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I. General remark 

All reactions and manipulations were performed in an argon-filled glovebox or using 

standard Schlenk techniques. Unless otherwise noted, all reagents and solvents were 

purchased from commercial suppliers and used without further purification. Column 

Chromatography was performed with silica gel Merck 60 (200-300 mesh). Anhydrous 

solvents. Anhydrous solvents were purchased from J&K Chemical and degassed by 

bubbling argon over a period of 30 min prior to use. 1H NMR, 13C NMR and 31P NMR 

spectra were recorded on a Bruker Avance Neo 400 MHz or 600 MHz spectrometer 

with CDCl3 as the solvent and tetramethylsilane (TMS) as the internal standard. 

Chemical shifts are reported in ppm, upfield to TMS (0.00 ppm) and relative to CDCl3 

(7.26 ppm) for 1H NMR or CDCl3 (77.0 ppm) for 13C NMR. HRMS(ESI) were recorded 

on Thermo-Fisher Orbitrap Fusion instrument. Optical rotations were determined using 

a 1 mL cell with a 1 dm path length on a Rudolph Autopol I polarimeter at 589 nm. 

HPLC analyses were performed using an Agilent 1260 Series instrument. 
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II. Condition optimization of dynamic kinetic resolution  

General procedure: 

To a 2.5 mL vial was added the model substrates (0.1 mmol), catalyst (0.001 mmol), 

Et3N/HCOOH mixture and solvent (1 mL) under argon atmosphere. The mixture was 

stirred for 2 hours at room temperature. After the reaction finished, the reaction mixture 

was passed through a short column of silica gel to remove the metal complex. The 

product was concentrated in vacuo then 0.4 mL pyridine and 0.2 mmol benzoyl chloride 

was added. The mixture was allowed to stir at room temperature for 4 hours. After the 

reaction finished, 4 M HCl solution was add, the mixture was quenched with EtOAc 

and concentrated in vacuo.1 The product was analyzed by 1H NMR to determine the 

conversion. The ee values were determined by HPLC on a chiral stationary phase. 

 

Optimization of catalysts: 

Four catalysts applied on transfer hydrogenation were optimized for the model 

substrate with general procedure. In all groups substrate had completely converted, 

while Cat4 gave the highest dr and ee result. Therefore, Cat4 will be applied on further 

optimization. After determined the catalyst with highest activity and enantioselectivity, 

the effect of solvent on this reaction was tested. The results showed that solvent affect 

few on this reaction, and DCM gave better performance than other groups. The 

concentration of reaction and hydrogen donor were further studied. The results show 

that the concentration and the ratio of hydrogen donor also had no effect on both 

reactivity and selectivity. Cat4 were synthesized according to the literature.2  

  



S5 

 

Table S1. Optimization of reaction concentration: 

 

entrya concentration (mol/L) conv. (%)b drc eed 

1 0.1 >99 >99:1 98% 

2 0.16 >99 >99:1 98% 

3 0.25 >99 >99:1 98% 

4 0.5 >99 >99:1 98% 

aReaction conditions: 1a (0.1 mmol), HCOOH/Et3N (5:2) (0.05 mL), catalyst. (1 mol%), DCM (0.2-1 

mL), 25 oC, 2 h. bNMR yield. bThe reaction mixture was analyzed by 1H. cDetermined by NMR 
dDetermined by chiral HPLC analysis. 

 

Table S2. Optimization of hydrogen donor: 

 

entrya hydrogen donor conv. (%)b drc ee d 

1 HCOOH/Et3N (5:2) >99 >99:1 98% 

2 HCOOH/Et3N (1:1) >99 >99:1 98% 

3 HCOOH/Et3N (2:1) >99 >99:1 98% 

4 HCOOH/DBU (2:1) >99 >99:1 95% 

aReaction conditions: 1a (0.1 mmol), hydrogen donor (0.05 mL), catalyst. (1 mol%), DCM (0.2 mL), 25 
oC, 2 h. bNMR yield. bThe reaction mixture was analyzed by 1H. cDetermined by NMR dDetermined by 

chiral HPLC analysis. 
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Table S3. TON Study of DKR-ATH of 1h: 

 

entrya S/C time (h) conv. (%)b drc ee (cis)d 

1 200 2 >99 >99:1 >99% 

2 500 5 >99 >99:1 >99% 

3 1000 12 >99 >99:1 >99% 

4 2000 36 >99 >99:1 >99% 

The reactions were carried out with different catalyst/substrate (0.2 mmol) ratio in 0.2 

mL of solvent, HCO2H/Et3N azeotropic mixture (100 µL) at 25 °C. 

 

Gram-Scale DKR-ATH Procedure:  

In a nitrogen filled glovebox, to a 50 mL Schleck tube charged with a magnetic 

stirring bar were added successively substrate 1a (5 mmol, 1.15 g), formic 

acid/trimethylamine azeotropic mixture (5:2, 0.4 mL), the catalyst (cat4, 7.6 mg, 0.01 

mmol) and the solvent (10 mL). The mixture was then stirred at room temperature for 

14 h. After the reaction finished, the reaction solution was concentrated and the residue 

was passed through a short column of silica gel (eluent: EA:PE = 3:1) to remove the 

metal complex. Compounds 2a was obtained as a colorless oil (1.04 g, 91% yield, 97% 

ee, >99:1 dr). 
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III. Proposed Catalytic Circle 

 

 

Based on our previous investigations, a plausible catalytic circle was proposed. 

Firstly, Cat4 was transformed to the reactive species Cat4a in the presence of HCO2H 

and NEt3. The two enantiomers of 1a, (S)-1a and (R)-1a, are in equilibrium with each 

other. (S)-1a matches with the catalyst Cat4a better and it coordinate with Cat4a to 

form Int1. Intramolecular hydrogen transfer of Int1 generated Int2 via TS1. The 

desired product (S,R)-2a was formed by reaction of Int2 with HCO2H, and the reactive 

catalyst Cat4a was also regenerated in this process. 
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IV. Preparation of substrates 

Procedure A: Preparation of substrate 1a, 1b. 

 

Scheme 1. Synthetic route of compound 1a, 1b 

 

To a solution of phosphonate S1 (3 mmol) in anhydrous CH2Cl2 (5 mL) under Ar 

atmosphere at 0 oC was added SOCl2 (3 mmol) dropwise. After stirring for 1 hour, water 

was added to quench the reaction. The resulting mixture was extracted with CH2Cl2 and 

concentrated in vacuo. The residue was purified by flash chromatography (PE:EA 3:1) 

to afford product. Compound 1a, 1b was obtained with medium to high yield (80%). 

 

Procedure B: Preparation of substrate 1c, 1d. 

 

Scheme 2. Synthetic route of compound 1c, 1d 

 

To a solution of phosphonate S2 (2 mmol) and K2CO3 (3 mmol) in acetone (8 mL) 

was added methyl iodide/ethyl iodide (3 mmol) dropwise, and the resulting mixture was 

stirred at room temperature for 24 hours. The reaction was quenched with saturated 

NH4Cl and extracted with EtOAc. The combined organic phases were dried over 

Na2SO4 and concentrated in vacuo. The residue was purified by chromatography to 

afford product. Compound was obtained with medium yield (50-60%). 
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Procedure C: Preparation of substrate 1f-1u. 

 

Scheme 3. Synthetic route of compound 1f-1u 

 

To a solution of ester S3 (2.2 mmol) and phosphonate S4 (2 mmol) in anhydrous 

THF (2.5 mL) under Ar atmosphere at 0 oC was added LDA (4.4 mmol) dropwise. After 

stirring for 0.5-hour, 4 M HCl solution was added to quench the reaction. The resulting 

mixture was extracted with EtOAc and concentrated in vacuo. The residue was purified 

by flash chromatography (PE:EA from 10:1 to 3:1) to afford product. Compound 1f-1u 

was obtained in 60-85% yield. 

 

Procedure D: Preparation of substrate 1e. 

 

Scheme 4. Synthetic route of compound 1e 

 

The substrate S3 (5.0 mmol, 1.0 eq) was added to a round-bottom flask under an 

argon atmosphere, followed by the addition of 10 mL of THF as the solvent. The 

mixture was cooled to 0oC using an ice-water bath and NaH (6.0 mmol, 1.2 eq, 60% 

dispersion in mineral oil) was added portion-wise. The reaction mixture was stirred at 

0oC for 30 minutes until gas evolution ceased. Next, benzyl bromide (6.0 mmol, 1.2 eq) 

was added dropwise. The mixture was stirred at 0oC for 30 minutes before allowing it 

to warm gradually to room temperature. Stirring was continued overnight. The reaction 

was quenched with a saturated NH4Cl solution, extracted with EA and washed with 

water and brine. The organic layers were dried over Na2SO4 and concentrated under 

reduced pressure. The crude product was purified by silica gel column chromatography 



S10 

 

to afford product (65% yield). 

 

Characterization Data of 1 

 

 

Diethyl (1-chloro-2-methyl-2-oxoethyl)phosphonate (1a):3 colorless liquid, 552 mg, 

80% yield. 1H NMR (400 MHz, Chloroform-d) δ 4.48 (dd, J = 17.5, 1.0 Hz, 1H), 4.30 

– 4.16 (m, 4H), 2.45 (d, J = 1.6 Hz, 3H), 1.36 (tdd, J = 7.2, 3.5, 1.5 Hz, 6H). 13C NMR 

(101 MHz, Chloroform-d) δ 197.67, 64.61 (dd, J = 14.4, 6.9 Hz), 57.46 (d, J = 138.7 

Hz), 27.77, 16.31 (d, J = 5.9 Hz). 31P NMR (162 MHz, Chloroform-d) δ 12.47. HRMS 

Calcd. For C7H14ClNaO4P+ [M+Na+]: 251.0210. Found: 251.0213. 

 

 

Dimethyl (1-chloro-2-methyl-2-oxoethyl)phosphonate (1b):3 colorless liquid, 485 

mg, 80% yield. 1H NMR (400 MHz, Chloroform-d) δ 4.54 (d, J = 17.6 Hz, 1H), 3.90 

(ddd, J = 11.1, 2.6, 1.1 Hz, 6H), 2.47 (d, J = 2.5 Hz, 3H). 13C NMR (101 MHz, 

Chloroform-d) δ 196.54, 55.83 (d, J = 139.9 Hz), 53.88 (dd, J = 22.1, 6.9 Hz), 26.81. 

31P NMR (162 MHz, Chloroform-d) δ 14.93. HRMS Calcd. For C5H10ClNaO4P+ 

[M+Na+]: 222.9897. Found: 222.9897. 

 

 

Diethyl (1-methyl-2-methyl-2-oxoethyl)phosphonate (1c):3 colorless liquid, 311 mg, 

57% yield. 1H NMR (400 MHz, Chloroform-d) δ 4.28 – 4.02 (m, 4H), 3.21 (dq, J = 

25.6, 7.1 Hz, 1H), 2.34 (s, 3H), 1.43 – 1.28 (m, 9H). 13C NMR (101 MHz, Chloroform-

d) δ 203.91 (d, J = 3.9 Hz), 62.61 (dd, J = 10.5, 6.9 Hz), 47.50 (d, J = 126.7 Hz), 30.40, 
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16.36 (d, J = 4.3 Hz), 10.89 (d, J = 6.4 Hz).31P NMR (162 MHz, Chloroform-d) δ23.42. 

HRMS Calcd. For C8H17NaO4P+ [M+Na+]: 231.0757. Found: 231.0754. 

 

 

Diethyl (1-ethyl-2-methyl-2-oxoethyl)phosphonate (1d): colorless liquid, 1.22 g, 55% 

yield. 1H NMR (600 MHz, Chloroform-d) δ 4.23 – 3.98 (m, 4H), 3.05 (ddt, J = 24.3, 

10.6, 2.7 Hz, 1H), 2.31 (t, J = 1.7 Hz, 3H), 2.02 (ddtd, J = 16.6, 13.5, 7.4, 3.2 Hz, 1H), 

1.86 (dtt, J = 14.5, 7.5, 3.6 Hz, 1H), 1.32 (td, J = 7.1, 1.8 Hz, 6H), 1.05 – 0.83 (m, 3H). 

13C NMR (151 MHz, Chloroform-d) δ 203.93 (d, J = 4.1 Hz), 62.54 (dd, J = 16.7, 6.8 

Hz), 55.44 (d, J = 124.9 Hz), 31.19, 20.02 (d, J = 5.1 Hz), 16.36 (dd, J = 6.0, 2.6 Hz), 

13.12 (d, J = 15.8 Hz). 31P NMR (243 MHz, Chloroform-d) δ 22.32. HRMS Calcd. For 

C9H19NaO4P+ [M+Na+]: 245.0913. Found: 245.0911. 

 

 

Diethyl (1-benzyl-2-methyl-2-oxoethyl)phosphonate (1e): colorless liquid, 1.64 g, 58% 

yield. 1H NMR (600 MHz, Chloroform-d) δ 7.29 – 7.24 (m, 3H), 7.22 – 7.17 (m, 1H), 

7.15 (d, J = 7.5 Hz, 2H), 4.16 (dddd, J = 13.9, 11.0, 6.8, 4.3 Hz, 4H), 3.53 (ddd, J = 

24.2, 11.2, 3.4 Hz, 1H), 3.31 (ddd, J = 14.3, 11.2, 7.7 Hz, 1H), 3.10 (ddd, J = 14.2, 10.7, 

3.3 Hz, 1H), 2.17 (d, J = 1.2 Hz, 3H), 1.35 (td, J = 7.1, 3.2 Hz, 6H). 13C NMR (151 

MHz, Chloroform-d) δ 203.09 (d, J = 4.5 Hz), 138.99 (d, J = 15.9 Hz), 128.63, 128.54, 

126.65, 62.90 (d, J = 6.8 Hz), 62.67 (d, J = 6.9 Hz), 55.14 (d, J = 123.5 Hz), 32.03, 

16.40 (d, J = 6.0 Hz). 31P NMR (243 MHz, Chloroform-d) δ 21.34. HRMS Calcd. For 

C14H21NaO4P+ [M+Na+]: 307.1070. Found: 307.1071. 
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Diethyl (1-chloro-2-ethyl-2-oxoethyl)phosphonate (1f): colorless liquid, 786 mg, 65% 

yield. 1H NMR (400 MHz, Chloroform-d) δ 4.49 (d, J = 17.4 Hz, 1H), 4.22 – 4.10 (m, 

4H), 2.96 – 2.52 (m, 2H), 1.29 (tt, J = 6.8, 3.3 Hz, 6H), 1.03 (td, J = 7.1, 3.3 Hz, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 200.44, 64.55 (d, J = 6.9 Hz), 64.40 (d, J = 6.9 

Hz), 57.37, 55.99, 33.73, 16.21 (d, J = 6.0 Hz), 7.61. 31P NMR (162 MHz, Chloroform-

d) δ 12.68. HRMS Calcd. For C8H16ClNaO4P+ [M+Na+]: 265.0367. Found: 265.0364. 

 

 

Diethyl (1-chloro-2-(i-propyl)-2-oxoethyl)phosphonate (1g): colorless liquid, 780 

mg, 61% yield. 1H NMR (400 MHz, Chloroform-d) δ 4.62 (dt, J = 17.5, 2.6 Hz, 1H), 

4.16 (dddd, J = 14.5, 12.4, 8.2, 6.0 Hz, 4H), 3.14 (dqt, J = 13.5, 6.7, 3.2 Hz, 1H), 1.27 

(qt, J = 6.5, 3.0 Hz, 6H), 1.07 (dt, J = 6.5, 3.2 Hz, 6H). 13C NMR (101 MHz, 

Chloroform-d) δ 203.59, 64.46 (t, J = 7.1 Hz), 56.01, 54.63, 38.89, 18.95, 18.25, 16.22 

(d, J = 6.0 Hz). 31P NMR (162 MHz, Chloroform-d) δ 12.63. HRMS Calcd. For 

C9H18ClNaO4P+ [M+Na+]: 279.0523. Found: 279.0523. 

 

 

Diethyl (1-chloro-2-phenyl-2-oxoethyl)phosphonate (1h):3 yellow solid, 657 mg, 75% 

yield. 1H NMR (400 MHz, Chloroform-d) δ 7.99 (dt, J = 7.9, 3.4 Hz, 2H), 7.59 (dt, J 

= 8.1, 4.0 Hz, 1H), 7.47 (tt, J = 7.7, 3.3 Hz, 2H), 5.46 (dd, J = 16.4, 2.8 Hz, 1H), 4.21 

(ddtt, J = 25.1, 10.7, 7.0, 3.4 Hz, 4H), 1.26 (ddq, J = 28.7, 7.1, 3.5 Hz, 6H). 13C NMR 

(101 MHz, Chloroform-d) δ 189.61, 134.85, 134.15, 129.35, 128.69, 64.62 (d, J = 7.1 

Hz), 64.52 (d, J = 6.9 Hz), 53.41, 51.98, 16.23 (dd, J = 9.7, 6.0 Hz). 31P NMR (162 
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MHz, Chloroform-d) δ 12.60. HRMS Calcd. For C12H16ClNaO4P+ [M+Na+]: 

313.0367. Found: 313.0370. 

 

 

Diethyl (1-chloro-2-(4-methoxyphenyl)-2-oxoethyl)phosphonate (1i):3 yellow solid, 

753 mg, 78% yield. 1H NMR (400 MHz, Chloroform-d) δ 8.03 – 7.82 (m, 2H), 6.88 

(dd, J = 8.6, 6.4 Hz, 2H), 5.39 (d, J = 16.0 Hz, 1H), 4.15 (dtd, J = 14.3, 7.2, 3.7 Hz, 

4H), 3.80 (q, J = 5.6, 4.9 Hz, 3H), 1.22 (dq, J = 20.8, 7.1 Hz, 6H). 13C NMR (101 MHz, 

Chloroform-d) δ 187.73, 164.37, 131.88 (d, J = 2.0 Hz), 127.56, 113.87, 66.20 – 62.62 

(m), 55.55, 53.16, 51.73, 16.23 (t, J = 5.2 Hz). 31P NMR (162 MHz, Chloroform-d) δ 

13.00. HRMS Calcd. For C13H18ClNaO5P+ [M+Na+]: 343.0473. Found: 343.0474. 

 

 

Diethyl (1-chloro-2-(4-methylphenyl)-2-oxoethyl)phosphonate (1j):3 yellow solid, 

762 mg, 83% yield. 1H NMR (400 MHz, Chloroform-d) δ 8.04 – 7.78 (m, 2H), 7.29 (d, 

J = 8.1 Hz, 2H), 5.44 (d, J = 16.1 Hz, 1H), 4.24 (ddtd, J = 26.0, 11.8, 7.2, 3.2 Hz, 4H), 

2.43 (s, 3H), 1.30 (dt, J = 26.6, 7.1 Hz, 6H). 13C NMR (151 MHz, Chloroform-d) δ 

189.09, 145.35, 132.29, 129.47 (d, J = 19.7 Hz), 64.54 (dd, J = 10.9, 6.9 Hz), 52.54 (d, 

J = 143.9 Hz), 21.78, 16.27 (dd, J = 11.9, 6.1 Hz).31P NMR (162 MHz, Chloroform-d) 

δ 12.85. HRMS Calcd. For C13H18ClNaO4P+ [M+Na+]: 327.0523. Found: 327.0522. 

 

 

Diethyl (1-chloro-2-(4-florophenyl)-2-oxoethyl)phosphonate (1k):3 yellow solid, 

716 mg, 76.8% yield. 1H NMR (400 MHz, Chloroform-d) δ 8.08 (ddt, J = 9.8, 4.9, 2.6 
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Hz, 2H), 7.16 (ddp, J = 7.9, 5.2, 2.8 Hz, 2H), 5.44 – 5.34 (m, 1H), 4.23 (dtdd, J = 13.3, 

10.6, 5.4, 2.7 Hz, 4H), 1.30 (ddddt, J = 21.6, 9.3, 7.4, 4.5, 2.6 Hz, 6H). 13C NMR (101 

MHz, Chloroform-d) δ 188.10, 132.37, 132.28, 116.03, 115.81, 64.72, 64.65, 53.59, 

52.16, 16.24 (d, J = 6.1 Hz). 31P NMR (162 MHz, Chloroform-d) δ 12.44. Calcd. For 

C12H15ClFNaO4P+ [M+Na+]: 331.0273. Found: 331.0278. 

 

 

Diethyl (1-chloro-2-(4-chlorophenyl)-2-oxoethyl)phosphonate (1l):3 yellow solid, 

834 mg, 85.2% yield. 1H NMR (400 MHz, Chloroform-d) δ 7.98 (ddd, J = 9.3, 4.7, 2.4 

Hz, 2H), 7.46 (ddd, J = 8.0, 5.0, 2.7 Hz, 2H), 5.40 (dd, J = 16.6, 1.7 Hz, 1H), 4.24 (dd, 

J = 14.8, 12.6, 10.3, 7.5, 4.9, 2.7 Hz, 4H), 1.35 – 1.24 (m, 6H). 13C NMR (101 MHz, 

Chloroform-d) δ 188.53, 140.78, 133.02, 130.86, 129.01, 64.69 (d, J = 6.9 Hz), 53.65, 

52.22, 16.26. 31P NMR (162 MHz, Chloroform-d) δ 12.30. HRMS Calcd. For 

C12H15Cl2NaO4P+ [M+Na+]: 346.9977. Found: 346.9981. 

 

 

 

Diethyl (1-chloro-2-(4-bromophenyl)-2-oxoethyl)phosphonate (1m):3 yellow solid, 

688 mg, 62% yield. 1H NMR (600 MHz, Chloroform-d) δ 7.87 (dd, J = 8.7, 2.6 Hz, 

2H), 7.60 (dd, J = 8.6, 3.2 Hz, 2H), 5.38 (d, J = 16.6 Hz, 1H), 4.21 (dtq, J = 25.7, 11.1, 

4.2, 3.6 Hz, 4H), 1.27 (dtd, J = 32.3, 7.1, 3.0 Hz, 6H). 13C NMR (151 MHz, 

Chloroform-d) δ 188.76 (d, J = 2.0 Hz), 133.45 (d, J = 2.0 Hz), 132.00, 130.90, 129.59, 

64.69 (d, J = 6.8 Hz), 53.41, 52.46, 16.25 (dd, J = 7.7, 6.0 Hz). 31P NMR (162 MHz, 

Chloroform-d) δ 12.27. HRMS Calcd. For C12H15BrClNaO4P+ [M+Na+]: 390.9472. 

Found: 390.9471. 
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Diethyl (1-chloro-2-(3-florophenyl)-2-oxoethyl)phosphonate (1n):3 yellow liquid, 

725 mg, 78% yield. 1H NMR (400 MHz, Chloroform-d) δ 7.81 (dd, J = 8.3, 4.5 Hz, 

1H), 7.74 – 7.66 (m, 1H), 7.55 – 7.40 (m, 1H), 7.31 (tt, J = 8.1, 3.7 Hz, 1H), 5.45 – 5.34 

(m, 1H), 4.29 – 4.17 (m, 4H), 1.34 – 1.21 (m, 6H). 13C NMR (101 MHz, Chloroform-

d) δ 188.60, 130.37 (d, J = 7.6 Hz), 125.23 (d, J = 3.1 Hz), 121.22 (d, J = 21.6 Hz), 

116.32, 64.73, 53.60, 52.18, 16.24. 31P NMR (162 MHz, Chloroform-d) δ 12.16 (d, J = 

2.8 Hz). HRMS Calcd. For C12H15ClFNaO4P+ [M+Na+]: 331.0273. Found: 331.0275. 

 

  

Diethyl (1-chloro-2-(3-chlorophenyl)-2-oxoethyl)phosphonate (1o):3 yellow liquid, 

706 mg, 72% yield. 1H NMR (400 MHz, Chloroform-d) δ 7.99 (t, J = 1.9 Hz, 1H), 7.96 

– 7.87 (m, 1H), 7.63 – 7.57 (m, 1H), 7.44 (t, J = 7.9 Hz, 1H), 5.38 (d, J = 16.6 Hz, 1H), 

4.50 – 4.01 (m, 4H), 1.48 – 1.07 (m, 6H). 13C NMR (101 MHz, Chloroform-d) δ 188.59, 

136.32, 135.06, 134.03, 129.97, 129.37, 127.54, 64.75 (dd, J = 10.1, 6.9 Hz), 53.68, 

52.26, 16.21 (d, J = 6.3 Hz). 31P NMR (162 MHz, Chloroform-d) δ 12.08. HRMS Calcd. 

For C12H15Cl2NaO4P+ [M+Na+]: 346.9977. Found: 346.9976. 

 

 

Diethyl (1-chloro-2-(3-bromophenyl)-2-oxoethyl)phosphonate (1p):3 colorless 

liquid, 779 mg, 70% yield. 1H NMR (400 MHz, Chloroform-d) δ 8.14 (q, J = 2.1 Hz, 

1H), 7.96 (d, J = 7.9 Hz, 1H), 7.74 (dd, J = 7.9, 2.4 Hz, 1H), 7.38 (td, J = 8.0, 2.2 Hz, 

1H), 5.38 (dt, J = 16.6, 1.7 Hz, 1H), 4.24 (tdd, J = 14.5, 7.2, 2.4 Hz, 4H), 1.30 (dtd, J = 

25.7, 7.2, 2.2 Hz, 7H). 13C NMR (101 MHz, Chloroform-d) δ 188.47 (d, J = 2.0 Hz), 
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137.79 – 135.44 (m), 132.27, 130.21, 127.98, 122.94, 64.75 (dd, J = 12.3, 6.9 Hz), 

52.97 (d, J = 143.5 Hz), 16.26 (dd, J = 8.1, 6.1 Hz). 31P NMR (162 MHz, Chloroform-

d) δ 12.07. HRMS Calcd. For C12H15BrClNaO4P+ [M+Na+]: 390.9472. Found: 

390.9471. 

 

 

Diethyl (1-chloro-2-(2-florophenyl)-2-oxoethyl)phosphonate (1q):3 yellow liquid, 

762 mg, 82.1% yield 1H NMR (400 MHz, Chloroform-d) δ 7.85 (tt, J = 7.5, 2.1 Hz, 

1H), 7.57 (dddt, J = 8.5, 6.9, 3.2, 1.6 Hz, 1H), 7.31 – 7.22 (m, 1H), 7.21 – 7.11 (m, 1H), 

5.67 – 5.57 (m, 1H), 4.30 – 4.08 (m, 4H), 1.24 (dtd, J = 33.3, 7.1, 2.7 Hz, 6H). 13C 

NMR (101 MHz, Chloroform-d) δ 187.48, 162.61, 160.08, 135.62 (d, J = 9.3 Hz), 

131.40 (d, J = 2.0 Hz), 124.82 (d, J = 3.3 Hz), 116.69, 116.45, 64.61 (d, J = 6.8 Hz), 

64.37 (d, J = 6.8 Hz), 57.57 (d, J = 10.3 Hz), 56.16 (d, J = 10.1 Hz), 16.15 (dd, J = 14.3, 

6.1 Hz). 31P NMR (162 MHz, Chloroform-d) δ 12.13. HRMS Calcd. For 

C12H15ClFNaO4P+ [M+Na+]: 331.0273. Found: 331.0271. 

 

 

Diethyl (1-chloro-2-benzyl-2-oxoethyl)phosphonate (1r):3 colorless liquid, 597 mg,  

65% yield. 1H NMR (400 MHz, Chloroform-d) δ 7.40 – 7.14 (m, 7H), 4.64 (d, J = 17.4 

Hz, 1H), 4.35 – 4.20 (m, 4H), 4.20 – 4.03 (m, 2H), 1.37 (td, J = 7.1, 1.6 Hz, 6H). 13C 

NMR (101 MHz, Chloroform-d) δ 197.26, 132.97, 129.69, 128.76, 64.70 (dd, J = 16.0, 

6.9 Hz), 56.42 (d, J = 138.4 Hz), 47.03, 16.34 (d, J = 5.9 Hz). 31P NMR (162 MHz, 

Chloroform-d) δ 12.27. HRMS Calcd. For C13H18ClNaO4P+ [M+Na+]: 327.0523. 

Found: 327.0524. 
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Dimethyl (1-chloro-2-(furan-2-yl)-2-oxoethyl)phosphonate (1s):3 yellow solid, 744 

mg, 88% yield. 1H NMR (400 MHz, Chloroform-d) δ 7.67 (d, J = 1.7 Hz, 1H), 7.43 (d, 

J = 3.6 Hz, 1H), 6.62 (dd, J = 3.6, 1.7 Hz, 1H), 5.34 (dd, J = 16.4, 1.5 Hz, 1H), 4.35 – 

4.11 (m, 4H), 1.31 (dt, J = 26.7, 7.1 Hz, 6H). 13C NMR (151 MHz, Chloroform-d) δ 

177.78 (d, J = 2.4 Hz), 150.60 (d, J = 2.1 Hz), 147.67, 120.28, 113.16, 64.64 (dd, J = 

29.2, 6.9 Hz), 52.71, 51.77, 16.28 (dd, J = 11.6, 6.1 Hz). 31P NMR (162 MHz, 

Chloroform-d) δ 12.20. HRMS Calcd. For C10H14ClNaO5P+ [M+Na+]: 305.0316. 

Found: 303.0160. 

 

 

Dimethyl (1-chloro-2-oxo-2-(thiophen-2-yl)ethyl)phosphonate (1t):3 yellow solid , 

760 mg, 85% yield. 1H NMR (400 MHz, Chloroform-d) δ 7.95 (dd, J = 4.0, 1.1 Hz, 

1H), 7.76 (dd, J = 4.9, 1.1 Hz, 1H), 7.17 (dd, J = 5.0, 3.9 Hz, 1H), 5.22 (d, J = 16.1 Hz, 

1H), 4.41 – 4.09 (m, 4H), 1.32 (dtd, J = 19.1, 7.0, 0.8 Hz, 7H). 13C NMR (151 MHz, 

Chloroform-d) δ 182.01, 141.28 (d, J = 2.3 Hz), 136.04, 134.88, 128.48, 64.72 (t, J = 

6.6 Hz), 53.95, 53.00, 17.10 – 15.34 (m). 31P NMR (162 MHz, Chloroform-d) δ 12.22. 

HRMS Calcd. For C10H14ClNaO4PS+ [M+Na+]: 318.9931. Found: 318.9936. 

 

 

Diethyl (1-chloro-2-naphthyl-2-oxoethyl)phosphonate (1u):3 white solid, 851 mg, 

83% yield. 1H NMR (400 MHz, Chloroform-d) δ 8.05 (dd, J = 8.7, 1.9 Hz, 1H), 7.99 

(dd, J = 8.3, 1.3 Hz, 1H), 7.95 – 7.85 (m, 2H), 7.64 (ddd, J = 8.2, 6.9, 1.4 Hz, 1H), 7.57 

(ddd, J = 8.1, 6.9, 1.3 Hz, 1H), 5.62 (d, J = 16.2 Hz, 1H), 4.38 – 4.11 (m, 4H), 1.29 (dtd, 
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J = 36.7, 7.0, 0.8 Hz, 6H). 13C NMR (101 MHz, Chloroform-d) δ 189.49, 135.97, 

132.25, 132.10, 131.72, 129.90, 129.24, 128.66, 127.82, 127.10, 124.43, 64.72 (d, J = 

7.0 Hz), 64.56 (d, J = 6.9 Hz), 53.46, 52.03, 16.29 (dd, J = 9.7, 6.0 Hz). 31P NMR (162 

MHz, Chloroform-d) δ 12.80. HRMS Calcd. For C16H18ClNaO4P+ [M+Na+]: 

363.0523. Found: 363.0525. 
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V. Procedure for dynamic kinetic resolution reaction 

To a 2.5 mL vial was added the substrates (0.1 mmol), catalyst (0.001 mmol), 

Et3N/HCOOH (5:2) mixture (0.05 mL) and anhydrous DCM (0.2 mL) under argon 

atmosphere. The mixture was stirred for 2 hours at room temperature. After the reaction 

finished, the reaction mixture was passed through a short column of silica gel to remove 

the metal complex. The product was analyzed by 1H NMR to determine the conversion. 

The ee values and diastereo-isomer ratio were determined by HPLC on a chiral 

stationary phase. For hydrogenation product 2a-2f, derivatization was conducted before 

determination. 0.4 mL pyridine and 0.2 mmol benzoyl chloride was added. The mixture 

was allowed to stir at room temperature for 4 hours. After the reaction finished, 4 M 

HCl solution was add, the mixture was quenched with EtOAc and concentrated in 

vacuo.1 The product was analyzed by 1H NMR to determine the conversion. The ee 

values and diastereo-isomer ratio were determined by HPLC or UPLC on a chiral 

stationary phase. The configuration was determined by optical rotation and previous 

literature.4 

 

 

Cis-(1S, 2R)-diethyl (1-chloro-2-hydroxy-2-(methyl)ethyl)phosphonate (2a)4 

93% yield. 1H NMR (600 MHz, Chloroform-d) δ 4.35 (tt, J = 8.7, 6.3 Hz, 1H), 4.31 – 

4.15 (m, 4H), 3.85 (dd, J = 12.5, 2.4 Hz, 1H), 1.42 – 1.32 (m, 9H). 13C NMR (151 MHz, 

Chloroform-d) δ 66.19 (d, J = 1.9 Hz), 63.93 (dd, J = 205.9, 7.0 Hz), 57.17 (d, J = 155.6 

Hz), 20.12 (d, J = 11.0 Hz), 16.41 (dd, J = 9.3, 5.9 Hz). 31P NMR (243 MHz, 

Chloroform-d) δ 19.15. [α]20
D = +52.2 (c 0.5, CHCl3). The enantiomeric excess and 

diastereo-isomer ratio were determined by HPLC on Chiral OD-H column, 230 nm, 25 

oC, nHexane: iPrOH = 90:10; flow 1.0 mL/min; t1 (minor) = 5.56 min, t2 (minor) = 5.85 

min, t3 (minor) = 7.99 min, t4 (major) = 10.53 min. HRMS Calcd. For C7H16ClNaO4P+ 

[M+Na+]: 253.0367 Found: 253.0366. 



S20 

 

 

 

Cis -(1S, 2R)-dimethyl (1-chloro-2-hydroxy-2-(methyl)ethyl)phosphonate (2b)4 

91% yield. 1H NMR (400 MHz, Chloroform-d) δ 4.45 – 4.26 (m, 1H), 3.92 (d, J = 10.7 

Hz, 3H), 3.90 (dd, J = 12.5, 2.5 Hz, 1H), 3.84 (d, J = 10.8 Hz, 3H), 3.04 (d, J = 5.1 Hz, 

1H), 1.35 (dd, J = 6.3, 1.4 Hz, 3H). 13C NMR (101 MHz, Chloroform-d) δ 65.90 (d, J 

= 4.7 Hz), 64.29 – 57.28 (m), 37.42 (d, J = 137.0 Hz), 20.23 (d, J = 13.8 Hz), 17.85 – 

13.74 (m), 7.15 (d, J = 3.9 Hz).31P NMR (162 MHz, Chloroform-d) δ33.52. [α]20
D = 

+48.4 (c 0.5, CHCl3). The enantiomeric excess and diastereo-isomer ratio were 

determined by HPLC on Chiral OD-H column, 220 nm, 25 oC, nHexane: iPrOH = 90:10; 

flow 1.0 mL/min; t1 (minor) = 7.75 min, t2 (major) = 8.82 min, t3 (minor) = 11.82 min, 

t4 (minor) = 16.93 min. HRMS Calcd. For C5H12ClNaO4P+ [M+Na+]: 225.0054. 

Found: 225.0052. 

 

 

cis-(1S,2R)-Diethyl (1-methyl-2-hydroxy-2-(methyl)ethyl)phosphonate (2c)5 

93% yield. 1H NMR (400 MHz, Chloroform-d) δ 4.22 – 4.10 (m, 4H), 3.21 (d, J = 4.0 

Hz, 1H), 2.08 – 1.88 (m, 1H), 1.36 (t, J = 7.1 Hz, 6H), 1.27 – 1.16 (m, 6H). 13C NMR 

(101 MHz, Chloroform-d) δ 65.90 (d, J = 4.7 Hz), 61.97 (d, J = 5.3 Hz), 37.42 (d, J = 

137.1 Hz), 20.22 (d, J = 13.8 Hz), 16.44, 7.15 (d, J = 3.9 Hz).31P NMR (243 MHz, 

Chloroform-d) δ 33.52. [α]20
D = +33.6 (c 0.5, CHCl3). The enantiomeric excess and 

diastereo-isomer ratio were determined by HPLC on Chiral OD-3 column, 230 nm, 25 

oC, nHexane: iPrOH = 95:5; flow 1.0 mL/min; t1 (minor) = 10.74 min, t2 (major) = 11.87 

min, t3 (minor) = 12.79 min, t4 (minor) = 13.98 min. HRMS Calcd. For C8H19NaO4P+ 

[M+Na+]: 233.0913. Found: 233.0917 
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Cis-(1S, 2R)-diethyl (1-ethyl-2-hydroxy-2-(methyl)ethyl)phosphonate (2d). 

90% yield. 1H NMR (600 MHz, Chloroform-d) δ 4.15 – 4.07 (m, 4H), 3.63 (d, J = 7.4 

Hz, 1H), 1.88 (dtd, J = 19.7, 6.6, 3.2 Hz, 1H), 1.69 (tt, J = 14.8, 7.4 Hz, 1H), 1.61 – 

1.47 (m, 1H), 1.32 (td, J = 7.1, 1.9 Hz, 7H), 1.27 (d, J = 6.5 Hz, 3H), 1.03 (t, J = 7.5 

Hz, 3H). 13C NMR (151 MHz, Chloroform-d) δ 66.54 (d, J = 4.5 Hz), 61.85 (d, J = 6.5 

Hz), 61.54 (d, J = 7.1 Hz), 45.72, 44.84, 20.07, 18.39 (d, J = 3.9 Hz), 16.45, 13.48 (d, 

J = 7.7 Hz). 31P NMR (162 MHz, Chloroform-d) δ 32.95. [α]20
D = +40.1 (c 0.5, CHCl3). 

The enantiomeric excess and diastereo-isomer ratio were determined by UPLC on 

Chiral IC-U column, 230 nm, 25 oC, nHexane: iPrOH = 95:5 in 0-30 min, then nHexane: 

iPrOH = 50:50 in 30-60 min; flow 0.5 mL/min; t1 (minor) = 16.40 min, t2 (minor) = 

19.52 min, t3 (minor) = 20.94 min, t4 (major) = 34.94 min. HRMS Calcd. For 

C9H21NaO4P+ [M+Na+]: 247.1070. Found: 247.1072. 

 

 

Cis-(1S, 2R)-diethyl (1-benzyl-2-hydroxy-2-(methyl)ethyl)phosphonate (2e). 

95% yield. 1H NMR (600 MHz, Chloroform-d) δ 7.28 (t, J = 7.6 Hz, 2H), 7.24 – 7.18 

(m, 3H), 4.21 – 3.92 (m, 4H), 3.62 (d, J = 7.9 Hz, 1H), 3.01 (td, J = 13.8, 6.2 Hz, 1H), 

2.79 (td, J = 15.5, 8.0 Hz, 1H), 2.48 – 2.28 (m, 1H), 1.34 – 1.30 (m, 6H), 1.26 (t, J = 

5.2 Hz, 3H). 13C NMR (151 MHz, Chloroform-d) δ 128.76, 128.49, 126.43, 66.25 (d, 

J = 4.7 Hz), 62.02 (d, J = 6.6 Hz), 61.71 (d, J = 7.2 Hz), 45.69, 44.80, 31.18 (d, J = 3.3 

Hz), 20.10 (d, J = 9.1 Hz), 16.38 (dd, J = 8.7, 6.0 Hz). 31P NMR (162 MHz, Chloroform-

d) δ 31.67. [α]20
D = +48.5 (c 0.5, CHCl3). The enantiomeric excess and diastereo-isomer 

ratio were determined by UPLC on Chiral IC-U column, 230 nm, 25 oC, nHexane: 

iPrOH = 95:5 in 0-30 min, then nHexane: iPrOH = 50:50 in 30-60 min; flow 0.5 mL/min; 
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t1 (minor) = 18.87 min, t2 (minor) = 20.33 min, t3 (minor) = 23.44 min, t4 (major) = 

35.66 min.  HRMS Calcd. For C14H23NaO4P+ [M+Na+]: 309.1226. Found: 

309.1226. 

 

 

Cis-(1S, 2R)-diethyl (1-chloro-2-hydroxy-2-(ethyl)ethyl)phosphonate (2f)  

94% yield. 1H NMR (400 MHz, Chloroform-d) δ 4.36 – 4.14 (m, 4H), 4.05 (dq, J = 

12.6, 6.8, 5.8 Hz, 1H), 3.94 (dd, J = 13.1, 2.0 Hz, 1H), 3.11 (d, J = 4.6 Hz, 1H), 1.83 – 

1.69 (m, 2H), 1.69 – 1.55 (m, 1H), 1.37 (t, J = 7.1 Hz, 7H), 0.96 (t, J = 7.5 Hz, 3H). 13C 

NMR (101 MHz, Chloroform-d) δ 71.24 (d, J = 2.5 Hz), 64.64 (d, J = 6.9 Hz), 63.26 

(d, J = 7.1 Hz), 56.16, 54.60, 26.92 (d, J = 11.3 Hz), 16.42 (t, J = 6.0 Hz), 9.97. 31P 

NMR (162 MHz, Chloroform-d) δ 19.66. [α]20
D = +26.2 (c 0.5, CHCl3). The 

enantiomeric excess and diastereo-isomer ratio were determined by HPLC on Chiral 

IC column, 220 nm, 25 oC, nHexane: iPrOH = 95:5; flow 1.0 mL/min; t1 (major) = 41.03 

min, t2 (minor) = 45.49 min, t3 (minor) = 47.72 min, t4 (minor) = 85.46 min. HRMS 

Calcd. For C8H18ClNaO4P+ [M+Na+]: 267.0523. Found: 267.0520. 

 

 

 

Cis -(1S, 2R)-diethyl (1-chloro-2-hydroxy-2-(phenyl)ethyl)phosphonate (2h)3 

95% yield. 1H NMR (600 MHz, Chloroform-d) δ 7.42 (d, J = 7.2 Hz, 2H), 7.37 (dd, J 

= 8.4, 6.8 Hz, 2H), 7.33 – 7.29 (m, 1H), 5.37 (dd, J = 5.4, 2.6 Hz, 1H), 4.41 – 4.16 (m, 

4H), 4.10 (dd, J = 12.6, 2.6 Hz, 1H), 3.69 (s, 1H), 1.35 (td, J = 7.1, 3.1 Hz, 6H). 13C 

NMR (151 MHz, Chloroform-d) δ 139.31 (d, J = 12.4 Hz), 128.27, 128.16, 126.36, 

71.55, 64.12 (dd, J = 233.5, 6.9 Hz), 57.65 (d, J = 153.4 Hz), 16.39 (dd, J = 8.4, 5.8 

Hz). 31P NMR (243 MHz, Chloroform-d) δ 18.85. [α]20
D = +62.6 (c 0.5, CHCl3). The 



S23 

 

enantiomeric excess and diastereo-isomer ratio were determined by HPLC on Chiral 

IC column, 210 nm, 25 oC, nHexane: iPrOH = 80:20; flow 1.0 mL/min; t1 (minor) = 

10.96 min, t2 (major) = 14.14 min, t3 (minor) = 17.75 min, t4 (minor) = 66.95 min. 

C12H18ClNaO4P+ [M+Na+]: 315.0523. Found: 315.0523. 

 

 

Cis -(1S, 2R)-diethyl (1-chloro-2-hydroxy-2-(4-methoxyphenyl)ethyl)phosphonate 

(2i).3 92% yield. 1H NMR (400 MHz, Chloroform-d) δ 7.34 (dd, J = 8.6, 2.1 Hz, 2H), 

6.89 (dd, J = 8.6, 2.0 Hz, 2H), 5.31 (dq, J = 7.5, 4.9, 3.6 Hz, 1H), 4.37 – 4.10 (m, 4H), 

4.05 (dt, J = 12.3, 2.3 Hz, 1H), 3.84 – 3.76 (m, 3H), 3.65 (s, 1H), 1.34 (td, J = 7.0, 1.7 

Hz, 6H). 13C NMR (101 MHz, Chloroform-d) δ 159.47, 131.44 (d, J = 11.9 Hz), 127.62, 

113.64, 71.29, 64.83 (d, J = 7.0 Hz), 63.30 (d, J = 7.1 Hz), 58.63, 57.11, 55.29, 16.39 

(t, J = 6.2 Hz). 31P NMR (162 MHz, Chloroform-d) δ 18.88.  [α]20
D = +35.5 (c 0.5, 

CHCl3). The enantiomeric excess and diastereo-isomer ratio were determined by 

HPLC on Chiral IC column, 210 nm, 25 oC, nHexane: iPrOH = 80:20; flow 1.0 mL/min; 

t1 (minor) = 18.12 min, t2 (minor) = 28.67 min, t3 (major) = 31.10 min, t4 (minor) = 

98.48 min. HRMS Calcd. For C13H20ClNaO5P+ [M+Na+]: 345.0629. Found: 

345.0632. 

 

 

Cis -(1S, 2R)-diethyl (1-chloro-2-hydroxy-2-(4-methylphenyl)ethyl)phosphonate 

(2j).3 94% yield. 1H NMR (400 MHz, Chloroform-d) δ 7.30 (d, J = 7.7 Hz, 2H), 7.17 

(d, J = 7.5 Hz, 2H), 5.34 (dd, J = 5.3, 2.6 Hz, 1H), 4.38 – 4.13 (m, 4H), 4.08 (dd, J = 

12.6, 2.6 Hz, 1H), 2.34 (d, J = 4.4 Hz, 3H), 1.35 (t, J = 7.0 Hz, 6H). 13C NMR (101 

MHz, Chloroform-d) δ 137.87, 136.40 (d, J = 12.1 Hz), 128.95, 126.23, 71.38, 64.86 

(d, J = 6.9 Hz), 63.37 (d, J = 7.1 Hz), 58.57, 57.05, 21.17, 16.39 (t, J = 6.2 Hz). 31P 
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NMR (162 MHz, Chloroform-d) δ 18.94.  [α]20
D = +23.3 (c 0.5, CHCl3). The 

enantiomeric excess and diastereo-isomer ratio were determined by HPLC on Chiral 

IC column, 210 nm, 25 oC, nHexane: iPrOH = 80:20; flow 1.0 mL/min; t1 (minor) = 

14.52 min, t2 (minor) = 21.55 min, t3 (major) = 24.80 min, t4 (minor) = 68.94 min. 

HRMS Calcd. For C13H20ClNaO4P+ [M+Na+]: 329.0680. Found: 329.0680. 

 

 

Cis -(1S, 2R)-diethyl (1-chloro-2-hydroxy-2-(4-florophenyl)ethyl)phosphonate 

(2k).3 96% yield. 1H NMR (400 MHz, Chloroform-d) δ 7.45 – 7.34 (m, 2H), 7.05 (t, J 

= 8.7 Hz, 2H), 5.37 – 5.29 (m, 1H), 4.36 – 4.12 (m, 4H), 4.03 (dd, J = 12.7, 2.6 Hz, 

1H), 3.86 (s, 1H), 1.35 (t, J = 7.1 Hz, 6H). 13C NMR (101 MHz, Chloroform-d) δ 

128.16 (d, J = 8.2 Hz), 115.13 (d, J = 21.4 Hz), 71.06, 65.01 (d, J = 7.4 Hz), 58.34, 

56.82, 16.38. 31P NMR (162 MHz, Chloroform-d) δ 18.68. [α]20
D = +34.9 (c 0.5, CHCl3). 

The enantiomeric excess and diastereo-isomer ratio were determined by HPLC on 

Chiral IC column, 210 nm, 25 oC, nHexane: iPrOH = 80:20; flow 1.0 mL/min; t1 (minor) 

= 7.69 min, t2 (major) = 9.28 min, t3 (minor) = 11.58 min, t4 (minor) = 53.34 min. 

HRMS Calcd. For C12H17ClFNaO4P+ [M+Na+]: 333.0429. Found: 333.0429. 

 

 

 

Cis -(1S, 2R)-diethyl (1-chloro-2-hydroxy-2-(4-chlorophenyl)ethyl)phosphonate 

(2l).3 93% yield. 1H NMR (600 MHz, Chloroform-d) δ 7.39 – 7.31 (m, 4H), 5.33 (dt, J 

= 5.2, 2.5 Hz, 1H), 4.38 – 4.15 (m, 4H), 4.03 (dd, J = 12.8, 2.5 Hz, 1H), 3.88 (d, J = 3.2 

Hz, 1H), 1.35 (td, J = 7.1, 4.7 Hz, 6H). 13C NMR (151 MHz, Chloroform-d) δ 137.85 

(d, J = 12.5 Hz), 133.93, 128.42, 127.81, 71.01, 64.25 (dd, J = 251.7, 7.1 Hz), 57.35 (d, 

J = 153.7 Hz), 16.39 (dd, J = 8.7, 5.9 Hz). 31P NMR (243 MHz) δ 18.09. [α]20
D = +53.3 
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(c 0.5, CHCl3) The enantiomeric excess and diastereo-isomer ratio were determined by 

HPLC on Chiral IC column, 210 nm, 25 oC, nHexane: iPrOH = 80:20; flow 1.0 mL/min; 

t1 (minor) = 7.35 min, t2 (major) = 8.50 min, t3 (minor) = 11.80 min, t4 (minor) = 41.70 

min. HRMS Calcd. For C12H17Cl2NaO4P+ [M+Na+]: 349.0134. Found: 349.0130. 

 

 

Cis -(1S, 2R)-diethyl (1-chloro-2-hydroxy-2-(4-bromophenyl)ethyl)phosphonate 

(2m).3 96% yield. 1H NMR (400 MHz, Chloroform-d) δ 7.48 (d, J = 8.1 Hz, 2H), 7.30 

(d, J = 8.1 Hz, 2H), 5.38 – 5.23 (m, 1H), 4.47 – 4.11 (m, 4H), 4.03 (dt, J = 12.8, 1.8 Hz, 

1H), 3.90 (d, J = 3.3 Hz, 1H), 1.47 – 1.20 (m, 6H). 13C NMR (101 MHz, Chloroform-

d) δ 138.34, 131.37, 128.15, 122.08, 71.06, 65.10 (d, J = 7.0 Hz), 63.43 (d, J = 7.0 Hz), 

58.03, 56.51, 29.70, 16.39. 31P NMR (162 MHz, Chloroform-d) δ 18.61. [α]20
D = +43.7 

(c 0.5, CHCl3) The enantiomeric excess and diastereo-isomer ratio was determined by 

HPLC on Chiral IC column, 210 nm, 25 oC, nHexane: iPrOH = 80:20; flow 1.0 mL/min; 

t1 (minor) = 7.72 min, t2 (major) = 8.94 min, t3 (minor) = 11.40 min, t4 (minor) = 41.70 

min. HRMS Calcd. For C12H17BrClNaO4P+ [M+Na+]: 392.9629. Found: 392.9627. 

 

 

 

Cis -(1S, 2R)-diethyl (1-chloro-2-hydroxy-2-(3-florophenyl)ethyl)phosphonate 

(2n).3 97% yield. 1H NMR (600 MHz, Chloroform-d) δ 7.33 (td, J = 8.0, 5.8 Hz, 1H), 

7.17 (td, J = 8.9, 8.0, 1.7 Hz, 2H), 7.03 – 6.98 (m, 1H), 5.36 (dt, J = 5.5, 2.8 Hz, 1H), 

4.39 – 4.18 (m, 4H), 4.07 (dd, J = 12.9, 2.4 Hz, 1H), 3.84 (d, J = 3.3 Hz, 1H), 1.41 – 

1.32 (m, 6H). 13C NMR (151 MHz, Chloroform-d) δ 162.80 (d, J = 246.0 Hz), 141.98 

(dd, J = 12.6, 7.1 Hz), 129.76 (d, J = 8.2 Hz), 121.80 (d, J = 3.1 Hz), 115.00 (d, J = 

21.2 Hz), 113.70 (d, J = 22.6 Hz), 70.93, 64.27 (dd, J = 249.7, 7.1 Hz), 57.23 (d, J = 
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154.1 Hz), 16.40 (t, J = 6.4 Hz). 31P NMR (162 MHz, Chloroform-d) δ 12.16 (d, J = 

2.8 Hz). [α]20
D = +44.6 (c 0.5, CHCl3) The enantiomeric excess and diastereo-isomer 

ratio was determined by HPLC on Chiral IC column, 210 nm, 25 oC, nHexane: iPrOH 

= 80:20; flow 1.0 mL/min; t1 (minor) = 6.81 min, t2 (major) = 7.77 min, t3 (minor) = 

9.89 min, t4 (minor) = 36.84 min. HRMS Calcd. For C12H17ClFNaO4P+ [M+Na+]: 

333.0429. Found: 333.0433. 

 

 

Cis -(1S, 2R)-diethyl (1-chloro-2-hydroxy-2-(3-chlorophenyl)ethyl)phosphonate 

(2o).3 96% yield. 1H NMR (400 MHz, Chloroform-d) δ 7.45 (d, J = 1.4 Hz, 1H), 7.36 

– 7.28 (m, 3H), 5.35 (dd, J = 5.4, 2.4 Hz, 1H), 4.43 – 4.18 (m, 4H), 4.08 (dd, J = 12.9, 

2.4 Hz, 1H), 3.97 (s, 1H), 1.47 – 1.34 (m, 6H). 13C NMR (101 MHz, Chloroform-d) δ 

141.47 (d, J = 12.5 Hz), 134.27, 129.52, 128.26, 126.68, 124.53, 70.98, 65.09 (d, J = 

7.2 Hz), 63.44 (d, J = 7.2 Hz), 57.99, 56.46, 19.81 – 10.58 (m). 31P NMR (162 MHz, 

Chloroform-d) δ 18.38. 31P NMR (243 MHz, Chloroform-d) δ 18.66. [α]20
D = +24.3 (c 

0.5, CHCl3) The enantiomeric excess and diastereo-isomer ratio was determined by 

HPLC on Chiral IC column, 210 nm, 25 oC, nHexane: iPrOH = 80:20; flow 1.0 mL/min; 

t1 (minor) = 7.79 min, t2 (major) = 8.24 min, t3 (minor) = 11.43 min, t4 (minor) = 49.27 

min. HRMS Calcd. For C12H17Cl2NaO4P+ [M+Na+]: 349.0134. Found: 349.0136. 

 

Cis -(1S, 2R)-diethyl (1-chloro-2-hydroxy-2-(3-bromophenyl)ethyl)phosphonate 

(2p).3 97% yield. 1H NMR (400 MHz, Chloroform-d) δ 7.61 (d, J = 2.0 Hz, 1H), 7.52 

– 7.42 (m, 1H), 7.37 (d, J = 7.8 Hz, 1H), 7.30 – 7.21 (m, 1H), 5.40 – 5.31 (m, 1H), 4.38 

– 4.17 (m, 4H), 4.07 (dd, J = 12.9, 2.4 Hz, 1H), 3.96 (d, J = 3.2 Hz, 1H), 1.38 (td, J = 

7.1, 4.3 Hz, 6H). 13C NMR (101 MHz, Chloroform-d) δ 141.70 (d, J = 12.6 Hz), 131.19, 

129.68 (d, J = 25.7 Hz), 128.26, 126.37, 125.04, 122.41, 70.93, 64.26 (dd, J = 166.4, 
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7.0 Hz), 57.22 (d, J = 153.9 Hz), 16.40. 31P NMR (162 MHz, Chloroform-d) δ 18.58. 

[α]20
D = +62.3 (c 0.5, CHCl3) The enantiomeric excess and diastereo-isomer ratio was 

determined by HPLC on Chiral IC column, 210 nm, 25 oC, nHexane: iPrOH = 90:10; 

flow 1.0 mL/min; t1 (minor) = 15.54 min, t2 (major) = 16.60 min, t3 (minor) = 25.17 

min, t4 (minor) = 119.94 min. HRMS Calcd. For C12H17BrClNaO4P+ [M+Na+]: 

392.9629. Found: 392.9629. 

 

 

Cis -(1S, 2R)-diethyl (1-chloro-2-hydroxy-2-(2-florophenyl)ethyl)phosphonate 

(2q).3 93% yield. 1H NMR (400 MHz, Chloroform-d) δ 7.68 (td, J = 7.6, 1.9 Hz, 1H), 

7.58 (td, J = 7.5, 1.8 Hz, 4H), 7.40 – 7.27 (m, 6H), 7.21 (ddd, J = 8.9, 6.1, 1.2 Hz, 5H), 

7.05 (dtd, J = 10.8, 7.9, 1.2 Hz, 5H), 5.69 (s, 1H), 5.36 (ddd, J = 17.1, 7.5, 5.1 Hz, 4H), 

4.63 (d, J = 5.2 Hz, 4H), 4.44 – 4.19 (m, 17H), 4.19 – 3.90 (m, 9H), 1.41 (tt, J = 7.2, 

4.6 Hz, 17H), 1.22 (t, J = 7.1 Hz, 12H). 13C NMR (101 MHz, Chloroform-d) δ 129.99, 

128.37, 124.30 (d, J = 3.4 Hz), 115.24 (d, J = 21.9 Hz), 69.31, 64.15 (dd, J = 153.1, 7.0 

Hz), 52.38, 16.26 (dd, J = 35.4, 5.9 Hz). 31P NMR (162 MHz, Chloroform-d) δ 18.97, 

18.91. [α]20
D = +27.6 (c 0.5, CHCl3) The enantiomeric excess and diastereo-isomer ratio 

was determined by HPLC on Chiral IC column, 210 nm, 25 oC, nHexane: iPrOH = 

80:20; flow 1.0 mL/min; t1 (minor) = 8.03 min, t2 (minor) = 9.76 min, t3 (minor) = 11.34 

min, t4 (major) = 18.83 min. HRMS Calcd. For C12H17ClFNaO4P+ [M+Na+]: 

333.0429. Found: 333.0430. 

 

 

Cis -(1S, 2R)-diethyl (1-chloro-2-hydroxy-2-benzylethyl)phosphonate (2r). 91% 

yield.3 1H NMR (400 MHz, Chloroform-d) δ 7.68 – 7.12 (m, 5H), 4.41 (dtt, J = 9.7, 5.8, 

1.7 Hz, 1H), 4.34 – 4.08 (m, 4H), 3.83 (dd, J = 13.1, 1.6 Hz, 1H), 3.38 (d, J = 3.9 Hz, 
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1H), 3.07 (ddd, J = 13.5, 6.4, 2.7 Hz, 1H), 2.95 (dd, J = 13.5, 7.9 Hz, 1H), 1.35 (dt, J = 

9.6, 7.1 Hz, 6H). 13C NMR (101 MHz, Chloroform-d) δ 136.82, 129.32, 128.77, 126.92, 

71.05 (d, J = 2.2 Hz), 64.02 (dd, J = 139.0, 7.0 Hz), 54.39 (d, J = 157.3 Hz), 39.90 (d, 

J = 12.0 Hz), 16.37 (dd, J = 8.5, 5.8 Hz). 31P NMR (162 MHz, Chloroform-d) δ 19.64. 

[α]20
D = +57.1 (c 0.5, CHCl3). The enantiomeric excess and diastereo-isomer ratio were 

determined by HPLC on Chiral IC column, 210 nm, 25 oC, nHexane: iPrOH = 80:20; 

flow 1.0 mL/min; t1 (minor) = 12.23 min, t2 (minor) = 15.58 min, t3 (major) = 16.9 min, 

t4 (minor) =39.37 min. HRMS Calcd. For C13H20ClNaO4P+ [M+Na+]: 329.0680. 

Found: 329.0678. 

 

 

 

Cis -(1S, 2R)-diethyl (1-chloro-2-hydroxy-2-(furan-2-yl)ethyl)phosphonate (2s). 94% 

yield.3 1H NMR (400 MHz, Chloroform-d) δ 7.37 (d, J = 1.8 Hz, 1H), 6.44 (d, J = 3.3 

Hz, 1H), 6.36 (dd, J = 3.4, 1.8 Hz, 1H), 5.35 (dd, J = 6.1, 2.8 Hz, 1H), 4.32 (dd, J = 

12.5, 2.8 Hz, 1H), 4.30 – 4.13 (m, 4H), 1.35 (t, J = 7.1 Hz, 6H). 13C NMR (101 MHz, 

Chloroform-d) δ 151.90 (d, J = 13.1 Hz), 142.14, 110.53, 108.09, 67.28, 64.75 (d, J = 

6.7 Hz), 63.48 (d, J = 7.2 Hz), 55.67, 54.13, 16.38 (t, J = 5.8 Hz). 31P NMR (162 MHz, 

Chloroform-d) δ 18.09. [α]20
D = +53.8 (c 0.5, CHCl3) The enantiomeric excess and 

diastereo-isomer ratio was determined by HPLC on Chiral IC column, 210 nm, 25 oC, 

nHexane: iPrOH = 80:20; flow 1.0 mL/min; t1 (major) = 16.75 min, t2 (minor) = 19.85 

min, t3 (minor) = 25.08 min, t4 (minor) = 77.52 min. HRMS Calcd. For 

C10H16ClNaO5P+ [M+Na+]: 305.0316. Found: 305.0319. 

 

 

Cis -(1S, 2R)-diethyl (1-chloro-2-hydroxy-2-(thiophen-2-yl)ethyl)phosphonate 
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(2t).3 92% yield. 1H NMR (400 MHz, Chloroform-d) δ 7.29 (d, J = 5.0 Hz, 1H), 7.07 

(d, J = 3.6 Hz, 1H), 7.02 – 6.96 (m, 1H), 5.60 (dd, J = 6.6, 2.5 Hz, 1H), 4.35 – 4.18 (m, 

4H), 4.18 – 4.13 (m, 2H), 3.91 (s, 1H), 1.35 (td, J = 7.1, 4.1 Hz, 6H). 13C NMR (101 

MHz, Chloroform-d) δ 143.00 (d, J = 14.2 Hz), 126.58, 125.39, 124.75, 68.88, 64.88 

(d, J = 6.9 Hz), 63.46 (d, J = 7.1 Hz), 58.10, 56.58, 16.38 (t, J = 5.7 Hz). 31P NMR (162 

MHz, Chloroform-d) δ 18.14. [α]20
D = +59.3 (c 0.5, CHCl3). The enantiomeric excess 

and diastereo-isomer ratio were determined by HPLC on Chiral IC column, 210 nm, 

25 oC, nHexane: iPrOH = 80:20; flow 1.0 mL/min; t1 (minor) = 13.85 min, t2 (major) = 

16.57 min, t3 (minor) = 26.35 min, t4 (minor) = 90.66 min. HRMS Calcd. For 

C10H16ClNaO4PS+ [M+Na+]: 321.0088. Found: 321.0090. 

 

 

Cis -(1S, 2R)-diethyl (1-chloro-2-hydroxy-2-(naphthalen-2-yl)ethyl)phosphonate 

(2u).3 95% yield. 1H NMR (400 MHz, Chloroform-d) δ 7.99 – 7.95 (m, 1H), 7.92 – 

7.81 (m, 3H), 7.57 – 7.44 (m, 3H), 5.57 (dt, J = 5.2, 2.5 Hz, 1H), 4.38 – 4.18 (m, 4H), 

3.97 (d, J = 3.4 Hz, 1H), 1.43 – 1.32 (m, 6H). 13C NMR (101 MHz, Chloroform-d) δ 

136.75 (d, J = 12.3 Hz), 133.13 (d, J = 7.5 Hz), 128.18, 128.02, 127.68, 126.26, 126.16, 

125.71, 123.91, 71.64, 64.96 (d, J = 6.7 Hz), 63.38 (d, J = 7.1 Hz), 58.35, 56.82, 17.68 

– 14.08 (m). 31P NMR (162 MHz, Chloroform-d) δ 18.14. [α]20
D = +38.9 (c 0.5, CHCl3) 

The enantiomeric excess and diastereo-isomer ratio were determined by HPLC on 

Chiral IC column, 210 nm, 25 oC, nHexane: iPrOH = 80:20; flow 1.0 mL/min; t1 (minor) 

= 12.57 min, t2 (major) = 15.44 min, t3 (minor) = 24.92 min, t4 (minor) = 67.12 min. 

HRMS Calcd. For C16H20ClNaO4P+ [M+Na+]: 365.0680. Found: 365.0679. 
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VI. NMR Spectra 

1H NMR of 1a (400 MHz, Chloroform-d) 

 

13C NMR of 1a (101 MHz, Chloroform-d) 
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31P NMR of 1a, (162 MHz, Chloroform-d) 

 

 

1H NMR of 1b, (400 MHz, Chloroform-d) 
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13C NMR of 1b, (101 MHz, Chloroform-d) 

 

 

31P NMR of 1b, (162 MHz, Chloroform-d) 
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1H NMR of 1c, (400 MHz, Chloroform-d)  

 

 

13C NMR of 1c, (101 MHz, Chloroform-d)  
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31P NMR of 1c, (162 MHz, Chloroform-d) 

 

 

1H NMR of 1d, (400 MHz, Chloroform-d) 
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13C NMR of 1d, (101 MHz, Chloroform-d) 

 

 

31P NMR of 1d, (162 MHz, Chloroform-d) 
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1H NMR of 1e, (400 MHz, Chloroform-d) 

 

 

13C NMR of 1e, (101 MHz, Chloroform-d) 
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31P NMR of 1e, (162 MHz, Chloroform-d) 

 
 

1H NMR of 1f, (400 MHz, Chloroform-d) 
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13C NMR of 1f, (101 MHz, Chloroform-d) 

 

 

31P NMR of 1f, (162 MHz, Chloroform-d) 
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1H NMR of 1g 

 

 
13C NMR of 1g 
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31P NMR of 1g 

 

 

1H NMR of 1h, (400 MHz, Chloroform-d) 
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13C NMR of 1h, (101 MHz, Chloroform-d) 

 

 

 

31P NMR of 1h, (162 MHz, Chloroform-d) 
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1H NMR of 1i, (400 MHz, Chloroform-d) 

 

 

13C NMR of 1i, (101 MHz, Chloroform-d) 
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31P NMR of 1i, (162 MHz, Chloroform-d) 

 

 

1H NMR of 1j, (400 MHz, Chloroform-d) 
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13C NMR of 1j, (101 MHz, Chloroform-d)  

 

 

 

31P NMR of 1j, (162 MHz, Chloroform-d) 
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1H NMR of 1k, (400 MHz, Chloroform-d) 

 

 

13C NMR of 1k, (101 MHz, Chloroform-d) 
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31P NMR of 1k, (162 MHz, Chloroform-d) 

 

 

1H NMR of 1l, (400 MHz, Chloroform-d) 
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13C NMR of 1l, (101 MHz, Chloroform-d) 

 

 

31P NMR of 1l, (162 MHz, Chloroform-d) 
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1H NMR of 1m, (400 MHz, Chloroform-d) 

 

 

13C NMR of 1m, (101 MHz, Chloroform-d) 
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31P NMR of 1m, (162 MHz, Chloroform-d) 

 

 

1H NMR of 1n, (400 MHz, Chloroform-d) 
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13C NMR of 1n, (101 MHz, Chloroform-d) 

 

 

31P NMR of 1n, (162 MHz, Chloroform-d) 
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1H NMR of 1o, (400 MHz, Chloroform-d) 

 

 

13C NMR of 1o, (101 MHz, Chloroform-d) 
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31P NMR of 1o, (162 MHz, Chloroform-d) 

 

 

1H NMR of 1p, (400 MHz, Chloroform-d) 

 

  



S53 

 

13C NMR of 1p, (101 MHz, Chloroform-d) 

 

 

31P NMR of 1p, (162 MHz, Chloroform-d) 

 

  



S54 

 

1H NMR of 1q, (400 MHz, Chloroform-d) 

 

 

13C NMR of 1q, (101 MHz, Chloroform-d) 
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31P NMR of 1q, (162 MHz, Chloroform-d) 

 

 

1H NMR of 1r, (400 MHz, Chloroform-d) 
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13C NMR of 1r, (101 MHz, Chloroform-d)  

 

 

31P NMR of 1r, (162 MHz, Chloroform-d)  
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1H NMR of 1s, (400 MHz, Chloroform-d) 

 

 

13C NMR of 1s, (101 MHz, Chloroform-d) 
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31P NMR of 1s, (162 MHz, Chloroform-d) 

 

 

1H NMR of 1t, (400 MHz, Chloroform-d) 
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13C NMR of 1t, (101 MHz, Chloroform-d) 

 

 

31P NMR of 1t, (162 MHz, Chloroform-d) 
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1H NMR of 1u, (400 MHz, Chloroform-d) 

 

 

13C NMR of 1u, (101 MHz, Chloroform-d) 
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31P NMR of 1u, (162 MHz, Chloroform-d) 
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1H NMR of 2a, (400 MHz, Chloroform-d) 

 

 

13C NMR of 2a, (101 MHz, Chloroform-d) 
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31P NMR of 2a, (162 MHz, Chloroform-d) 

 

 

1H NMR of 2b, (400 MHz, Chloroform-d) 
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13C NMR of 2b, (101 MHz, Chloroform-d) 

 

 

31P NMR of 2b, (162 MHz, Chloroform-d) 
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1H NMR of 2c, (400 MHz, Chloroform-d) 

 

 

13C NMR of 2c, (101 MHz, Chloroform-d)  
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31P NMR of 2c, (162 MHz, Chloroform-d)  

 

 

1H NMR of 2d, (400 MHz, Chloroform-d) 

 



S67 

 

13C NMR of 2d, (101 MHz, Chloroform-d) 

 

 

31P NMR of 2d, (162 MHz, Chloroform-d) 
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1H NMR of 2e, (400 MHz, Chloroform-d) 

 

 

13C NMR of 2e, (101 MHz, Chloroform-d) 
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31P NMR of 2e, (162 MHz, Chloroform-d) 

 

 

1H NMR of 2f, (400 MHz, Chloroform-d). 

 
 



S70 

 

13C NMR of 2f, (101 MHz, Chloroform-d). 

 

 

31P NMR of 2f, (162 MHz, Chloroform-d). 
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1H NMR of 2h, (400 MHz, Chloroform-d) 

 

 

13C NMR of 2h, (101 MHz, Chloroform-d) 
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31P NMR of 2h, (162 MHz, Chloroform-d) 

 

 

1H NMR of 2i, (400 MHz, Chloroform-d) 
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13C NMR of 2i, (101 MHz, Chloroform-d) 

 

 

31P NMR of 2i, (162 MHz, Chloroform-d) 
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1H NMR of 2j, (400 MHz, Chloroform-d) 

 

 

13C NMR of 2j, (101 MHz, Chloroform-d) 
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31P NMR of 2j, (162 MHz, Chloroform-d) 

 

 

1H NMR of 2k, (400 MHz, Chloroform-d) 
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13C NMR of 2k, (101 MHz, Chloroform-d) 

 

 

31P NMR of 2k, (162 MHz, Chloroform-d) 
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1H NMR of 2l, (400 MHz, Chloroform-d) 

 

 

13C NMR of 2l, (101 MHz, Chloroform-d) 
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31P NMR of 2l, (162 MHz, Chloroform-d) 

 

 

1H NMR of 2m, (400 MHz, Chloroform-d) 
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13C NMR of 2m, (101 MHz, Chloroform-d) 

 

 

31P NMR of 2m, (162 MHz, Chloroform-d) 
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1H NMR of 2n, (400 MHz, Chloroform-d) 

 

 

13C NMR of 2n, (101 MHz, Chloroform-d) 
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31P NMR of 2n, (162 MHz, Chloroform-d) 

 

 

1H NMR of 2o, (400 MHz, Chloroform-d) 
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13C NMR of 2o, (101 MHz, Chloroform-d) 

 

 

31P NMR of 2o, (162 MHz, Chloroform-d) 
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1H NMR of 2p, (400 MHz, Chloroform-d)  

 

 

13C NMR of 2p, (101 MHz, Chloroform-d)  
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31P NMR of 2p, (162 MHz, Chloroform-d)  

 

 

1H NMR of 2q, (400 MHz, Chloroform-d)  

 



S85 

 

13C NMR of 2q, (101 MHz, Chloroform-d) 

 

 

31P NMR of 2q, (162 MHz, Chloroform-d) 
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1H NMR of 2r, (400 MHz, Chloroform-d)  

 

 

13C NMR of 2r, (101 MHz, Chloroform-d)  
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31P NMR of 2r, (162 MHz, Chloroform-d)  

 

 

1H NMR of 2s, (400 MHz, Chloroform-d) 
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13C NMR of 2s, (101 MHz, Chloroform-d) 

 

 

31P NMR of 2s, (162 MHz, Chloroform-d) 
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1H NMR of 2t, (400 MHz, Chloroform-d) 

 

 

13C NMR of 2t, (101 MHz, Chloroform-d) 
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31P NMR of 2t, (162 MHz, Chloroform-d) 

 

 

1H NMR of 2u, (400 MHz, Chloroform-d) 
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13C NMR of 2u, (101 MHz, Chloroform-d) 

 

 

31P NMR of 2u, (162 MHz, Chloroform-d) 
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VII. HPLC Spectra 

HPLC of 2a  
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HPLC of 2b 
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HPLC of 2c 
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HPLC of 2d 
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HPLC of 2e 
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HPLC of 2f 

 

 

 

 

 

HPLC of 2h 
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HPLC of 2i  
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HPLC of 2j 
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HPLC of 2k 
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HPLC of 2l 
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HPLC of 2m 
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HPLC of 2n 
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HPLC of 2o 

 

 

 



S106 

 

 

HPLC of 2p 
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HPLC of 2q 
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HPLC of 2r 
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HPLC of 2s 
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HPLC of 2t 
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HPLC of 2u 
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