, 2H), 2.58 – 

2.51 (m, 2H), 2.36 (s, 6H), 1.94 (ddq, J = 15.2, 12.9, 7.7 Hz, 1H), 1.81 (ddq, J = 15.1, 9.5, 7.7 Hz, 1H), 

1.23 (t, J = 7.1 Hz, 6H), 1.05 (dt, J = 16.9, 7.7 Hz, 3H). 13C NMR (126 MHz, Methylene Chloride-d2) δ 

169.09 (d, J = 2.2 Hz), 138.69 (d, J = 11.6 Hz), 133.50 (d, J = 2.9 Hz), 132.48 (d, J = 91.8 Hz), 131.55 

(d, J = 11.2 Hz), 128.50 (d, J = 8.7 Hz), 123.20 (d, J = 8.7 Hz), 61.76, 52.24 (d, J = 3.2 Hz), 35.15 (d, J 
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= 64.6 Hz), 32.16 (d, J = 2.2 Hz), 22.01 (d, J = 70.1 Hz), 21.40, 14.26, 5.56 (d, J = 5.2 Hz). 31P NMR 

(202 MHz, Methylene Chloride-d2) δ 38.1. HRMS (ESI) calcd for C21H32O5P+ [M+Na]+ 395.1982, 

Found 395.1982. The enantiomeric excess was determined by Daicel Chiralcel OD-H (88% ee), n-

Hexanes/IPA = 90/10, 1 mL/min, λ = 210 nm, t (major) = 14.45 min, t (minor) = 12.26 min. [α]D
20 = -

7.0 (c = 1.1, acetone).  

 

(3q) Colorless oil, Rf = 0.39 (Ethyl acetate/methanol = 5:1), 

68% yield (27.9 mg), 1H NMR (500 MHz, Chloroform-d) δ 

7.18 (ddd, J = 11.4, 7.9, 1.5 Hz, 1H), 7.07 (dd, J = 10.3, 1.5 

Hz, 1H), 6.89 (dd, J = 7.9, 2.2 Hz, 1H), 6.02 (s, 2H), 5.49 

(m, 2H), 4.22 – 4.08 (m, 4H), 3.31 (t, J = 7.4 Hz, 1H), 2.70 – 2.63 (m, 2H), 2.58 (qd, J = 4.6, 2.7 Hz, 

2H), 1.95 (ddq, J = 15.2, 13.0, 7.6 Hz, 1H), 1.81 (ddq, J = 15.3, 9.5, 7.7 Hz, 1H), 1.23 (t, J = 7.1 Hz, 6H), 

1.09 (dt, J = 17.1, 7.6 Hz, 3H). 13C NMR (126 MHz, Chloroform-d) δ 168.70 (d, J = 3.0 Hz), 150.54 (d, 

J = 2.8 Hz), 148.03 (d, J = 16.9 Hz), 131.46 (d, J = 11.5 Hz), 125.71 (d, J = 9.4 Hz), 124.59 (d, J = 96.4 

Hz), 122.45 (d, J = 8.5 Hz), 109.99 (d, J = 11.3 Hz), 108.72 (d, J = 13.9 Hz), 101.51, 61.40, 51.70 (d, J 

= 3.2 Hz), 34.95 (d, J = 65.6 Hz), 31.70 (d, J = 2.2 Hz), 21.59 (d, J = 70.8 Hz), 14.01, 5.27 (d, J = 5.3 

Hz). 31P NMR (202 MHz, Chloroform-d) δ 39.7. HRMS (ESI) calcd for C20H27O7PNa+ [M+Na]+ 

433.1387, Found 433.1391. The enantiomeric excess was determined by Daicel Chiralcel OD-H (87% 

ee), n-Hexanes/IPA = 90/10, 1 mL/min, λ = 210 nm, t (major) = 28.65 min, t (minor) = 25.79 min. [α]D
20 

= -5.7 (c = 1.4, acetone).  

 

(3r) White solid, Rf = 0.32 (Ethyl acetate/methanol = 5:1), 

73% yield (30.4 mg), 1H NMR (500 MHz, Chloroform-d) 

δ 8.34 (d, J = 12.6 Hz, 1H), 8.01 – 7.81 (m, 3H), 7.65 – 7.48 

(m, 3H), 5.62 – 5.45 (m, 2H), 4.20 – 4.04 (m, 4H), 3.30 (t, 

J = 7.4 Hz, 1H), 2.80 (dd, J = 14.9, 6.3 Hz, 2H), 2.56 (dt, J = 7.2, 3.2 Hz, 2H), 2.08 (ddq, J = 15.3, 13.1, 

7.6 Hz, 1H), 1.95 (ddq, J = 15.3, 9.2, 7.7 Hz, 1H), 1.21 (td, J = 7.1, 2.1 Hz, 6H), 1.12 (dt, J = 17.2, 7.7 

Hz, 3H). 13C NMR (126 MHz, Chloroform-d) δ 168.68 (d, J = 3.0 Hz), 134.54 (d, J = 2.4 Hz), 133.04 

(d, J = 7.4 Hz), 132.55 (d, J = 12.0 Hz), 131.57 (d, J = 11.4 Hz), 128.76, 128.69 (d, J = 92.4 Hz), 128.29 

(d, J = 11.0 Hz), 127.99, 127.74, 126.90, 125.06 (d, J = 10.2 Hz), 122.36 (d, J = 8.7 Hz), 61.37, 51.65 

(d, J = 3.2 Hz), 34.83 (d, J = 65.1 Hz), 31.68 (d, J = 2.2 Hz), 21.51 (d, J = 70.3 Hz), 13.99, 5.32 (d, J = 

5.1 Hz). 31P NMR (202 MHz, Chloroform-d) δ 39.6. HRMS (ESI) calcd for C23H30O5P+ [M+H]+ 

417.1825, Found 417.1832. The enantiomeric excess was determined by Daicel Chiralcel OD-H (84% 

ee), n-Hexanes/IPA = 80/20, 1 mL/min, λ = 254 nm, t (major) = 11.15 min, t (minor) = 9.72 min. [α]D
20 

= -15.9 (c = 1.5, acetone).  

 

(3s) Colorless oil, Rf = 0.32 (Ethyl acetate/methanol = 5:1), 91% 

yield (33.6 mg), 1H NMR (500 MHz, Chloroform-d) δ 7.68 (ddd, 

J = 4.9, 3.8, 1.1 Hz, 1H), 7.51 (ddd, J = 6.4, 3.6, 1.1 Hz, 1H), 7.18 

(ddd, J = 5.0, 3.5, 1.7 Hz, 1H), 5.62 – 5.44 (m, 2H), 4.22 – 4.08 

(m, 4H), 3.32 (t, J = 7.4 Hz, 1H), 2.85 – 2.69 (m, 2H), 2.58 (dh, J = 5.9, 1.8 Hz, 2H), 2.00 (ddq, J = 15.3, 

12.8, 7.7 Hz, 1H), 1.88 (ddq, J = 15.3, 10.5, 7.7 Hz, 1H), 1.23 (t, J = 7.1 Hz, 6H), 1.14 (dt, J = 17.9, 7.6 

Hz, 3H). 13C NMR (126 MHz, Chloroform-d) δ 168.64 (d, J = 1.8 Hz), 134.95 (d, J = 8.2 Hz), 132.62 

(d, J = 3.8 Hz), 132.16 (d, J = 97.6 Hz), 131.97 (d, J = 12.0 Hz), 128.22 (d, J = 12.7 Hz), 61.39, 51.64 
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(d, J = 3.5 Hz), 35.86 (d, J = 68.8 Hz), 31.67 (d, J = 2.3 Hz), 23.23 (d, J = 73.6 Hz), 13.99, 5.34 (d, J = 

5.1 Hz). 31P NMR (202 MHz, Chloroform-d) δ 36.3. HRMS (ESI) calcd for C17H25O5PSNa+ [M+H]+ 

395.1053, Found 395.1041. The enantiomeric excess was determined by Daicel Chiralcel OD-H (90% 

ee), n-Hexanes/IPA = 80/20, 1 mL/min, λ = 210 nm, t (major) = 12.42 min, t (minor) = 9.84 min. [α]D
20 

= -16.5 (c = 1.6, acetone).  

 

(3t) Colorless oil, Rf = 0.30 (Ethyl acetate/methanol = 5:1), 67% 

yield (22.8 mg), 1H NMR (500 MHz, Chloroform-d) δ 7.72 – 

7.60 (m, 2H), 7.54 – 7.40 (m, 3H), 5.59 – 5.40 (m, 2H), 3.70 (d, 

J = 1.1 Hz, 6H), 3.34 (t, J = 7.5 Hz, 1H), 2.79 – 2.65 (m, 2H), 

2.57 (qd, J = 6.0, 5.6, 3.5 Hz, 2H), 2.00 (ddq, J = 15.3, 13.0, 7.6 Hz, 1H), 1.86 (ddq, J = 15.3, 9.5, 7.6 

Hz, 1H), 1.10 (dt, J = 17.1, 7.7 Hz, 3H). 13C NMR (126 MHz, Chloroform-d) δ 169.06 (d, J = 2.3 Hz), 

131.62 (d, J = 92.8 Hz), 131.61 (d, J = 2.8 Hz), 131.26 (d, J = 11.5 Hz), 130.51 (d, J = 8.7 Hz), 128.52 

(d, J = 11.1 Hz), 122.56 (d, J = 8.7 Hz), 52.53, 51.35 (d, J = 3.4 Hz), 34.68 (d, J = 64.9 Hz), 31.76 (d, J 

= 2.2 Hz), 21.49 (d, J = 70.3 Hz), 5.29 (d, J = 5.3 Hz). 31P NMR (202 MHz, Chloroform-d) δ 39.5. 

HRMS (ESI) calcd for C17H24O5P+ [M+H]+ 339.1356, Found 339.1360. The enantiomeric excess was 

determined by Daicel Chiralcel OD-H (90% ee), n-Hexanes/IPA = 80/20, 1 mL/min, λ = 210 nm, t (major) 

= 13.07 min, t (minor) = 10.60 min. [α]D
20 = -6.7 (c = 0.8, acetone).  

 

(3u) Colorless oil, Rf = 0.32 (Ethyl acetate/methanol = 7:1), 71% 

yield (28.1 mg), 1H NMR (500 MHz, Chloroform-d) δ 7.75 – 

7.60 (m, 2H), 7.54 – 7.40 (m, 3H), 5.49 (m, 2H), 4.99 (heptd, J = 

6.3, 2.2 Hz, 2H), 3.22 (t, J = 7.5 Hz, 1H), 2.76 – 2.62 (m, 2H), 

2.61 – 2.49 (m, 2H), 1.99 (ddq, J = 15.3, 12.9, 7.7 Hz, 1H), 1.86 (ddq, J = 15.3, 9.6, 7.7 Hz, 1H), 1.19 

(dt, J = 6.0, 2.7 Hz, 11H), 1.08 (dt, J = 17.2, 7.7 Hz, 3H). 13C NMR (126 MHz, Chloroform-d) δ 168.23 

(d, J = 1.7 Hz), 131.69 (d, J = 92.5 Hz), 131.68 (d, J = 11.5 Hz), 131.57 (d, J = 2.8 Hz), 130.51 (d, J = 

8.4 Hz), 128.48 (d, J = 11.1 Hz), 122.17 (d, J = 8.6 Hz), 68.84 (d, J = 2.2 Hz), 52.00 (d, J = 3.2 Hz), 

34.74 (d, J = 65.1 Hz), 31.59 (d, J = 2.2 Hz), 21.54 (d, J = 8.2 Hz), 21.36 (d, J = 70.3 Hz), 5.24 (d, J = 

5.2 Hz).31P NMR (202 MHz, Chloroform-d) δ 37.6. HRMS (ESI) calcd for C21H32O5P+ [M+Na]+ 

395.1982, Found 395.1987. The enantiomeric excess was determined by Daicel Chiralcel OD-H (92% 

ee), n-Hexanes/IPA = 90/10, 1 mL/min, λ = 210 nm, t (major) = 12.61 min, t (minor) = 10.54 min. [α]D
20 

= -9.2 (c = 1.6, acetone).   

 

(3v) Colorless oil, Rf = 0.35 (Ethyl acetate/methanol = 7:1), 64% 

yield (31.4 mg), 1H NMR (500 MHz, Methylene Chloride-d2) δ 

7.76 – 7.60 (m, 2H), 7.57 – 7.45 (m, 3H), 7.41 – 7.19 (m, 10H), 

5.56 – 5.40 (m, 2H), 5.22 – 5.04 (m, 4H), 3.45 (t, J = 7.5 Hz, 1H), 

2.72 – 2.52 (m, 4H), 1.95 (m, 1H), 1.88 – 1.76 (m, 1H), 1.05 (dt, J = 17.0, 7.6 Hz, 3H). 13C NMR (126 

MHz, Methylene Chloride-d2) δ 168.75, 135.96, 132.81 (d, J = 91.7 Hz), 131.83 (d, J = 2.5 Hz), 131.36 

(d, J = 11.2 Hz), 130.96 (d, J = 8.5 Hz), 128.90, 128.81, 128.68, 128.53, 123.34 (d, J = 8.6 Hz), 67.46, 

52.16 (d, J = 3.1 Hz), 35.07 (d, J = 64.8 Hz), 32.16 (d, J = 1.9 Hz), 22.01 (d, J = 70.1 Hz), 5.52 (d, J = 

5.0 Hz). 31P NMR (202 MHz, Methylene Chloride-d2) δ 37.9. HRMS (ESI) calcd for C29H31O5PNa+ 

[M+Na]+ 513.1801, Found 513.1804. The enantiomeric excess was determined by Daicel Chiralcel OD-
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H (89% ee), n-Hexanes/IPA = 70/30, 1 mL/min, λ = 210 nm, t (major) = 15.65 min, t (minor) = 12.33 

min. [α]D
20 = -7.0 (c = 1.6, acetone).  

 (3w) Colorless oil, Rf = 0.45 (Ethyl acetate/methanol = 10:1), 

62% yield (26.3 mg), 1H NMR (500 MHz, Chloroform-d) δ 7.76 

– 7.59 (m, 2H), 7.56 – 7.40 (m, 3H), 5.49 (m, 2H), 3.09 (t, J = 

7.5 Hz, 1H), 2.70 (dd, J = 14.9, 5.3 Hz, 2H), 2.55 – 2.39 (m, 2H), 

2.01 (m, 1H), 1.93 – 1.81 (m, 1H), 1.41 (s, 18H), 1.09 (dt, J = 17.1, 7.6 Hz, 3H). 13C NMR (126 MHz, 

Chloroform-d) δ 168.10, 132.07 (d, J = 11.6 Hz), 131.56 (d, J = 2.7 Hz), 131.76 (d, J = 92.0 Hz), 130.54 

(d, J = 8.7 Hz), 128.48 (d, J = 11.1 Hz), 121.78 (d, J = 8.5 Hz), 81.47 (d, J = 2.3 Hz), 53.57 (d, J = 3.1 

Hz), 34.80 (d, J = 65.2 Hz), 31.69 (d, J = 2.2 Hz), 27.86, 21.31 (d, J = 70.3 Hz), 5.25 (d, J = 5.1 Hz). 31P 

NMR (202 MHz, Chloroform-d) δ 39.5. HRMS (ESI) calcd for C23H35O5PNa + [M+Na]+ 445.2114, 

Found 445.2125. The enantiomeric excess was determined by Daicel Chiralcel OD-H (89% ee), n-

Hexanes/IPA = 90/10, 1 mL/min, λ = 210 nm, t (major) = 8.38 min, t (minor) = 7.40 min. [α]D
20 = -8.18 

(c = 0.6, acetone).  

 

(4a) Colorless oil, Rf = 0.42 (Ethyl acetate/methanol = 5:1), 46% 

yield (13.5 mg), 1H NMR (500 MHz, Chloroform-d) δ 7.67 (dd, J 

= 10.7, 7.4 Hz, 2H), 7.59 – 7.44 (m, 3H), 5.56 – 5.39 (m, 2H), 

4.10 (q, J = 7.1 Hz, 2H), 2.72 (dd, J = 15.0, 6.7 Hz, 2H), 2.30 (m, 

4H), 2.02 (dp, J = 22.4, 7.7 Hz, 1H), 1.89 (dp, J = 16.0, 7.9 Hz, 1H), 1.23 (t, J = 7.0 Hz, 3H), 1.12 (dt, J 

= 16.2, 7.5 Hz, 3H). 13C NMR (126 MHz, Chloroform-d) δ 172.83, 134.33 (d, J = 11.4 Hz), 131.80 (d, 

J = 92.4 Hz), 131.58 (d, J = 2.7 Hz), 130.61 (d, J = 8.6 Hz), 128.49 (d, J = 11.3 Hz), 120.18 (d, J = 8.5 

Hz), 60.34, 34.72 (d, J = 65.4 Hz), 33.77 (d, J = 3.2 Hz), 27.85 (d, J = 2.3 Hz), 21.53 (d, J = 70.0 Hz), 

14.21, 5.34 (d, J = 5.0 Hz). 31P NMR (202 MHz, Chloroform-d) δ 39.7. HRMS (ESI) calcd for 

C16H24O3P+ [M+H]+ 295.1458, Found 295.1457. The enantiomeric excess was determined by Daicel 

Chiralcel OD-H (90% ee), n-Hexanes/IPA = 90/10, 1 mL/min, λ = 210 nm, t (major) = 14.32 min, t 

(minor) = 12.65 min. [α]D
20 = -6.81 (c = 0.9, acetone). 

 

(4i) Colorless oil, Rf = 0.48 (Petroleum ether/ Ethyl acetate 

= 3:1), 58% yield (21.9 mg), 1H NMR (500 MHz, Acetone-

d6) δ 7.67 (dd, J = 9.9, 8.1 Hz, 2H), 7.35 (dd, J = 8.1, 2.1 Hz, 

2H), 5.63 – 5.41 (m, 2H), 4.29 – 4.02 (m, 4H), 3.37 (t, J = 

7.4 Hz, 1H), 2.78 – 2.63 (m, 2H), 2.52 (ddd, J = 9.5, 4.9, 1.9 

Hz, 2H), 2.40 (s, 3H), 1.99 (ddq, J = 15.2, 12.6, 7.7 Hz, 1H), 1.89 (ddq, J = 15.0, 8.8, 7.7 Hz, 1H), 1.22 

(td, J = 7.1, 1.8 Hz, 6H), 1.01 (dt, J = 16.8, 7.6 Hz, 3H), 0.82 – 0.33 (m, 2H). 13C NMR (126 MHz, 

Acetone-d6) δ 169.41, 142.62 (d, J = 2.4 Hz), 133.29 (d, J = 8.7 Hz), 132.01 (d, J = 10.1 Hz), 130.36 (d, 

J = 9.7 Hz), 125.78 (d, J = 52.3 Hz), 124.53 (d, J = 6.5 Hz), 61.91, 52.60 (d, J = 2.9 Hz), 32.57 (d, J = 

2.1 Hz), 30.66 (d, J = 34.6 Hz), 21.59, 17.87 (d, J = 37.3 Hz), 14.54, 7.26 (d, J = 1.1 Hz). 31P NMR (202 

MHz, Acetone-d6) δ 16.4 (d, J = 72.3 Hz). 11B NMR (160 MHz, Acetone-d6) δ -41.06 (qd, J = 96.5, 

96.1, 58.5 Hz). HRMS (ESI) calcd for C20H32BO4PNa+ [M+Na]+ 401.2023, Found 401.2018. The 

enantiomeric excess was determined by Daicel Chiralcel IF (89% ee), n-Hexanes/IPA = 90/10, 1 mL/min, 

λ = 210 nm, t (major) = 13.13 min, t (minor) = 14.12 min. [α]D
20 = -6.37 (c = 2.1, acetone). 
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8. Copies of NMR Spectroscopic data 

1H NMR spectra (500 MHz, CDCl3) of 3a 

 
 
13C NMR spectra (126 MHz, CDCl3) of 3a 
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31P NMR spectra (202 MHz, CDCl3) of 3a 

 
 

 
1H NMR spectra (500 MHz, CDCl3) of 3b 
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13C NMR spectra (126 MHz, CDCl3) of 3b 

 
 

 
31P NMR spectra (202 MHz, CDCl3) of 3b 
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1H NMR spectra (500 MHz, CDCl3) of 3c 

 
 

 
13C NMR spectra (126 MHz, CDCl3) of 3c 
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31P NMR spectra (202 MHz, CDCl3) of 3c 

 
 

 
1H NMR spectra (500 MHz, CD2Cl2) of 3d 
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13C NMR spectra (126 MHz, CD2Cl2) of 3d 

 
 

 
31P NMR spectra (202 MHz, CD2Cl2) of 3d 
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1H NMR spectra (500 MHz, CD3COCD3) of 3e 

 
 

 
13C NMR spectra (126 MHz, CD3COCD3) of 3e 
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31P NMR spectra (202 MHz, CD3COCD3) of 3e 

 
 

 
1H NMR spectra (500 MHz, CDCl3) of 3f 
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13C NMR spectra (126 MHz, CDCl3) of 3f 

 
 

 
31P NMR spectra (202 MHz, CDCl3) of 3f 
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1H NMR spectra (500 MHz, CDCl3) of 3g 

 
 

 
13C NMR spectra (126 MHz, CDCl3) of 3g 
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31P NMR spectra (202 MHz, CDCl3) of 3g 

 
 

 
1H NMR spectra (500 MHz, CDCl3) of 3h 
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13C NMR spectra (126 MHz, CDCl3) of 3h 

 
 

 
31P NMR spectra (202 MHz, CDCl3) of 3h 
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1H NMR spectra (500 MHz, CDCl3) of 3i 

 
 

 
13C NMR spectra (126 MHz, CDCl3) of 3i 
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31P NMR spectra (202 MHz, CDCl3) of 3i 

 
 

 
1H NMR spectra (500 MHz, CDCl3) of 3j 
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13C NMR spectra (126 MHz, CDCl3) of 3j 

 
 

 
31P NMR spectra (202 MHz, CDCl3) of 3j 
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1H NMR spectra (500 MHz, CDCl3) of 3k 

 
 

 
13C NMR spectra (126 MHz, CDCl3) of 3k 
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31P NMR spectra (202 MHz, CDCl3) of 3k 

 
 

 
1H NMR spectra (500 MHz, CDCl3) of 3l 
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13C NMR spectra (126 MHz, CDCl3) of 3l 

 
 

 
31P NMR spectra (202 MHz, CDCl3) of 3l 
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1H NMR spectra (500 MHz, CDCl3) of 3m 

 
 

 
13C NMR spectra (126 MHz, CDCl3) of 3m 
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31P NMR spectra (202 MHz, CDCl3) of 3m 

 
 

 
1H NMR spectra (500 MHz, CDCl3) of 3n 



S37 

 

 
 

 
13C NMR spectra (126 MHz, CDCl3) of 3n 

 
 

 
31P NMR spectra (202 MHz, CDCl3) of 3n 
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1H NMR spectra (500 MHz, CDCl3) of 3o 

 
 

 
13C NMR spectra (126 MHz, CDCl3) of 3o 
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31P NMR spectra (202 MHz, CDCl3) of 3o 

 
 

 
19F NMR spectra (471 MHz, CDCl3) of 3o 
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1H NMR spectra (500 MHz, CD2Cl2) of 3p 

 
 

 
13C NMR spectra (126 MHz, CD2Cl2) of 3p 
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31P NMR spectra (202 MHz, CD2Cl2) of 3p 

 
 

 
1H NMR spectra (500 MHz, CDCl3) of 3q 
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13C NMR spectra (126 MHz, CDCl3) of 3q 

 
 

 
31P NMR spectra (202 MHz, CDCl3) of 3o 
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1H NMR spectra (500 MHz, CDCl3) of 3r 

 
 

 
13C NMR spectra (126 MHz, CDCl3) of 3r 
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31P NMR spectra (202 MHz, CDCl3) of 3r 

 
 

 
1H NMR spectra (500 MHz, CDCl3) of 3s 
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13C NMR spectra (126 MHz, CDCl3) of 3s 

 
 

 
31P NMR spectra (202 MHz, CDCl3) of 3s 
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1H NMR spectra (500 MHz, CDCl3) of 3t 

 
 

 
13C NMR spectra (126 MHz, CDCl3) of 3t 
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31P NMR spectra (202 MHz, CDCl3) of 3t 

 
 

 
1H NMR spectra (500 MHz, CDCl3) of 3u 
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13C NMR spectra (126 MHz, CDCl3) of 3u 

 
 

 
31P NMR spectra (202 MHz, CDCl3) of 3u 
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1H NMR spectra (500 MHz, CD2Cl2) of 3v 

 
 

 
13C NMR spectra (126 MHz, CD2Cl2) of 3v 
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31P NMR spectra (202 MHz, CD2Cl2) of 3v 

 
 

 
1H NMR spectra (500 MHz, CDCl3) of 3w 
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13C NMR spectra (126 MHz, CDCl3) of 3w 

 
 

 
31P NMR spectra (202 MHz, CDCl3) of 3w 
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1H NMR spectra (500 MHz, CDCl3) of 4a 

 
 

 
13C NMR spectra (126 MHz, CDCl3) of 4a 
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31P NMR spectra (202 MHz, CDCl3) of 4a 

 
 

 
1H NMR spectra (500 MHz, CD3COCD3) of 4i 
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13C NMR spectra (126 MHz, CD3COCD3) of 4i 

 
 

 
31P NMR spectra (202 MHz, CD3COCD3) of 4i 
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11B NMR spectra (160 MHz, CD3COCD3) of 4i 
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9. HPLC Spectra data 

HPLC spectra data of 3a 
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HPLC spectra data of 3b 
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HPLC spectra data of 3c 
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HPLC spectra data of 3d 
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HPLC spectra data of 3e 
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HPLC spectra data of 3f 
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HPLC spectra data of 3g 
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HPLC spectra data of 3h 
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HPLC spectra data of 3i 
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HPLC spectra data of 3j 
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HPLC spectra data of 3k 
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HPLC spectra data of 3l 
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HPLC spectra data of 3m 
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HPLC spectra data of 3n 
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HPLC spectra data of 3o 
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HPLC spectra data of 3p 
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HPLC spectra data of 3q 
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HPLC spectra data of 3r 
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HPLC spectra data of 3s 
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HPLC spectra data of 3t 
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HPLC spectra data of 3u 
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HPLC spectra data of 3v 
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HPLC spectra data of 3w 
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HPLC spectra data of 4a 

 
 

 

 

 

 



S80 

 

 
 

 

 

 

 

 

 

 

 

 

HPLC spectra data of 4i 
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HPLC spectra data of 2a 

HPLC chart for 2a before the reaction 
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HPLC chart for 2a after the reaction 

 


