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1. General information 

All air- and moisture-sensitive manipulations were performed using standard Schlenk techniques under nitrogen or 

inside a glove box under nitrogen. 1H, 13C{1H}, and 31P{1H} NMR spectra were recorded on a JEOL (400 MHz) 

instrument. 1H and 13C{1H} NMR chemical shifts are reported relative to tetramethylsilane signal or residual proton 

solvent signals. Solvent purification was carried out using a solvent purification system (Vigor VSPS-5). Dichloroethane 

was distilled over CaH2 under nitrogen. All other chemicals were used as received from the suppliers (Aldrich, Alfa, 

J&K, and Chemical Reagent Companies of China). 

2. Optimization of reaction conditions 

Table S1. Initial Screening of Conditions 

 

 

 

 

 

 

 

 

 

 

Entrya 2a B/L Yiled (%)b ee (%)c 

1 2a1 >100:1 57 75 

2 2a2 - Trace - 

3 2a3 - Trace - 

4 2a4 >100:1 69 90 

5 2a5 - Trace - 

aReaction conditions unless otherwise noted: 1a (0.4 mmol), 2a (0.2 mmol), [Ir(cod)Cl]2 (2.5 mol%), (S)-L (10 

mol%), CBr3COOH (25 mol%), DCE (2 mL), 25 oC, under N2 for 6 h. bIsolated yields. cThe ee was determined 

by chiral HPLC.  
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Table S2. The Impact of Additives 

Table S3. The Impact of Reaction Temperature 

 

Entrya additives B/L Yiled (%)b ee (%)c 

1 CBr3COOH   >100:1 69 90 

2 TFA >100:1 61 84 

3 4-NO2PhSO3H - Trace - 

4 CF3COOH >100:1 76 84 

5 (R)-CPA >100:1 52 82 

6d Sc(OTf)3 - Trace - 

7d Zn(OTf)2 >100:1 62 97 

8d Fe(OTf)2 >100:1 54 93 

9d Yb(OTf)3 >100:1 55 96 

10d Ca(OTf)2 - Trace - 

11d Cu(OTf)2 - Trace - 

aReaction conditions unless otherwise noted: 1a (0.4 mmol), 2a (0.2 mmol), [Ir(cod)Cl]2 (2.5 mol%), (S)-L (10 

mol%), additives (25 mol%), DCE (2 mL), 25 oC, under N2 for 6 h. bIsolated yields. cThe ee was determined by 

chiral HPLC. dadditives (20mol%). 

 

Entrya T oC B/L Yiled (%)b ee (%)c 

1 25 >100:1 65 97 

2 0 >100:1 89 98 

3 -10 >100:1 75 97 

4 -20 >100:1 36 93 

aReaction conditions unless otherwise noted: 1a (0.4 mmol), 2a (0.2 mmol), [Ir(cod)Cl]2 (2.5 mol%), (S)-L (10 

mol%), Zn(OTf)2 (20 mol%), DCE (2 mL), T oC , under N2 for 12 h. bIsolated yields. cThe ee was determined by 

chiral HPLC.  
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Table S4. The effect of ligand 

Table S5. The Effect of the Solvent 

 

Entrya Ligand B/L Yiled (%)b ee (%)c 

1 L1 - Trace - 

2 L2 >100:1 73 98 

3 L3 >100:1 89 98 

4 L4 - Trace - 

5 L5 - Trace - 

 

aReaction conditions unless otherwise noted: 1a (0.4 mmol), 2a (0.2 mmol), [Ir(cod)Cl]2 (2.5 mol%), ligand (10 

mol%), Zn(OTf)2 (20 mol%), DCE (2 mL), 0 oC , under N2 for 12 h. bIsolated yields. cThe ee was determined by 

chiral HPLC.  

 

Entrya solvent B/L Yiled (%)b ee (%)c 

1 DCE >100:1 89 98 

2 DCM >100:1 93 99 

aReaction conditions unless otherwise noted: 1a (0.4 mmol), 2a (0.2 mmol), [Ir(cod)Cl]2 (2.5 mol%), (S)-L3 (10 

mol%), Zn(OTf)2 (20 mol%), solvent (2 mL), 0 oC , under N2 for 12 h. bIsolated yields. cThe ee was determined 
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3. General Procedure for Preparing Racemic Allylic Alcohols  

 

(1a, 1b, 1f, 1g, 1h, 1l, 1k, 1n, 1m, 1q, 1r, 1t)1, (1c, 1d, 1j)2, 1m3, 1e4, 1i5, 1l6 were prepared according to the 

literature. 

by chiral HPLC.  
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4. General Procedure for Synthesizing Secondary Phosphine Sulfides 

 

 

Compound I was synthesized following the procedure described below; for experimental details, see reference 7. 

Compound I (2.3 mmol) was dissolved in trifluoromethanesulfonic acid (4 μL, 2 mol%) and water (1 equiv., 41.4 μL) in 

a round-bottom flask under an air atmosphere. The mixture was stirred at room temperature and monitored by TLC 

until the starting material was completely consumed. The crude product was purified by flash column chromatography 

(DCM) to obtain compound II. Next, compound II (10.0 mmol, 1.0 equiv.) was treated with Lawesson’s reagent (2.8 g, 

7 mmol, 0.7 equiv.) in anhydrous toluene (40 mL). The yellow solution was heated at 60 °C for 4 hours with continuous 

stirring. then cooled to room temperature. After removing the solvent under reduced pressure, the residue was purified 

by flash column chromatography (petroleum ether/DCM = 25:1 to 5:1) to yield the target phosphine sulfides (2a-2f) as 

colorless oils. 

5. General Procedure for the Synthesis of Racemic Allylic Phosphine Sulfides 

 

A 10 mL Schlenk tube equipped with a magnetic stir bar was charged inside a glovebox with [Ir(cod)Cl]2 (0.005 mmol), 

rac-L2 (0.02 mmol), and DCM (1 mL). The mixture was stirred at room temperature for 15 minutes to allow for 

preactivation. Substrate 1 (0.4 mmol) and Zn(OTf)2 (0.04 mmol) were added sequentially, followed by an additional 0.5 

mL of DCM. The tube was then removed from the glovebox and cooled to 0 °C for 5 minutes. Under a nitrogen 

atmosphere, substrate 2a (0.2 mmol) and DCM (1.5 mL) were added to the reaction mixture. The reaction was 

maintained at 0 °C with continuous stirring for 12 hours. After warming to room temperature, the mixture was filtered 

through a Celite pad, and the filtrate was concentrated under reduced pressure. The resulting residue was purified by 

silica gel column chromatography to yield the target products. 
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6. General Procedures for Allylic Phosphine Sulfides 

6.1 General Procedure A: 

 

In a nitrogen-filled glove box, a 10 mL Schlenk tube equipped with a magnetic stir bar was sequentially charged with 

[Ir(cod)Cl]2 (0.005 mmol), chiral ligand L3 (0.02 mmol), and 1 mL anhydrous dichloromethane (DCM). The mixture was 

stirred at 25°C for 15 minutes to complete Iridium-ligand coordination. Substrate 1 (0.4 mmol) and Zn(OTf)2 (0.04 mmol) 

were then added sequentially, followed by 0.5 mL DCM. The tube was quickly removed from the glove box and cooled 

to 0 oC for 5 min. Under strict nitrogen protection, substrate 2a (0.2 mmol) and 1.5 mL DCM were injected using a 

syringe. The reaction proceeded at 0 oC for 12 h. After warming to room temperature, the mixture was filtered through 

a Celite pad and concentrated under reduced pressure. The residue was purified by gradient flash column 

chromatography to isolate the desired products (3aa-3ua). 

6.2 General procedure B: 

 

In a nitrogen-filled glove box, a 10 mL Schlenk tube equipped with a magnetic stir bar was charged with [Ir(cod)Cl]2 

(0.01 mmol), chiral ligand L3 (0.04 mmol), and 1 mL DCM. The mixture was stirred at 25 oC for 15 min to achieve 

catalyst-ligand preactivation. Subsequently, substrate 1 (0.1 mmol), Zn(OTf)2 (0.2 mmol), and 0.5 mL DCM were added 

sequentially. The reaction vessel was rapidly transferred out of the glove box and cooled to 0 oC for 5 min. Under strict 

nitrogen protection, substrate 2a (0.1 mmol) and 1.5 mL DCM were introduced via syringe. The reaction was stirred 

vigorously at 0 °C for 24 hours. followed by gradual warming to ambient temperature. The mixture was filtered through 

a Celite pad to remove metallic residues, and the filtrate was concentrated under reduced pressure. Purification via 

gradient silica gel chromatography (petroleum ether/ethyl acetate = 20:1 to 5:1) afforded product 3as in 17% yield 

(>20:1 dr, 99.9% ee). 

7. Product Transformation. 

 

A mixture of compound 3aa (73.3 mg, 0.2 mmol) and m-CPBA (138.1 mg, 0.8 mmol) in anhydrous DCM (3 mL) was 

added to a 10 mL Schlenk tube equipped with a magnetic stir bar under ambient conditions. The reaction was allowed 

to proceed at room temperature for 1 hour with vigorous stirring. Once complete, the mixture was washed sequentially 

with saturated NaHCO3 solution (3 × 5 mL). The combined organic layers were dried over anhydrous MgSO4, filtered, 
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and concentrated under reduced pressure. The crude product was purified by flash column chromatography on silica 

gel using a gradient eluent of petroleum ether/acetone (from 10:1 to 2:1), yielding the desired product 3aa' in 90% yield 

(99% ee). 

 

According to the literature8, to a solution of compound 3aa′ (350.3 mg, 1.0 mmol) in dioxane (5 mL) were added 

aqueous NaOH (1 M, 5 mL). The mixture was stirred at room temperature for 2 h, after which the dioxane was removed 

under reduced pressure. The resulting mixture was diluted with water (4 mL), adjusted to pH 6, and washed with 

dichloromethane (DCM). The aqueous phase was then acidified to pH 2 and stored at 0 oC overnight. The crystals 

formed were collected by suction filtration, washed with diethyl ether (Et₂O), and dried under vacuum to afford product 

4 as colorless crystals (108.9 mg, 55%). 

 

According to the literature9, a 10 mL Schlenk flask was charged with compound 4 (39.4 mg, 0.2 mmol). Thionyl chloride 

(SOCl₂, 0.5 mL) was then added dropwise at 0 °C. The resulting colorless solution was stirred at room temperature for 

2 hours, and then concentrated under reduced pressure at room temperature to produce dichloride 5, which was used 

directly in the next step without further purification. 

According to literature10, compound 5 (0.2 mmol) was placed in a 10 mL Schlenk flask equipped with a magnetic stir 

bar. Tetrahydrofuran (2 mL) was added, and the mixture was cooled to 0 oC. Phenylmagnesium bromide (PhMgBr, 0.8 

mmol) was added dropwise with stirring. The reaction mixture was then slowly warmed to room temperature and stirred 

overnight under an argon atmosphere. After completion, the reaction was quenched by the addition of a saturated 

NH₄Cl solution (3 mL). The mixture was extracted with dichloromethane (3 × 5 mL), and the combined organic layers 

were dried over anhydrous MgSO₄. After filtration and concentration under reduced pressure, the residue was purified 

by flash column chromatography to afford the desired product 6 in 82% yield with 98% ee. 

According to literature11, to a solution of compound 5 (0.2 mmol) in CH₃CN (2 mL), a solution of aniline (0.84 mmol) in 

CH₃CN (10 mL) was added dropwise at 0 oC. After stirring for 12 h, the solvent was removed under reduced pressure. 

The resulting residue was washed with distilled water and dried, affording product 7 in 64% yield with 98% ee. 
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8. Assignment of Absolute Configuration of Chiral Products12 

 

The reaction product 3aa was converted to compound 6, whose specific optical rotation was measured to be -27° (c 

= 0.20, CH₂Cl₂). This data aligns with the optical rotation direction of the (S)-configured compound reported in the 

literature12, confirming the absolute configuration of product 3aa as S. 

9. Key Evidence Supporting the Kinetic Resolution Mechanism12-16 

 

The remaining starting material (R)-1a was isolated from the reaction mixture, and its enantiomeric excess was 

measured to be 86% ee. These results suggest that the reaction displays features characteristic of a kinetic resolution 

process, consistent with the reported literature 12-16. Thus, the reaction mechanism can be further deduced. 

The ee of 1a was determined on a Daicel Chiralpak IF-3 column with hexane/2-propanol = 99/01, flow = 0.5 mL/min. 

Retention times: 20.49 min, 23.35 min. 86% ee. []20
D = +28 (c = 0.20, CH2Cl2). 
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10. Characterization Data of Phosphine Sulfides 

O,O-Diphenyl phosphonothioate (2a) (CAS: 58045-33-3): colorless liquid, 52% yield. 

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): 8.33 (d, JH-P = 669.7 Hz, 1H), 7.40 (t, J = 8.0 Hz, 4H), 7.32-7.19 (m, 6H). 

13C{1H} NMR (100 MHz, CDCl3, 298 K) δ (ppm): 150.1 (d, JC-P = 10.1 Hz), 130.2, 126.2, 121.6 (d, JC-P = 5.2 Hz).  

31P{1H} NMR (162 MHz, CDCl3, 298 K) δ (ppm): 65.14.  

HRMS (ESI): m/z calc. for C12H11O2PSNa+ [M+Na]+: 273.0110, found: 273.0108. 

 
O,O-Di-p-tolyl phosphonothioate (2b): colorless liquid, 56% yield.  

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): 8.22 (d, JH-P = 664.9 Hz, 1H), 7.18 (d, J = 8.3 Hz, 4H), 7.10-7.04 (m, 4H), 

2.35 (s, 6H).  

13C{1H} NMR (100 MHz, CDCl3, 298 K) δ (ppm): 147.9 (d, JC-P = 10.3 Hz), 135.6 (d, JC-P = 1.9 Hz), 130.5 (d, JC-P = 1.8 

Hz), 121.1 (d, JC-P = 5.2 Hz), 29.9.  

31P{1H} NMR (162 MHz, CDCl3, 298 K) δ (ppm): 65.66.  

HRMS (ESI): m/z calc. for C14H15O2PSNa+ [M+Na]+: 301.0423, found: 301.0423. 

 
O,O-Bis(4-methoxyphenyl) phosphonothioate (2c) (CAS: 29134-76-7): white solid, 46% yield.  

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): 8.14 (d, JH-P = 664.8 Hz, 1H), 7.10-7.04 (m, 4H), 6.89-6.82 (m, 4H), 3.77 

(s, 6H). 

13C{1H} NMR (100 MHz, CDCl3, 298 K) δ (ppm): 157.3 (d, JC-P = 1.9 Hz), 143.4 (d, JC-P = 10.5 Hz), 122.3 (d, JC-P = 4.9 

Hz), 114.9 (d, JC-P = 1.8 Hz), 55.7.  

31P{1H} NMR (162 MHz, CDCl3, 298 K) δ (ppm): 67.06.  

HRMS (ESI): m/z calc. for C14H15O4PSNa+ [M+Na]+: 333.0321, found: 333.0317. 

 
O,O-Bis(4-chlorophenyl) phosphonothioate (2d) (CAS 55526-70-0): colorless liquid, 40% yield. 

 
O,O-Bis(3,5-dimethylphenyl) phosphonothioate (2e): colorless liquid, 60% yield.  

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): δ 8.19 (d, JH-P = 662.3 Hz, 1H), 6.87 (d, J = 2.1 Hz, 2H), 6.81 (s, 4H), 2.32 

(s, 12H). 

13C{1H} NMR (100 MHz, CDCl3, 298 K) δ (ppm): 150.03 (d, JC-P = 10.2 Hz), 139.91, 127.60 (d, JC-P = 2.1 Hz), 118.90 

(d, JC-P = 5.3 Hz), 21.40 
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31P{1H} NMR (162 MHz, CDCl3, 298 K) δ (ppm): 65.12.  

HRMS (ESI): m/z calc. for C16H19O2PSNa+ [M+Na]+: 329.0736, found: 329.0734. 

 

O,O-Bis(2-methoxyphenyl) phosphonothioate (2f): colorless liquid, 70% yield.  

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): 8.52 (d, JH-P = 689.7 Hz, 1H), 7.31-7.22 (m, 2H), 7.23-7.10 (m, 2H), 7.02-

6.89 (m, 4H), 3.82 (s, 6H).  

13C{1H} NMR (100 MHz, CDCl3, 298 K) δ (ppm): 151.0 (d, JC-P = 4.1 Hz), 139. 7 (d, JC-P = 10.3 Hz), 126.6, 123.1 (d, 

JC-P = 4.6 Hz), 121.1, 113.0, 56.1.  

31P{1H} NMR (162 MHz, CDCl3, 298 K) δ (ppm): 68.17.  

HRMS (ESI): m/z calc. for C14H25O4PSNa+ [M+Na]+: 333.0321, found: 333.0319. 

11. Characterization Data of products  

 

O,O-Diphenyl (S)-(1-phenylallyl)phosphonothioate (S)-3aa: light yellow liquid, 93% yield. The ee was determined 

on a Daicel Chiralpak ADH column with hexane/2-propanol = 95/05, flow = 0.5 mL/min. Retention times: 9.9 min [(R)-

enantiomer], 11.7 min [(S)-enantiomer]. 99% ee. []20
D = -8.0 (c = 0.200, CH2Cl2). 

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): 7.58 (dd, J = 7.6, 2.6 Hz, 2H), 7.46-7.30 (m, 5H), 7.24-7.15 (m, 3H), 7.15-

7.06 (m, 3H), 6.59 (dd, J = 7.9, 1.9 Hz, 2H), 6.54-6.41 (m, 1H), 5.50 (d, J = 4.7 Hz, 1H), 5.47 (dd, J = 6.6, 5.0 Hz, 1H), 

4.48 (dd, J = 23.8, 8.8 Hz, 1H). 

13C{1H} NMR (100 MHz, CDCl3, 298 K) δ (ppm): 150.7, 150.6 (d, JC-P = 19.6 Hz), 135.0 (d, JC-P = 6.3 Hz), 132.8 (d, JC-

P = 6.3 Hz), 129.9 (d, JC-P = 7.4 Hz), 129.6 (d, JC-P = 19.2 Hz), 128.9 (d, JC-P = 3.4 Hz), 128.0 (d, JC-P = 3.8 Hz), 125.5 

(d, JC-P = 20.7 Hz), 122.2 (d, JC-P = 4.6 Hz), 122.0 (d, JC-P = 4.4 Hz), 120.4 (d, JC-P = 15.7 Hz), 56.8 (d, JC-P = 106.9 Hz).  

31P{1H} NMR (162 MHz, CDCl3, 298 K) δ (ppm): 90.67.  

HRMS (ESI): m/z calc. for C21H19O2PSNa+ [M+Na]+: 389.0736, found: 357.0839. 

 
O,O-Diphenyl (S)-(1-(p-tolyl)allyl)phosphonothioate (S)-3ab: light yellow liquid, 85% yield. The ee was determined 

on a Daicel Chiralpak ADH column with hexane/2-propanol = 95/05, flow = 0.25 mL/min. Retention times: 26.6 min 

[(R)-enantiomer], 31.0 min [(S)-enantiomer]. 98% ee. []20
D = -4.0 (c = 0.200, CH2Cl2). 

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): 7.43 (dd, J = 8.1, 2.8 Hz, 2H), 7.30 (t, J = 7.8 Hz, 2H), 7.21-7.14 (m, 5H), 

7.12-7.00 (m, 3H), 6.62 (dd, J = 8.0, 1.8 Hz, 2H), 6.49-6.35 (m, 1H), 5.51-5.28 (m, 2H), 4.41 (dd, J = 23.5, 8.8 Hz, 1H), 

2.36 (d, J = 2.5 Hz, 3H).  

13C{1H} NMR (100 MHz, CDCl3, 298 K) δ (ppm): 150.7 (d, JC-P = 6.4 Hz), 150.6 (d, JC-P = 6.5 Hz), 137.7 (d, JC-P = 4.0 

Hz), 132.8 (d, JC-P = 5.9 Hz), 131.9 (d, JC-P = 6.3 Hz), 129.7, 129.5 (d, JC-P = 2.9 Hz), 129.5 (d, JC-P = 17.6 Hz), 125.4 
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(d, JC-P = 18.1 Hz), 122.1 (d, JC-P = 4.3 Hz), 121.9 (d, JC-P = 4.2 Hz), 120.2 (d, JC-P = 15.4 Hz), 56.5 (d, JC-P = 106.8 Hz), 

21.3.  

31P{1H} NMR (162 MHz, CDCl3, 298 K) δ (ppm): 90.94.  

HRMS (ESI): m/z calc. for C22H21O2PSNa+ [M+Na]+: 403.0892, found: 403.0898.  

 
O,O-Diphenyl (S)-(1-(4-methoxyphenyl)allyl)phosphonothioate (S)-3ac: light yellow liquid, 84% yield. The ee was 

determined on a Daicel Chiralpak ADH column with hexane/2-propanol = 95/05, flow = 0.5 mL/min. Retention times: 

12.2 min [R)-enantiomer], 15.0 min [(S)-enantiomer]. 97% ee. []20
D = -4.0 (c = 0.200, CH2Cl2). 

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): 7.56-7.44 (m, 2H), 7.33 (t, J = 7.9 Hz, 2H), 7.23 -7.15 (m, 3H), 7.14-7.04 

(m, 3H), 6.98-6.89 (m, 2H), 6.66-6.62 (m, 2H), 6.51-6.36 (m, 1H), 5.51-5.35 (m, 2H), 4.42 (dd, J = 23.7, 8.7 Hz, 1H), 

3.84 (s, 3H).  

13C{1H} NMR (100 MHz, CDCl3, 298 K) δ (ppm): 159.4 (d, JC-P = 3.4 Hz), 150.6 (d, JC-P = 4.3 Hz), 150.6 (d, JC-P = 18.2 

Hz), 132.9 (d, JC-P = 5.4 Hz), 130.8 (d, JC-P = 7.0 Hz), 129.5 (d, JC-P = 15.5 Hz), 126.8 (d, JC-P = 6.4 Hz), 125.4 (d, JC-P 

= 18.0 Hz), 122.1 (d, JC-P = 4.3 Hz), 121.9 (d, JC-P = 4.2 Hz), 120.1 (d, JC-P = 15.5 Hz), 114.2 (d, JC-P = 2.6 Hz), 55.9 (d, 

JC-P = 107.3 Hz), 55.4.  

31P{1H} NMR (162 MHz, CDCl3, 298 K) δ (ppm): 90.92.  

HRMS (ESI): m/z calc. for C22H21O3PSNa+ [M+Na]+: 419.0841, found: 419.0846. 

 
O,O-Diphenyl (S)-(1-([1,1'-biphenyl]-4-yl)allyl)phosphonothioate (S)-3ad: white solid, 86% yield. The ee was 

determined on a Daicel Chiralpak ADH column with hexane/2-propanol = 95/05, flow =0.5 mL/min. Retention times: 

11.5 min [(R)-enantiomer], 18.2 min [(S)-enantiomer]. 99% ee. []20
D = 17.0 (c 0.200, CH2Cl2). 

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): 7.72-7.61 (m, 6H), 7.49 (t, J = 7.5 Hz, 2H), 7.42-7.32 (m, 3H), 7.26-7.17 

(m, 3H), 7.13 (d, J = 7.8 Hz, 3H), 6.68 (d, J = 7.8 Hz, 2H), 6.60-6.43 (m, 1H), 5.59-5.45 (m, 2H), 4.54 (dd, J = 23.6, 8.8 

Hz, 1H).  

13C{1H} NMR (100 MHz, CDCl3, 298 K) δ (ppm): 150.6 (d, JC-P = 4.0 Hz), 150.6 (d, JC-P = 18.1 Hz), 140.8 (d, JC-P = 3.9 

Hz), 140.7, 134.0 (d, JC-P = 6.5 Hz), 132.7 (d, JC-P = 5.9 Hz), 130.2 (d, JC-P = 7.0 Hz), 129.6 (d, JC-P = 17.5 Hz), 129.0, 

127.6, 127.5 (d, JC-P = 2.7 Hz), 127.2, 125.5 (d, JC-P = 19.5 Hz), 122.1 (d, JC-P = 4.3 Hz), 121.9 (d, JC-P = 4.2 Hz), 120.5 

(d, JC-P = 15.3 Hz), 56.5 (d, JC-P = 106.9 Hz.  

31P{1H} NMR (162 MHz, CDCl3, 298 K) δ (ppm): 90.40.  

HRMS (ESI): m/z calc. for C27H23O2PSNa+ [M+Na]+: 465.1049, found: 465.1064.  

 

O,O-Diphenyl (S)-(1-(4-chlorophenyl)allyl)phosphonothioate (S)-3ae: light yellow liquid, 94% yield. The ee was 

determined on a Daicel Chiralpak ADH column with hexane/2-propanol = 95/05, flow = 0.5 mL/min. Retention times: 

10.1 min [(R)-enantiomer], 11.5 min [(S)-enantiomer]. 99.5% ee. []20
D = -5.0 (c = 0.200, CH2Cl2). 



 

S13 

 

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): 7.54 (t, J = 2.3 Hz, 1H), 7.50-7.43 (m, 1H), 7.36-7.30 (m, 4H), 7.27-7.17 

(m, 3H), 7.16-7.11 (m, 1H), 7.06 (dd, J = 7.8, 1.8 Hz, 2H), 6.70 (dd, J = 7.8, 1.9 Hz, 2H), 6.49-6.31 (m, 1H), 5.52-5.41 

(m, 2H), 4.42 (dd, J = 23.4, 8.8 Hz, 1H). 

13C{1H} NMR (100 MHz, CDCl3, 298 K) δ (ppm): 150.5 (d, JC-P = 11.3 Hz), 137.1 (d, JC-P = 6.3 Hz), 134.5 (d, JC-P = 3.3 

Hz), 132.1 (d, JC-P = 6.2 Hz), 130.0 (d, JC-P = 3.0 Hz), 129.8 (d, JC-P = 7.2 Hz), 129.6 (d, JC-P = 11.1 Hz), 128.1 (d, JC-P 

= 3.7 Hz), 127.9 (d, JC-P = 7.0 Hz), 125.6 (d, JC-P = 13.2 Hz), 122.0 (d, JC-P = 4.5 Hz), 121.8 (d, JC-P = 4.3 Hz), 120.9 (d, 

JC-P = 15.2 Hz), 56.4 (d, JC-P = 107.6 Hz).  

31P{1H} NMR (162 MHz, CDCl3, 298 K) δ (ppm): 89.25.  

HRMS (ESI): m/z calc. for C21H18
35ClO2PSNa+ [M+Na]+: 423.0346, found: 423.0362; m/z calc. for C21H18

37ClO2PSNa+ 

[M+Na]+: 425.0316, found: 425.0336. 

 
O,O-Diphenyl (S)-(1-(4-nitrophenyl)allyl)phosphonothioate (S)-3af: light yellow liquid, 70% yield. The ee was 

determined on a Daicel Chiralpak ADH column with hexane/2-propanol = 90/10, flow = 1 mL/min. Retention times: 7.4 

min [(R)-enantiomer], 10.7 min [(S)-enantiomer]. 99.5% ee. []20
D = -4.0 (c = 0.200, CH2Cl2). 

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): 8.31-8.20 (m, 2H), 7.78-7.64 (m, 2H), 7.31 (t, J = 7.9 Hz, 2H), 7.26-7.10 

(m, 4H), 7.06-6.95 (m, 2H), 6.79-6.68 (m, 2H), 6.53-6.32 (m, 1H), 5.59-5.36 (m, 2H), 4.56 (dd, J = 23.5, 8.8 Hz, 1H).  

13C{1H} NMR (100 MHz, CDCl3, 298 K) δ (ppm): 150.3 (d, JC-P = 11.4 Hz), 150.2 (d, JC-P = 11.3 Hz), 147.5 (d, JC-P = 3.9 

Hz), 142.8 (d, JC-P = 6.3 Hz), 131.4 (d, JC-P = 7.0 Hz), 130.6 (d, JC-P = 6.8 Hz), 129.7 (d, JC-P = 3.5 Hz), 125.8 (d, JC-P = 

6.2 Hz), 123.8 (d, JC-P = 2.9 Hz), 121.9 (d, JC-P = 4.5 Hz), 121.7 (d, JC-P = 4.6 Hz), 56.6 (d, JC-P = 107.4 Hz).   

31P{1H} NMR (162 MHz, CDCl3, 298 K) δ (ppm): 87.66.  

HRMS (ESI): m/z calc. for C21H18NO4PSNa+ [M+Na]+: 434.0586, found: 434.0585. 

 
O,O-Diphenyl (S)-(1-(4-(trifluoromethyl)phenyl)allyl)phosphonothioate (S)-3ag: light yellow liquid, 79% yield. The 

ee was determined on a Daicel Chiralpak ADH column with hexane/2-propanol = 97/03, flow = 0.3 mL/min. Retention 

times: 16.2 min [(R)-enantiomer], 18.4 min [(S)-enantiomer]. 99% ee. []20
D = -7.0 (c = 0.200, CH2Cl2). 

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): 7.74-7.58 (m, 4H), 7.32 (t, J = 7.9 Hz, 2H), 7.24-7.17 (m, 3H), 7.17-7.08 

(m, 1H), 7.08-6.98 (m, 2H), 6.69-6.61 (m, 2H), 6.53-6.35 (m, 1H), 5.58-5.37 (m, 2H), 4.52 (dd, J = 23.6, 8.8 Hz, 1H).  

13C{1H} NMR (100 MHz, CDCl3, 298 K) δ (ppm): 150.43 (d, JC-P = 3.5 Hz), 150.32 (d, JC-P = 3.1 Hz), 139.3 (d, JC-P = 7.0 

Hz), 131.9 (d, JC-P = 6.6 Hz), 130.1 (d, JC-P = 6.9 Hz), 129.6 (d, JC-P = 11.5 Hz), 125.6 (q, JC-F = 3.0 Hz), 122.0 (d, JC-P = 

4.4 Hz), 121.7 (d, JC-P = 4.3 Hz), 121.1 (d, JC-P = 15.4 Hz), 56.6 (d, JC-P = 107.5 Hz).  

31P{1H} NMR (162 MHz, CDCl3, 298 K) δ (ppm): 88.91.  

HRMS (ESI): m/z calc. for C22H18F3O2PSNa+ [M+Na]+: 457.0609, found: 457.0608. 
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Methyl (S)-4-(1-(diphenoxyphosphorothioyl)allyl)benzoate (S)-3ah: light yellow liquid, 88% yield. The ee was 

determined on a Daicel Chiralpak ADH column with hexane/2-propanol = 95/05, flow = 0.5 mL/min. Retention times: 

21.4 min [(R)-enantiomer], 24.3 min [(S)-enantiomer]. 99% ee. []20
D = 4.0 (c = 0.200, CH2Cl2). 

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): 8.08 (d, J = 8.0 Hz, 2H), 7.63 (dd, J = 8.3, 2.6 Hz, 2H), 7.32 (t, J = 7.7 Hz, 

2H), 7.24-7.16 (m, 3H), 7.15-7.07 (m, 1H), 7.06-6.99 (m, 2H), 6.72-6.61 (m, 2H), 6.53-6.35 (m, 1H), 5.54-5.38 (m, 2H), 

4.51 (dd, J = 23.6, 8.8 Hz, 1H), 3.94 (s, 3H).  

13C{1H} NMR (100 MHz, CDCl3, 298 K) δ (ppm): 166.9, 150.5 (d, JC-P = 4.9 Hz), 150.3 (d, JC-P = 4.4 Hz), 140.3 (d, JC-P 

= 6.6 Hz), 132.0 (d, JC-P = 6.2 Hz), 130.0 (d, JC-P = 2.4 Hz), 129.8 (d, JC-P = 6.9 Hz), 129.6 (d, JC-P = 9.7 Hz), 125.6 (d, 

JC-P = 12.3 Hz), 122.0 (d, JC-P = 4.4 Hz), 121.7 (d, JC-P = 4.3 Hz), 121.0 (d, JC-P = 14.9 Hz), 56.8 (d, JC-P = 107.1 Hz), 

52.3.  

31P{1H} NMR (162 MHz, CDCl3, 298 K) δ (ppm): 89.02.  

HRMS (ESI): m/z calc. for C23H21O4PSNa+ [M+Na]+: 447.0790, found: 447.0807. 

 

O,O-Diphenyl (S)-(1-(4-acetylphenyl)allyl)phosphonothioate (S)-3ai: light yellow liquid, 95% yield. The ee was 

determined on a Daicel Chiralpak ADH column with hexane/2-propanol = 95/05, flow = 0.5 mL/min. Retention times: 

25.9 min [R)-enantiomer], 28.4 min [(S)-enantiomer]. 99.6% ee. []20
D = 10.0 (c = 0.200, CH2Cl2). 

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): 8.01 (d, J = 8.0 Hz, 2H), 7.67 (dd, J = 8.4, 2.6 Hz, 2H), 7.32 (t, J = 7.8 Hz, 

2H), 7.21 (d, J = 7.8 Hz, 3H), 7.11 (dd, J = 7.2, 1.3 Hz, 1H), 7.07-6.98 (m, 2H), 6.71 (dd, J = 8.0, 1.8 Hz, 2H), 6.55-6.37 

(m, 1H), 5.55- 5.42 (m, 2H), 4.54 (dd, J = 23.5, 8.8 Hz, 1H), 2.63 (s, 3H).  

13C{1H} NMR (100 MHz, CDCl3, 298 K) δ (ppm): 197.8, 150.5 (d, JC-P = 5.6 Hz), 150.4 (d, JC-P = 5.3 Hz), 140.6 (d, JC-P 

= 6.6 Hz), 136.5 (d, JC-P = 3.4 Hz), 132.0 (d, JC-P = 6.4 Hz), 130.0 (d, JC-P = 6.3 Hz), 129.6, 128.7, 125.6, 122.0, 121.8 

(d, JC-P = 4.1 Hz), 121.1 (d, JC-P = 15.6 Hz), 56.8 (d, JC-P = 106.8 Hz), 26.8 (d, JC-P = 6.5 Hz).  

31P{1H} NMR (162 MHz, CDCl3, 298 K) δ (ppm): 88.89.  

HRMS (ESI): m/z calc. for C23H21O3PSNa+ [M+Na]+: 431.0841, found: 431.0840. 

 
O,O-Diphenyl (S)-(1-(m-tolyl)allyl)phosphonothioate (S)-3aj: light yellow liquid, 95% yield. The ee was determined 

on a Daicel Chiralpak ID column with hexane/2-propanol = 99/01, flow = 0.15 mL/min. Retention times: 34.7 min [(R)-

enantiomer], 37.7 min [(S)-enantiomer]. 99% ee. []20
D = -8.0 (c = 0.200, CH2Cl2). 

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): 7.42-7.27 (m, 5H), 7.25-7.15 (m, 4H), 7.15-7.07 (m, 3H), 6.64 (dd, J = 7.9, 

1.9 Hz, 2H), 6.56-6.38 (m, 1H), 5.55-5.37 (m, 2H), 4.44 (dd, J = 23.5, 8.9 Hz, 1H), 2.40 (s, 3H).  

13C{1H} NMR (100 MHz, CDCl3, 298 K) δ (ppm): 150.6, 150.6 (d, JC-P = 22.8 Hz), 138.4 (d, JC-P = 2.6 Hz), 134.9 (d, JC-

P = 6.1 Hz), 132.9 (d, JC-P = 6.1 Hz), 130.5 (d, JC-P = 7.4 Hz), 129.5 (d, JC-P = 18.6 Hz), 128.7, 126.8 (d, JC-P = 6.8 Hz), 

125.4 (d, JC-P = 20.0 Hz), 122.1 (d, JC-P = 4.2 Hz), 121.9 (d, JC-P = 4.2 Hz), 120.3 (d, JC-P = 15.3 Hz), 56.8 (d, JC-P = 

106.6 Hz), 21.6.  

31P{1H} NMR (162 MHz, CDCl3, 298 K) δ (ppm): 90.79.  

HRMS (ESI): m/z calc. for C22H21O2PSNa+ [M+Na]+: 403.0892, found: 403.0902. 
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O,O-Diphenyl (S)-(1-(3-(methoxymethoxy)phenyl)allyl)phosphonothioate (S)-3ak: Colorless liquid, 90% yield. The 

ee was determined on a Daicel Chiralpak ADH column with hexane/2-propanol = 95/05, flow = 0.5 mL/min. Retention 

times: 13.2 min [(R)-enantiomer], 14.4 min [(S)-enantiomer]. 99% ee. []20
D = -8.0 (c = 0.200, CH2Cl2). 

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): 7.31 (t, J = 7.8 Hz, 3H), 7.28-7.20 (m, 1H), 7.24-7.12 (m, 4H), 7.12-7.00 

(m, 4H), 6.63 (dd, J = 7.9, 1.9 Hz, 2H), 6.51-6.32 (m, 1H), 5.52-5.38 (m, 2H), 5.16 (s, 2H), 4.41 (dd, J = 23.5, 8.9 Hz, 

1H), 3.44 (s, 3H).  

13C{1H} NMR (100 MHz, CDCl3, 298 K) δ (ppm): 157.5 (d, JC-P = 3.2 Hz), 150.6, 150.6 (d, JC-P = 23.6 Hz), 136.5 (d, JC-

P = 6.2 Hz), 132.6 (d, JC-P = 6.4 Hz), 129.8 (d, JC-P = 3.1 Hz), 129.5 (d, JC-P = 18.4 Hz), 125.4 (d, JC-P = 21.1 Hz), 123.3 

(d, JC-P = 7.0 Hz), 122.1 (d, JC-P = 4.5 Hz), 121.9 (d, JC-P = 4.4 Hz), 120.5 (d, JC-P = 15.5 Hz), 117.9 (d, JC-P = 7.1 Hz), 

115.7 (d, JC-P = 3.8 Hz), 94.6, 56.8 (d, JC-P = 106.9 Hz), 56.1.  

31P{1H} NMR (162 MHz, CDCl3, 298 K) δ (ppm): 90.29.  

HRMS (ESI): m/z calc. for C23H23O4PSNa+ [M+Na]+: 449.0947, found: 449.0955. 

 
O,O-Diphenyl (S)-(1-(3-chlorophenyl)allyl)phosphonothioate (S)-3al: light yellow liquid, 95% yield. The ee was 

determined on a Daicel Chiralpak IC column with hexane/2-propanol = 95/05, flow = 0.5 mL/min. Retention times: 11.4 

min [(R)-enantiomer], 13.0 min [(S)-enantiomer]. 99% ee. []20
D = -15.0 (c = 0.200, CH2Cl2). 

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): 7.52 (t, J = 2.3 Hz, 1H), 7.45-7.44 (m, 1H), 7.35-7.27 (m, 4H), 7.24-7.15 

(m, 3H), 7.15-7.09 (m, 1H), 7.04 (dd, J = 7.8, 1.8 Hz, 2H), 6.69 (dd, J = 7.8, 1.8 Hz, 2H), 6.53-6.35 (m, 1H), 5.53-5.35 

(m, 2H), 4.40 (dd, J = 23.4, 8.8 Hz, 1H).  

13C{1H} NMR (100 MHz, CDCl3, 298 K) δ (ppm): 150.5 (d, JC-P = 11.3 Hz), 137.1 (d, JC-P = 6.4 Hz), 134.5 (d, JC-P = 3.3 

Hz), 132.1 (d, JC-P = 6.7 Hz), 130.0 (d, JC-P = 3.0 Hz), 129.8 (d, JC-P = 7.2 Hz), 129.6 (d, JC-P = 11.0 Hz), 128.1 (d, JC-P 

= 3.7 Hz), 127.9 (d, JC-P = 6.8 Hz), 125.6 (d, JC-P = 1.9 Hz), 125.5 (d, JC-P = 2.8 Hz), 122.0 (d, JC-P = 4.4 Hz), 121.8 (d, 

JC-P = 4.4 Hz), 120.9 (d, JC-P = 15.3 Hz), 56.4 (d, JC-P = 107.6 Hz).  

31P{1H} NMR (162 MHz, CDCl3, 298 K) δ (ppm): 89.22.  

HRMS (ESI): m/z calc. for C21H18
35ClO2PSNa+ [M+Na]+: 423.0346, found: 423.0354; m/z calc. for C21H18

37ClO2PSNa+ 

[M+Na]+: 425.0316, found: 425.0334. 

 
O,O-Diphenyl (S)-(1-(3-nitrophenyl)allyl)phosphonothioate (S)-3am: light yellow liquid, 77% yield. The ee was 

determined on a Daicel Chiralpak ADH column with hexane/2-propanol = 90/10, flow = 0.5 mL/min. Retention times: 

14.1 min [(R)-enantiomer], 16.7 min [(S)-enantiomer]. 99% ee. []20
D = -13.0 (c = 0.200, CH2Cl2). 

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): 8.40 (q, J = 2.3 Hz, 1H), 8.24-8.22 (m, 1H), 7.91 (m, 1H), 7.63-7.53 (m, 

1H), 7.31 (t, J = 7.9 Hz, 2H), 7.26-7.10 (m, 4H), 7.05-6.96 (m, 2H), 6.80-6.72 (m, 2H), 6.53-6.34 (m, 1H), 5.60-5.36 (m, 

2H), 4.55 (dd, J = 23.2, 8.8 Hz, 1H).  



 

S16 

 

13C{1H} NMR (100 MHz, CDCl3, 298 K) δ (ppm): 150.4 (d, JC-P = 10.6 Hz), 150.2, 148.4, 137.5 (d, JC-P = 6.0 Hz), 135.7 

(d, JC-P = 6.4 Hz), 131.4 (d, JC-P = 6.6 Hz), 129.7 (d, JC-P = 5.2 Hz), 125.7 (d, JC-P = 7.7 Hz), 124.7 (d, JC-P = 7.3 Hz), 

122.9 (d, JC-P = 3.4 Hz), 121.9 (d, JC-P = 4.6 Hz), 121.6 (d, JC-P = 4.7 Hz), 56.3 (d, JC-P = 107.9 Hz).  

31P{1H} NMR (162 MHz, CDCl3, 298 K) δ (ppm): 87.85.  

HRMS (ESI): m/z calc. for C21H18NO4PSNa+ [M+Na]+: 434.0586, found: 434.0583. 

 
O,O-Diphenyl (S)-(1-(3-(trifluoromethyl)phenyl)allyl)phosphonothioate (S)-3an: light yellow liquid, 83% yield. The 

ee was determined on a Daicel Chiralpak OJH column with hexane/2-propanol = 99/01, flow = 0.2 mL/min. Retention 

times: 54.6 min [(R)-enantiomer], 59.9 min [(S)-enantiomer]. 99% ee. []20
D = -11.0 (c = 0.200, CH2Cl2). 

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): 7.85-7.70 (m, 2H), 7.61 (d, J = 8.8 Hz, 1H), 7.51 (t, J = 7.7 Hz, 1H), 7.31 

(t, J = 7.9 Hz, 2H), 7.20 (dd, J = 8.6, 7.1 Hz, 3H), 7.15-7.07 (m, 1H), 7.07-6.98 (m, 2H), 6.76-6.64 (m, 2H), 6.52-6.33 

(m, 1H), 5.61-5.36 (m, 2H), 4.50 (dd, J = 23.4, 8.8 Hz, 1H).  

13C{1H} NMR (100 MHz, CDCl3, 298 K) δ (ppm): 150.4 (d, JC-P = 11.6 Hz), 136.2 (d, JC-P = 6.0 Hz), 133.0 (d, JC-P = 7.0 

Hz), 131.9 (d, JC-P = 6.4 Hz), 129.6 (d, JC-P = 11.4 Hz), 129.2 (d, JC-P = 2.9 Hz), 126.6 (q, JC-F = 3.6 Hz), 125.6 (d, JC-P = 

14.3 Hz), 124.7 (q, JC-F = 4.0 Hz), 121.9 (d, JC-P = 4.6 Hz), 121.7 (d, JC-P = 4.1 Hz), 121.1 (d, JC-P = 15.0 Hz).  

31P{1H} NMR (162 MHz, CDCl3, 298 K) δ (ppm): 88.76.  

HRMS (ESI): m/z calc. for C22H18F3O2PSNa+ [M+Na]+: 457.0609, found: 457.0603. 

   

O,O-Diphenyl (S)-(1-(naphthalen-2-yl)allyl)phosphonothioate (S)-3ao: light yellow liquid, 92% yield. The ee was 

determined on a Daicel Chiralpak ADH column with hexane/2-propanol = 95/05, flow = 0.5 mL/min. Retention times: 

14.9 min [(R)-enantiomer], 18.6 min [(S)-enantiomer]. 99% ee. []20
D = -19.0 (c = 0.200, CH2Cl2). 

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): 8.04 (dd, J = 3.7, 1.8 Hz, 1H), 7.94-7.85 (m, 3H), 7.79-7.72 (m, 1H), 7.56-

7.50 (m, 2H), 7.35 (t, J = 7.9 Hz, 2H), 7.27-7.04 (m, 6H), 6.77-6.66 (m, 2H), 6.66-6.51 (m, 1H), 5.58-5.55 (m, 1H), 5.54-

5.46 (m, 1H), 4.68 (dd, J = 23.5, 8.7 Hz, 1H).  

13C{1H} NMR (100 MHz, CDCl3, 298 K) δ (ppm): 150.7 (d, JC-P = 4.6 Hz), 150.5 (d, JC-P = 4.4 Hz), 133.6 (d, JC-P = 2.9 

Hz), 133.0 (d, JC-P = 2.3 Hz), 132.7 (d, JC-P = 6.1 Hz), 132.5 (d, JC-P = 7.2 Hz), 129.6 (d, JC-P = 18.0 Hz), 129.0 (d, JC-P 

= 9.1 Hz), 128.4 (d, JC-P = 2.0 Hz), 128.0 (d, JC-P = 29.8 Hz), 127.5 (d, JC-P = 5.5 Hz), 126.4 (d, JC-P = 9.7 Hz), 125.5 (d, 

JC-P = 19.1 Hz), 122.1 (d, JC-P = 4.4 Hz), 121.9 (d, JC-P = 4.3 Hz), 120.7 (d, JC-P = 15.4 Hz), 57.0 (d, JC-P = 106.9 Hz).  

31P{1H} NMR (162 MHz, CDCl3, 298 K) δ (ppm): 90.21.  

HRMS (ESI): m/z calc. for C25H21O2PSNa+ [M+Na]+: 439.0892, found: 439.0893.  

 
O,O-Diphenyl (S)-(1-(naphthalen-1-yl)allyl)phosphonothioate (S)-3ap: light yellow liquid, 84% yield. The ee was 

determined on a Daicel Chiralpak ADH column with hexane/2-propanol = 95/05, flow = 0.5 mL/min. Retention times: 

10.6 min [(R)-enantiomer], 12.5 min [(S)-enantiomer]. 99% ee. []20
D = -120.0 (c = 0.200, CH2Cl2). 
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1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): 8.35 (d, J = 8.6 Hz, 1H), 8.21-8.07 (m, 1H), 7.95 (dd, J = 18.3, 8.2 Hz, 2H), 

7.71-7.50 (m, 3H), 7.39 (t, J = 7.7 Hz, 2H), 7.27 (d, J = 7.3 Hz, 1H), 7.23-7.10 (m, 4H), 7.12-7.03 (m, 1H), 6.74-6.57 

(m, 1H), 6.57-6.36 (m, 2H), 5.69-5.38 (m, 3H).  

13C{1H} NMR (100 MHz, CDCl3, 298 K) δ (ppm): 150.6 (d, JC-P = 22.6 Hz), 150.6, 134.3, 133.4 (d, JC-P = 5.7 Hz), 132.0 

(d, JC-P = 7.7 Hz), 131.1 (d, JC-P = 5.9 Hz), 129.5 (d, JC-P = 32.3 Hz), 128.5 (d, JC-P = 4.2 Hz), 127.6 (d, JC-P = 7.2 Hz), 

126.3 (d, JC-P = 76.0 Hz), 125.6 (d, JC-P = 10.0 Hz), 125.3, 123.2, 122.2 (d, JC-P = 4.3 Hz), 121.7 (d, JC-P = 4.6 Hz), 120.6 

(d, JC-P = 15.2 Hz), 50.3 (d, JC-P = 108.6 Hz).  

31P{1H} NMR (162 MHz, CDCl3, 298 K) δ (ppm): 91.27.  

HRMS (ESI): m/z calc. for C25H21O2PSNa+ [M+Na]+: 439.0892, found: 439.0898. 

 
O,O-Diphenyl (S)-(1-(2-methoxyphenyl)allyl)phosphonothioate (S)-3aq: light yellow liquid, 80% yield. The ee was 

determined on a Daicel Chiralpak ADH column with hexane/2-propanol = 99/01, flow = 0.3 mL/min. Retention times: 

34.4 min [(R)-enantiomer], 36.9 min [(S)-enantiomer]. 99% ee. []20
D = -53.0 (c = 0.200, CH2Cl2). 

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): 7.78-7.73 (m, 1H), 7.37-7.29 (m, 3H), 7.22-7.16 (m, 3H), 7.10 (m, 3H), 7.04 

(t, J = 7.6 Hz, 1H), 6.96-6.91 (m, 1H), 6.69-6.62 (m, 2H), 6.47-6.31 (m, 1H), 5.53-5.40 (m, 2H), 5.25 (dd, J = 24.3, 8.6 

Hz, 1H), 3.85 (s, 3H).  

13C{1H} NMR (100 MHz, CDCl3, 298 K) δ (ppm): 157.1 (d, JC-P = 7.9 Hz), 150.8 (d, JC-P = 4.7 Hz), 150.7 (d, JC-P = 4.8 

Hz), 132.8 (d, JC-P = 5.5 Hz), 130.0 (d, JC-P = 5.6 Hz), 129.4 (d, JC-P = 15.2 Hz), 128.8 (d, JC-P = 3.6 Hz), 125.3 (d, JC-P 

= 19.9 Hz), 123.4 (d, JC-P = 6.2 Hz), 122.1 (d, JC-P = 4.4 Hz), 121.8 (d, JC-P = 4.4 Hz), 120.8 (d, JC-P = 3.5 Hz), 120.2 (d, 

JC-P = 15.7 Hz), 111.1 (d, JC-P = 2.1 Hz), 55.9, 47.4 (d, JC-P = 108.4 Hz).  

31P{1H} NMR (162 MHz, CDCl3, 298 K) δ (ppm): 91.92.  

HRMS (ESI): m/z calc. for C22H21O3PSNa+ [M+Na]+: 419.0841, found: 419.0850. 

 
O,O-Diphenyl (S)-(1-(2-bromophenyl)allyl)phosphonothioate (S)-3ar: colorless liquid, 92% yield. The ee was 

determined on a Daicel Chiralpak ADH column with hexane/2-propanol = 99/01, flow = 0.25 mL/min. Retention times: 

59.8 min [(R)-enantiomer], 62.4 min [(S)-enantiomer]. 99% ee. []20
D = -42.0 (c = 0.200, CH2Cl2). 

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): 7.94-7.86 (m, 1H), 7.69-7.63 (m, 1H), 7.39-7.28 (m, 3H), 7.21-7.12 (m, 4H), 

7.12-7.03 (m, 3H), 6.68-6.60 (m, 2H), 6.38-6.23 (m, 1H), 5.50-5.38 (m, 2H), 5.24 (dd, J = 24.7, 8.4 Hz, 1H).  

13C{1H} NMR (100 MHz, CDCl3, 298 K) δ (ppm): 150.5 (d, JC-P = 2.0 Hz), 150.4 (d, JC-P = 2.3 Hz), 134.6 (d, JC-P = 4.9 

Hz), 133.4 (d, JC-P = 1.7 Hz), 132.2 (d, JC-P = 5.7 Hz), 130.8 (d, JC-P = 5.2 Hz), 129.5 (d, JC-P = 15.7 Hz), 129.2 (d, JC-P 

= 3.0 Hz), 127.7 (d, JC-P = 3.4 Hz), 125.9 (d, JC-P = 10.8 Hz), 125.5 (d, JC-P = 23.8 Hz), 122.1 (d, JC-P = 4.4 Hz), 121.7 

(d, JC-P = 4.4 Hz), 121.0 (d, JC-P = 15.5 Hz), 54.4 (d, JC-P = 109.6 Hz).  

31P{1H} NMR (162 MHz, CDCl3, 298 K) δ (ppm): 89.84.  

HRMS (ESI): m/z calc. for C21H18
79BrO2PSNa+ [M+Na]+: 466.9841, found: 466.9857; m/z calc. for C21H18

81BrO2PS 

[M+Na]+: 468.9820, found: 468.9838; 
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O,O,O',O'-Tetraphenyl ((1S,1'S)-1,3-phenylenebis(prop-2-ene-1,1-diyl))bis(phosphonothioate) (S,S)-3as: light 

yellow liquid, 17% yield. The ee was determined on a Daicel Chiralpak ADH column with hexane/2-propanol = 95/05, 

flow = 0.5 mL/min. Retention times: 13.8 min [(R)-enantiomer], 29.5 min [(S)-enantiomer]. 99.9% ee. dr = 20:1. []20
D 

= -9.0 (c = 0.200, CH2Cl2). 

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): 7.80 (s, 1H), 7.62-7.55 (m, 2H), 7.46 (t, J = 7.7 Hz, 1H), 7.30 (t, J = 7.9 Hz, 

4H), 7.22-7.11 (m, 6H), 7.11-7.03 (m, 6H), 6.74-6.66 (m, 4H), 6.53-6.34 (m, 2H), 5.52-5.36 (m, 4H), 4.51 (dd, J = 23.6, 

8.7 Hz, 2H).  

13C{1H} NMR (100 MHz, CDCl3, 298 K) δ (ppm): 150.6 (d, JC-P = 11.5 Hz), 136.3-135.1 (m), 132.6 (d, JC-P = 6.0 Hz), 

131.4-130.6 (m), 129.5 (d, JC-P = 14.8 Hz), 129.4-129.2 (m), 129.1, 125.4 (d, JC-P = 18.7 Hz), 122.0 (d, JC-P = 17.5 Hz), 

120.6 (d, JC-P = 16.0 Hz), 56.9 (d, JC-P = 107.2 Hz).  

31P{1H} NMR (162 MHz, CDCl3, 298 K) δ (ppm): 90.05.  

HRMS (ESI): m/z calc. for C36H32O4P2S2Na+ [M+Na]+: 677.1109, found: 677.1108.  

 

O,O-Diphenyl (S)-(1-(thiophen-3-yl)allyl)phosphonothioate (S)-3at: light yellow liquid, 90% yield. The ee was 

determined on a Daicel Chiralpak ADH column with hexane/2-propanol = 95/05, flow = 0.5 mL/min. Retention times: 

11.7 min [R)-enantiomer], 13.1 min [(S)-enantiomer]. 99% ee. []20
D = 15.0 (c = 0.200, CH2Cl2). 

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): 7.48-7.40 (m, 1H), 7.39-7.27 (m, 4H), 7.27-7.17 (m, 3H), 7.17-7.05 (m, 3H), 

6.72-6.61 (m, 2H), 6.47-6.30 (m, 1H), 5.52-5.36 (m, 2H), 4.65 (dd, J = 23.6, 8.6 Hz, 1H).  

13C{1H} NMR (100 MHz, CDCl3, 298 K) δ (ppm): 150.6 (d, JC-P = 24.3 Hz), 150.6, 134.3 (d, JC-P = 6.3 Hz), 132.4 (d, JC-

P = 6.4 Hz), 129.6 (d, JC-P = 15.2 Hz), 128.6 (d, JC-P = 4.9 Hz), 125.7 (d, JC-P = 21.5 Hz), 125.4, 124.1 (d, JC-P = 10.0 Hz), 

122.1 (d, JC-P = 4.4 Hz), 121.9 (d, JC-P = 4.2 Hz), 120.3 (d, JC-P = 15.0 Hz), 52.3 (d, JC-P = 109.6 Hz).  

31P{1H} NMR (162 MHz, CDCl3, 298 K) δ (ppm): 89.44.  

HRMS (ESI): m/z calc. for C19H17O2PS2Na+ [M+Na]+: 395.0300, found: 395.0309. 

 
O,O-Diphenyl (S)-(1-(furan-3-yl)allyl)phosphonothioate (S)-3au: yellow viscous solid, 96% yield. The ee was 

determined on double Daicel Chiralpak ADH column in series, hexane/2-propanol = 99/01, flow = 0.25 mL/min. 

Retention times: 84.2 min [(R)-enantiomer], 87.1 min [(S)-enantiomer]. 99.5% ee. []20
D = -3.0 (c = 0.200, CH2Cl2). 

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): 7.61-7.54 (m, 1H), 7.46 (d, J = 1.8 Hz, 1H), 7.35-7.24 (m, 4H), 7.21-7.10 

(m, 2H), 7.09-7.03 (m, 2H), 6.90-6.82 (m, 2H), 6.63 (q, J = 1.3 Hz, 1H), 6.37-6.14 (m, 1H), 5.55-5.28 (m, 2H), 4.39 (dd, 

J = 23.4, 8.3 Hz, 1H).  

13C{1H} NMR (100 MHz, CDCl3, 298 K) δ (ppm): 150.6 (d, JC-P = 1.5 Hz), 150.5 (d, JC-P = 2.0 Hz), 143.1, 141.4 (d, JC-P 

= 11.5 Hz), 131.8 (d, JC-P = 6.7 Hz), 129.6 (d, JC-P = 6.9 Hz), 125.5 (d, JC-P = 8.3 Hz), 122.0 (d, JC-P = 4.4 Hz), 121.9 (d, 

JC-P = 4.3 Hz), 120.4 (d, JC-P = 14.8 Hz), 118.7 (d, JC-P = 6.6 Hz), 111.4 (d, JC-P = 4.5 Hz), 47.9 (d, JC-P = 111.6 Hz).  
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31P{1H} NMR (162 MHz, CDCl3, 298 K) δ (ppm): 89.63.  

HRMS (ESI): m/z calc. for C19H17O3PSNa+ [M+Na]+: 379.0528, found: 379.0527. 

 

O,O-Di-p-tolyl (S)-(1-phenylallyl)phosphonothioate (S)-3ay: light yellow liquid, 89% yield. The ee was determined 

on double Daicel Chiralpak ADH column in series, hexane/2-propanol = 95/05, flow = 0.5 mL/min. Retention times: 

12.5 min [(R)-enantiomer], 16.1 min [(S)-enantiomer]. 97% ee. []20
D = -7.0 (c = 0.200, CH2Cl2). 

 1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): 7.66-7.54 (m, 2H), 7.47-7.34 (m, 3H), 7.14 (d, J = 8.3 Hz, 2H), 7.06-6.94 

(m, 4H), 6.57-6.39 (m, 3H), 5.61-5.37 (m, 2H), 4.47 (dd, J = 23.8, 8.8 Hz, 1H), 2.35 (s, 3H), 2.27 (s, 3H).  

13C{1H} NMR (100 MHz, CDCl3, 298 K) δ (ppm): 148.4, 148.4 (d, JC-P = 24.2 Hz), 135.1 (d, JC-P = 6.1 Hz), 134.9 (d, JC-

P = 1.7 Hz), 132.9 (d, JC-P = 6.1 Hz), 130.1, 129.8 (d, JC-P = 8.8 Hz), 128.8 (d, JC-P = 2.7 Hz), 127.9 (d, JC-P = 3.6 Hz), 

121.8 (d, JC-P = 4.3 Hz), 121.5 (d, JC-P = 4.2 Hz), 120.3 (d, JC-P = 15.5 Hz), 56.6 (d, JC-P = 106.9 Hz), 20.9.  

31P{1H} NMR (162 MHz, CDCl3, 298 K) δ (ppm): 91.08.  

HRMS (ESI): m/z calc. for C23H23O2PSNa+ [M+Na]+: 417.1049, found: 417.1050. 

 
O,O-Bis(4-methoxyphenyl) (S)-(1-phenylallyl)phosphonothioate (S)-3az: light yellow liquid, 85% yield. The ee was 

determined on double Daicel Chiralpak ADH column in series, hexane/2-propanol = 95/05, flow = 0.5 mL/min. Retention 

times: 22.4 min [(R)-enantiomer], 35.6 min [(S)-enantiomer]. 99% ee. []20
D = -7.0 (c = 0.200, CH2Cl2). 

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): 7.63-7.52 (m, 2H), 7.49-7.34 (m, 3H), 7.07-6.97 (m, 2H), 6.91-6.81 (m, 2H), 

6.74-6.64 (m, 2H), 6.52-6.38 (m, 3H), 5.54-5.39 (m, 2H), 4.44 (dd, J = 23.7, 8.8 Hz, 1H), 3.78 (s, 3H), 3.72 (s, 3H).  

13C{1H} NMR (100 MHz, CDCl3, 298 K) δ (ppm): 156.9 (d, JC-P = 21.3 Hz), 144.1 (d, JC-P = 8.6 Hz), 144.1 (d, JC-P = 31.0 

Hz), 135.1 (d, JC-P = 6.1 Hz), 132.8 (d, JC-P = 6.3 Hz), 129.8 (d, JC-P = 7.0 Hz), 128.8 (d, JC-P = 2.7 Hz), 127.9 (d, JC-P = 

3.3 Hz), 122.9 (d, JC-P = 4.1 Hz), 122.6 (d, JC-P = 4.1 Hz), 120.3(d, JC-P = 15.3 Hz), 114.4 (d, JC-P = 20.1 Hz), 56.5 (d, JC-

P = 106.5 Hz), 55.6 (d, JC-P = 7.6 Hz).  

31P{1H} NMR (162 MHz, CDCl3, 298 K) δ (ppm): 92.18.  

HRMS (ESI): m/z calc. for C23H23O4PSNa+ [M+Na]+: 449.0947, found: 449.0948. 

 

O,O-Bis(4-chlorophenyl) (S)-(1-phenylallyl)phosphonothioate (S)-3ba: light yellow liquid, 83% yield. The ee was 

determined on a Daicel Chiralpak ADH column with hexane/2-propanol = 95/05, flow = 0.5 mL/min. Retention times: 

11.9 min [(R)-enantiomer], 14.7 min [(S)-enantiomer]. 99% ee. []20
D = -5.0 (c = 0.200, CH2Cl2). 

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): 7.56-7.51 (m, 2H), 7.48-7.35 (m, 3H), 7.34-7.27 (m, 2H), 7.21-7.10 (m, 2H), 

7.06-6.97 (m, 2H), 6.51-6.34 (m, 3H), 5.57-5.36 (m, 2H), 4.46 (dd, J = 24.0, 8.8 Hz, 1H).  
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13C{1H} NMR (100 MHz, CDCl3, 298 K) δ (ppm): 148.9 (d, JC-P = 2.9 Hz), 148.9 (d, JC-P = 25.5 Hz), 134.5(d, JC-P = 6.3 

Hz), 132.3 (d, JC-P = 6.2 Hz), 131.1 (d, JC-P = 2.0 Hz), 130.9(d, JC-P = 2.0 Hz), 129.8(d, JC-P = 8.7 Hz), 129.5 128.9 (d, 

JC-P = 3.1 Hz), 128.2(d, JC-P = 3.8 Hz), 123.4 (d, JC-P = 4.4 Hz), 123.1 (d, JC-P = 4.2 Hz), 120.7 (d, JC-P = 15.7 Hz), 56.7(d, 

JC-P = 106.3 Hz).  

31P{1H} NMR (162 MHz, CDCl3, 298 K) δ (ppm): 91.66.  

HRMS (ESI): m/z calc. for C21H17
35Cl2O2PSNa+ [M+Na]+: 456.9956, found: 456.9970; m/z calc. for C21H17

37Cl2O2PSNa+ 

[M+Na]+: 458.9927, found: 458.9945. 

 

O,O-Bis(3,5-dimethylphenyl) (S)-(1-phenylallyl)phosphonothioate (S)-3ca: light yellow liquid, 94% yield. The ee 

was determined on a Daicel Chiralpak ADH column with hexane/2-propanol = 95/05, flow = 0.2 mL/min. Retention 

times: 17.9 min [(R)-enantiomer], 19.4 min [(S)-enantiomer]. 99.5% ee. []20
D = -8.0 (c = 0.200, CH2Cl2). 

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): 7.63-7.54 (m, 2H), 7.47-7.38 (m, 3H), 6.86 (s, 1H), 6.76 (s, 3H), 6.57-6.40 

(m, 1H), 6.21 (s, 2H), 5.56-5.43 (m, 2H), 4.45 (dd, J = 23.7, 8.7 Hz, 1H), 2.32 (s, 6H), 2.20 (s, 6H).  

13C{1H} NMR (100 MHz, CDCl3, 298 K) δ (ppm): 150.5 (d, JC-P = 6.4 Hz), 150.5(d, JC-P = 29.0 Hz), 139.2 (d, JC-P = 24.9 

Hz), 135.2(d, JC-P = 6.2 Hz), 133.0 (d, JC-P = 6.3 Hz), 129.9 (d, JC-P = 7.1 Hz), 128.8(d, JC-P = 2.9 Hz), 127.9(d, JC-P = 

3.4 Hz), 127.1(d, JC-P = 24.6 Hz), 120.1 (d, JC-P = 15.1 Hz), 119.7(d, JC-P = 4.3 Hz), 119.5(d, JC-P = 4.3 Hz), 56.8 (d, JC-P 

= 106.9 Hz), 21.4(d, JC-P = 8.5 Hz).  

31P{1H} NMR (162 MHz, CDCl3, 298 K) δ (ppm): 89.99.  

HRMS (ESI): m/z calc. for C25H27O2PSNa+ [M+Na]+: 445.1362, found: 445.1368. 

 
O,O-Bis(2-methoxyphenyl) (S)-(1-phenylallyl)phosphonothioate (S)-3da：light yellow liquid, 89% yield. The ee was 

determined on double Daicel Chiralpak ADH column in series, hexane/2-propanol = 95/05, flow = 0.5 mL/min. Retention 

times: 17.2 min [(R)-enantiomer], 19.4 min [(S)-enantiomer]. 99.7% ee. []20
D = -7.0 (c = 0.200, CH2Cl2). 

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): 7.67-7.61 (m, 2H), 7.45-7.32 (m, 3H), 7.22-7.06 (m, 3H), 6.98-6.94 (m, 1H), 

6.92-6.85 (m, 2H), 6.81-6.75 (m, 1H), 6.69-6.54 (m, 2H), 5.51-5.40 (m, 2H), 4.63 (dd, J = 23.1, 8.4 Hz, 1H), 3.82 (s, 

3H), 3.72 (s, 3H).  

13C{1H} NMR (100 MHz, CDCl3, 298 K) δ (ppm): 151.6 (d, JC-P = 4.5 Hz), 151.5 (d, JC-P = 4.2 Hz), 140.3 (d, JC-P = 2.3 

Hz), 140.2(d, JC-P = 2.7 Hz), 135.7 (d, JC-P = 6.7 Hz), 133.3 (d, JC-P = 6.9 Hz), 130.2(d, JC-P = 7.1 Hz), 128.6(d, JC-P = 

2.6 Hz), 127.6 (d, JC-P = 3.4 Hz), 125.9 (d, JC-P = 5.4 Hz), 123.3(d, JC-P = 4.0 Hz), 123.1(d, JC-P = 4.0 Hz), 119.9(d, JC-P 

= 15.4 Hz), 112.7 (d, JC-P = 17.1 Hz), 57.6(d, JC-P = 107.2 Hz), 55.8 (d, JC-P = 13.8 Hz).  

31P{1H} NMR (162 MHz, CDCl3, 298 K) δ (ppm): 92.43.  

HRMS (ESI): m/z calc. for C23H23O4PSNa+ [M+Na]+: 449.0947, found: 449.0952. 
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Diphenyl (S)-(1-phenylallyl)phosphonate 3aa: white solid, 91% yield. The ee was determined on a Daicel Chiralpak 

IF column with hexane/2-propanol = 90/10, flow = 0.5 mL/min. Retention times: 9.9 min [(R)-enantiomer], 11.6 min [(S)-

enantiomer]. 99% ee. []20
D = -13.0 (c = 0.200, CH2Cl2). 

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): 7.49 (dd, J = 7.5, 2.3 Hz, 2H), 7.38 (t, J = 7.4 Hz, 2H), 7.35-7.27 (m, 3H), 

7.25-7.05 (m, 6H), 6.95-6.81 (m, 2H), 6.49-6.25 (m, 1H), 5.52-5.35 (m, 2H), 4.26 (dd, J = 25.1, 8.4 Hz, 1H).  

13C{1H} NMR (100 MHz, CDCl3, 298 K) δ (ppm): 50.6 (d, JC-P = 16.1 Hz), 150.6 (d, JC-P = 3.7 Hz), 134.7(d, JC-P = 7.6 

Hz), 132.2 (d, JC-P = 9.4 Hz), 129.7 (d, JC-P = 13.7 Hz), 129.5(d, JC-P = 7.5 Hz), 129.0 (d, JC-P = 2.4 Hz), 127.8 (d, JC-P = 

3.3 Hz), 125.7(d, JC-P = 12.2 Hz), 120.8(d, JC-P = 4.4 Hz), 120.6(d, JC-P = 4.3 Hz), 120.3 (d, JC-P = 14.2 Hz), 50.2(d, JC-P 

= 138.0 Hz).  

31P{1H} NMR (162 MHz, CDCl3, 298 K) δ (ppm): 18.29.  

HRMS (ESI): m/z calc. for C21H29O3PSNa+ [M+Na]+: 373.0964, found: 373.0982. 

 

(S)-(1-Phenylallyl)phosphonic acid 4: white solid, 56% yield. 

1H NMR (400 MHz, MeOD, 298 K) δ (ppm): 5.92-5.84 (m, 1H), 5.81-5.72 (m, 2H), 5.66-5.59 (m, 1H), 5.54-5.49 (m, 

1H), 5.19-5.17 (m, 1H), 4.81-4.70 (m, 1H), 3.89-3.81 (m, 1H), 2.92-2.83 (m, 1H).  

13C{1H} NMR (100 MHz, MeOD, 298 K) δ (ppm): 118.0 (d, JC-P = 14.0 Hz), 118.5 (d, JC-P = 4.0 Hz), 123.5 (d, JC-P = 18.0 

Hz), 125.9 (d, JC-P = 3.0 Hz), 126.9 (d, JC-P = 3.0 Hz), 127.5 (d, JC-P = 7.0 Hz), 123.2 (d, JC-P = 8.0 Hz), 148.7(d, JC-P = 

10.0 Hz).  

31P{1H} NMR (162 MHz, MeOD, 298 K) δ (ppm): 17.02.  

HRMS (ESI): m/z calc. for C9H10O3P
- [M-H]-: 197.0373, found: 197.0367. 

 

(S)-Diphenyl(1-phenylallyl)phosphine oxide 6: white solid, 82% yield. The ee was determined on Daicel Chiralpak 

ADH column with Hexane/iPropanol = 80/20, flow = 0.5 mL/min. Retention times: 24.52 min [(R)-enantiomer], 24.61 

min [(S)-enantiomer]. 98% ee. []20
D = -37 (c = 0.200, CH2Cl2).  

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): δ (ppm) 7.94-7.82 (m, 2H), 7.52 (dd, J = 17.1, 9.0 Hz, 5H), 7.40-7.10 (m, 

8H), 6.24 (td, J = 16.8, 9.1 Hz, 1H), 5.15 (dd, J = 10.0, 2.0 Hz, 1H), 5.04 (dd, J = 17.0, 3.4 Hz, 1H), 4.26 (t, J = 9.2 Hz, 

1H).  

31P{1H} NMR (162 MHz, CDCl3, 298 K) δ (ppm): 31.85 (s). 

 
white solid, 64% yield. The ee was determined on Daicel Chiralpak IF-3 column with Hexane/iPropanol = 80/20, flow = 

0.5 mL/min. Retention times: 21.18 min [(R)-enantiomer], 26.62 min [(S)-enantiomer]. 98% ee. []20
D = -15 (c = 0.200, 

CH2Cl2).  

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): δ (ppm) 7.52 (s, 1H), 7.49-7.41 (m, 1H), 7.36-7.27 (m, 4H), 7.27-7.14 (m, 
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4H), 7.14-7.09 (m, 1H), 7.07-6.98 (m, 2H), 6.67-6.72 (m, 2H), 6.39-6.45 (m, 1H), 5.54-5.35 (m, 2H), 4.40 (dd, J = 23.4, 

8.8 Hz, 1H). 

13C{1H} NMR (100 MHz, CDCl3, 298 K) δ (ppm): 150.98-149.85 (m), 134.93 (d, JC-P = 6.3 Hz), 132.65 (d, JC-P = 6.3 

Hz), 129.75 (d, JC-P = 7.4 Hz), 129.45 (d, JC-P = 19.2 Hz), 128.75 (d, JC-P = 3.4 Hz), 127.90 (d, JC-P = 3.8 Hz), 125.38 

(d, JC-P = 20.7 Hz), 121.93 (dd, JC-P = 24.0, 4.5 Hz), 120.33 (d, JC-P = 15.7 Hz), 56.72 (d, JC-P = 106.9 Hz). 

31P{1H} NMR (162 MHz, CDCl3, 298 K) δ (ppm): 24.82. 
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13. Traces of 1H NMR, 13C{1H} NMR and 31P spectra 

1H NMR (400 MHz, CDCl3) of 2a 

 

13C{1H} NMR (100 MHz, CDCl3) of 2a 
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31P{1H} NMR (162 MHz, CDCl3) 2a 

 

1H NMR (400 MHz, CDCl3) of 2b 
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13C{1H} NMR (100 MHz, CDCl3) of 2b 

 

31P{1H} NMR (162 MHz, CDCl3) 2b 
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1H NMR (400 MHz, CDCl3) of 2c 

 

13C{1H} NMR (100 MHz, CDCl3) of 2c 
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31P{1H} NMR (162 MHz, CDCl3) 2c 

 

1H NMR (400 MHz, CDCl3) of 2e 
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13C{1H} NMR (100 MHz, CDCl3) of 2e 

 

31P{1H} NMR (162 MHz, CDCl3) 2e 
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1H NMR (400 MHz, CDCl3) of 2f 

 

13C{1H} NMR (100 MHz, CDCl3) of 2f 

 

 

 



 

S30 

 

31P{1H} NMR (162 MHz, CDCl3) 2f 

 

1H NMR (400 MHz, CDCl3) of 3aa 
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13C{1H} NMR (100 MHz, CDCl3) of 3aa 

 

31P{1H} NMR (162 MHz, CDCl3) 3aa
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1H NMR (400 MHz, CDCl3) of 3ab 

 

13C{1H} NMR (100 MHz, CDCl3) of 3ab 
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31P{1H} NMR (162 MHz, CDCl3) 3ab 

 

1H NMR (400 MHz, CDCl3) of 3ac 

 

 

 



 

S34 

 

13C{1H} NMR (100 MHz, CDCl3) of 3ac 

 

31P{1H} NMR (162 MHz, CDCl3) 3ac 
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1H NMR (400 MHz, CDCl3) of 3ad 

 

13C{1H} NMR (100 MHz, CDCl3) of 3ad 
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31P{1H} NMR (162 MHz, CDCl3) 3ad 

 

1H NMR (400 MHz, CDCl3) of 3ae 
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13C{1H} NMR (100 MHz, CDCl3) of 3ae 

 

31P{1H} NMR (162 MHz, CDCl3) 3ae 
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1H NMR (400 MHz, CDCl3) of 3af 

 

13C{1H} NMR (100 MHz, CDCl3) of 3af 
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31P{1H} NMR (162 MHz, CDCl3) 3af 

 

1H NMR (400 MHz, CDCl3) of 3ag 
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13C{1H} NMR (100 MHz, CDCl3) of 3ag 

 

31P{1H} NMR (162 MHz, CDCl3) 3ag 
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1H NMR (400 MHz, CDCl3) of 3ah 

 

13C{1H} NMR (100 MHz, CDCl3) of 3ah 
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31P{1H} NMR (162 MHz, CDCl3) 3ah 

 

1H NMR (400 MHz, CDCl3) of 3ai 
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13C{1H} NMR (100 MHz, CDCl3) of 3ai 

 

31P{1H} NMR (162 MHz, CDCl3) 3ai 
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1H NMR (400 MHz, CDCl3) of 3aj 

 

13C{1H} NMR (100 MHz, CDCl3) of 3aj 
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31P{1H} NMR (162 MHz, CDCl3) 3aj 

 

1H NMR (400 MHz, CDCl3) of 3ak 
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13C{1H} NMR (100 MHz, CDCl3) of 3ak 

 

31P{1H} NMR (162 MHz, CDCl3) 3ak 
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1H NMR (400 MHz, CDCl3) of 3al 

 

13C{1H} NMR (100 MHz, CDCl3) of 3al 
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31P{1H} NMR (162 MHz, CDCl3) 3al 

 

1H NMR (400 MHz, CDCl3) of 3am 
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13C{1H} NMR (100 MHz, CDCl3) of 3am 

 

31P{1H} NMR (162 MHz, CDCl3) 3am 
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1H NMR (400 MHz, CDCl3) of 3an 

 

13C{1H} NMR (100 MHz, CDCl3) of 3an 
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31P{1H} NMR (162 MHz, CDCl3) 3an

 

1H NMR (400 MHz, CDCl3) of 3ao 
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13C{1H} NMR (100 MHz, CDCl3) of 3ao 

 

31P{1H} NMR (162 MHz, CDCl3) 3ao 
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1H NMR (400 MHz, CDCl3) of 3ap 

 

13C{1H} NMR (100 MHz, CDCl3) of 3ap 
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31P{1H} NMR (162 MHz, CDCl3) 3ap 

 

1H NMR (400 MHz, CDCl3) of 3aq 
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13C{1H} NMR (100 MHz, CDCl3) of 3aq 

 

31P{1H} NMR (162 MHz, CDCl3) 3aq 
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1H NMR (400 MHz, CDCl3) of 3ar 

 

13C{1H} NMR (100 MHz, CDCl3) of 3ar 
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31P{1H} NMR (162 MHz, CDCl3) 3ar 

 

1H NMR (400 MHz, CDCl3) of 3as 
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13C{1H} NMR (100 MHz, CDCl3) of 3as 

 

31P{1H} NMR (162 MHz, CDCl3) 3as 
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1H NMR (400 MHz, CDCl3) of 3at 

 

13C{1H} NMR (100 MHz, CDCl3) of 3at 

 

 

 



 

S60 

 

13C{1H} NMR (100 MHz, CDCl3) of 3at 

 

1H NMR (400 MHz, CDCl3) of 3au
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13C{1H} NMR (100 MHz, CDCl3) of 3au

 

31P{1H} NMR (162 MHz, CDCl3) 3au
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1H NMR (400 MHz, CDCl3) of 3ay 

 

13C{1H} NMR (100 MHz, CDCl3) of 3ay 
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31P{1H} NMR (162 MHz, CDCl3) 3ay 

 

1H NMR (400 MHz, CDCl3) of 3az 
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13C{1H} NMR (100 MHz, CDCl3) of 3az 

 

13P{1H} NMR (100 MHz, CDCl3) of 3az 
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1H NMR (400 MHz, CDCl3) of 3ba 

 

13C{1H} NMR (100 MHz, CDCl3) of 3ba 
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31P{1H} NMR (162 MHz, CDCl3) 3ba 

 

1H NMR (400 MHz, CDCl3) of 3ca 
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13C{1H} NMR (100 MHz, CDCl3) of 3ca 

 

31P{1H} NMR (162 MHz, CDCl3) 3ca 
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1H NMR (400 MHz, CDCl3) of 3da 

 

13C{1H} NMR (100 MHz, CDCl3) of 3da 
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31P{1H} NMR (162 MHz, CDCl3) 3da 

 

1H NMR (400 MHz, CDCl3) of 3aa＇ 
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13C{1H} NMR (100 MHz, CDCl3) of 3aa＇ 

 

31P{1H} NMR (162 MHz, CDCl3) 3aa＇ 
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1H NMR (400 MHz, MeOD) of 4 

 

 13C{1H} NMR (100 MHz, MeOD) of 4 
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31P{1H} NMR (162 MHz, MeOD) 4 

 

1H NMR (400 MHz, CDCl3) of 6 
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31P{1H} NMR (162 MHz, CDCl3) 6 

 

 1H NMR (400 MHz, CDCl3) of 7 

 

 

 



 

S74 

 

13C{1H} NMR (100 MHz, CDCl3) of 7 

 

31P{1H} NMR (162 MHz, CDCl3) 7 
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14. Traces of HPLC spectra  
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