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1. General Information. All reactions and manipulations that were sensitive to 

moisture or air were performed in a ragon-filled glovebox or using standard Schlenk 

techniques, unless otherwise noted. Solvents were dried with standard procedures, 

degassed with N2 and transferred by syringe. NMR spectra were recorded on Bruker 

ADVANCE III (400 MHz) spectrometers for 1H NMR and 13C NMR. CDCl3 was the 

solvent used for the NMR analysis, with tetramethylsilane as the internal standard. 

Chemical shifts were reported upfield to TMS (0.00 ppm) for 1H NMR and relative to 

CDCl3 (77.0 ppm) for 13C NMR. Optical rotation was determined using a Perkin Elmer 

343 polarimeter. HPLC analysis was conducted on an Agilent 1260 Series instrument. 

Thin layer chromatography (TLC) was performed on EM reagents 0.25 mm silica 60-

F plates. All new products were further characterized by HRMS. A positive ion mass 

spectrum of sample was acquired on a Thermo LTQ-FT mass spectrometer with an 

electrospray ionization source. 

2. Ligand screening in the asymmetric hydroformylation (AHF) of 1a 

 

entry ligand CO/H2 (bar) conv.(%) 2a ee(%) 

1 (S)-BINAP 5/5 11 10(R) 

2 Xuphos 5/5 6 35 

3 (S)-Segphos 5/5 34 32 

4 (S,S)-Me-Duphos 5/5 14 53 

5 Walphos 5/5 64 55 

6 (S)-Synphos 5/5 28 33(R) 

7 (S)-Binapine 5/5 >99 - 

8 (Rc,Sp)-Duanphos 5/5 >99 76(R) 

9 (S,R)-YanPhos 5/5 55 20 

10 (S,S)-YanPhos 5/5 >99 54 

11 (S,S)-DTB-YanPhos 5/5 >99 86 

12 (S,S)-DTBM-YanPhos 5/5 >99 90 

13 (S,S)-DTBM-YanPhos 10/10 90 90 

14 (S,S)-DTBM-YanPhos 2.5/2.5 >99 90 

15
b 

(S,S)-DTBM-YanPhos 2.5/2.5 >99 90 

16
c 

(S,S)-DTBM-YanPhos 2.5/2.5 88 90 

17
d 

(S,S)-DTBM-YanPhos 2.5/2.5 >99 90 

18
e 

(S,S)-DTBM-YanPhos 2.5/2.5 93 86 
bT = 80℃，cT = 70℃, dL/Rh = 2/1, eL/Rh = 1.5/1 
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3. General procedure for AHF 

In a glovebox filled with argon, to a 5 ml vial equipped with a magnetic bar was added 

(S,S)-DTBM-YanPhos (0.004 mmol) and Rh(acac)(CO)2 (0.002 mmol in 1 mL toluene). 

After stirring for 10 min, the mixture was charged to substrate (0.2 mmol). The vial was 

transferred into an autoclave and taken out of the glovebox. The argon gas was 

replacement with hydrogen gas for three times, and then hydrogen (2.5 bar) and carbon 

monoxide (2.5 bar) were charged in sequence. The reaction mixture was stirred at 80 °C 

(oil bath) for 20 h. The reaction was cooled to room temperature and the pressure was 

carefully released in a well-ventilated hood. The solution was transferred into a solution 

of methyl 2-(triphenyl-λ4-phosphanyl)acetate (0.22 mmol) in 2 mL dichloromethane, 

the reaction mixture was stirred at 25 °C (oil bath) for 2 h. The solution was 

concentrated and the ester was isolated by column chromatography. The enantiomeric 

excesses of 2a-2f, 2j-2l and 2n-2w were determined by HPLC analysis using a chiral 

stationary phase after the above-mentioned Wittig reaction, the enantiomeric excesses 

of 2g-2i and 2m were determined by HPLC analysis using a chiral stationary phase 

after reduced by NaBH4.    

 

 

ethyl (S)-2-benzyl-4-oxobutanoate (2a):1 41.4 mg, colorless oil; isolated yield: 94%; 

90% ee; [α]D
25 = -20.6 (c = 1.0, CHCl3). Ref 1: [α]D

25 = +18 (c = 0.91, CHCl3, (R)). 



S4 

 

The enantiomeric excess was determined by HPLC on Chiralcel OD-H column, hexane: 

isopropanol = 98:2; flow rate = 1.0 mL/min; UV detection at 220 nm; tR = 14.8 min 

(minor), 17.0 min (major). 1H NMR (400 MHz, CDCl3) δ 9.70 (s, 1H), 7.31-7.28 (m, 

2H), 7.24-7.21 (m, 1H), 7.17-7.15 (m, 2H), 4.12 (q, J = 7.1 Hz, 2H), 3.20-3.13 (m, 1H), 

3.07 (dd, J = 13.5, 6.3 Hz, 1H), 2.87-2.73 (m, 2H), 2.54-2.48 (m, 1H), 1.20 (t, J = 7.1 

Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3) δ 200.0, 174.0, 138.1, 129.0, 128.5, 126.7, 

60.8, 44.4, 40.9, 37.6, 14.0 ppm. 

 

methyl (S)-2-benzyl-4-oxobutanoate (2b):2 34.2 mg, colorless oil; isolated yield: 83%; 

89% ee; [α]D
25 = -24.7 (c = 1.0, CHCl3). The enantiomeric excess was determined by 

HPLC on Chiralcel OD-H column, hexane: isopropanol = 98:2; flow rate = 1.0 mL/min; 

UV detection at 220 nm; tR = 18.1 min (minor), 20.3 min (major). 1H NMR (400 MHz, 

CDCl3) δ 9.69 (s, 1H), 7.32-7.28 (m, 2H), 7.25-7.21 (m, 1H), 7.16-7.14 (m, 2H), 3.68 

(s, 3H), 3.22-3.15 (m, 1H), 3.08 (dd, J = 13.6, 6.1 Hz, 1H), 2.88-2.73 (m, 2H), 2.52 (dd, 

J = 18.4, 4.5 Hz, 1H) ppm. 13C NMR (101 MHz, CDCl3) δ 200.0, 174.5, 138.0, 128.9, 

128.6, 126.8, 52.0, 44.3, 40.7, 37.5 ppm. 

 

 

isopropyl (S)-2-benzyl-4-oxobutanoate (2c): 41.2 mg, colorless oil; isolated yield: 

88%; 91% ee; [α]D
25 = -20.0 (c = 1.0, CHCl3). The enantiomeric excess was determined 

by HPLC on Chiralcel OD-H column, hexane: isopropanol = 98:2; flow rate = 1.0 

mL/min; UV detection at 220 nm; tR = 11.7 min (major), 13.0 min (minor). 1H NMR 

(400 MHz, CDCl3) δ 9.70 (s, 1H), 7.31-7.16 (m, 5H), 5.02-4.93 (m, 1H), 3.17-3.10 (m, 

1H), 3.05 (dd, J = 13.5, 6.6 Hz, 1H), 2.85-2.72 (m, 2H), 2.50 (dd, J = 18.2, 4.6 Hz, 1H), 

1.22 (d, J = 6.3 Hz, 3H), 1.13 (d, J = 6.3 Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3) δ 

200.1, 173.5, 138.1, 129.0, 128.5, 126.7, 68.2, 44.5, 41.1, 37.6, 21.7, 21.6 ppm. HRMS 

calculated [M+Na]+ for C14H18NaO3 = 257.1148, found: 257.1152. 

 

 

benzhydryl (S)-2-benzyl-4-oxobutanoate (2d): 53.8 mg, colorless oil; isolated yield: 

75%; 90% ee; [α]D
25 = -4.4 (c = 1.0, CHCl3). The enantiomeric excess was determined 

by HPLC on Chiralcel OD-H column, hexane: isopropanol = 98:2; flow rate = 1.0 

mL/min; UV detection at 220 nm; tR = 23.6 min (major), 27.1 min (minor). 1H NMR 

(400 MHz, CDCl3) δ 9.67 (s, 1H), 7.36-7.19 (m, 13H), 7.09-7.07 (m, 2H), 6.85 (s, 1H), 

3.38-3.31 (m, 1H), 3.09 (dd, J = 13.7, 6.6 Hz, 1H), 2.88-2.75 (m, 2H), 2.54 (dd, J = 
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18.4, 4.8 Hz, 1H) ppm. 13C NMR (101 MHz, CDCl3) δ 199.8, 173.2, 139.7, 139.7, 

137.8, 129.0, 128.6, 128.4, 127.9, 127.2, 127.1, 126.8, 44.4, 40.9, 37.4 ppm. HRMS 

calculated [M+Na]+ for C24H22NaO3 = 381.1461, found: 381.1459. 

 

 

phenyl (S)-2-benzyl-4-oxobutanoate (2e): 42.4 mg, colorless oil; isolated yield: 79%; 

88% ee; [α]D
25 = -26.1 (c = 1.0, CHCl3). The enantiomeric excess was determined by 

HPLC on Chiralcel OD-H column, hexane: isopropanol = 98:2; flow rate = 1.0 mL/min; 

UV detection at 220 nm; tR = 19.7 min (major), 21.8 min (minor). 1H NMR (400 MHz, 

CDCl3) δ 9.77 (s, 1H), 7.36-7.32 (m, 4H), 7.27-7.19 (m, 4H), 6.96-6.94 (m, 2H), 3.44-

3.37 (m, 1H), 3.17 (dd, J = 13.6, 6.9 Hz, 1H), 3.03-2.90 (m, 2H), 2.70 (dd, J = 18.6, 4.5 

Hz, 1H) ppm. 13C NMR (101 MHz, CDCl3) δ 199.7, 172.9, 150.5, 137.7, 129.4, 129.1, 

128.7, 127.0, 125.9, 121.4, 44.8, 40.9, 37.7 ppm. HRMS calculated [M+Na]+ for 

C17H16NaO3 = 291.0991, found: 291.0993. 

 

 

benzyl (S)-2-benzyl-4-oxobutanoate (2f): 48.0 mg, colorless oil; isolated yield: 85%; 

88% ee; [α]D
25 = -10.2 (c = 1.0, CHCl3). The enantiomeric excess was determined by 

HPLC on Chiralcel OD-H column, hexane: isopropanol = 98:2; flow rate = 1.0 mL/min; 

UV detection at 220 nm; tR = 22.8 min (minor), 24.9 min (major). 1H NMR (400 MHz, 

CDCl3) δ 9.69 (s, 1H), 7.35-7.21 (m, 8H), 7.12-7.11 (m, 2H), 5.10 (s, 2H), 3.28-3.20 

(m, 1H), 3.07 (dd, J = 13.6, 6.4 Hz, 1H), 2.89-2.75 (m, 2H), 2.53 (dd, J = 18.4, 4.7 Hz, 

1H) ppm. 13C NMR (101 MHz, CDCl3) δ 199.9, 173.9, 137.9, 135.6, 129.0, 128.6, 

128.5, 128.2, 128.2, 126.8, 66.7, 44.4, 40.8, 37.5 ppm. HRMS calculated [M+Na]+ for 

C18H18NaO3 = 305.1148, found: 305.1146. 

 

 

(S)-2-benzyl-N,N-diethyl-4-oxobutanamide (2g): 39.6 mg, light yellow oil; isolated 

yield: 80%; 28% ee; [α]D
25 = -59.7 (c = 1.0, CHCl3). The enantiomeric excess was 

determined by HPLC on Chiralcel OD-H column, hexane: isopropanol = 95:5; flow 

rate = 1.0 mL/min; UV detection at 210 nm; tR = 12.4 min (major), 19.8 min (minor). 
1H NMR (400 MHz, CDCl3) δ 9.72 (s, 1H), 7.30-7.17 (m, 5H), 3.48-3.39 (m, 1H), 3.35-

3.28 (m, 1H), 3.24-3.07 (m, 4H), 2.94 (dd, J = 13.3, 7.7 Hz, 1H), 2.68 (dd, J = 13.3, 7.4 

Hz, 1H), 2.54 (dd, J = 18.5, 4.2 Hz, 1H), 1.05 (t, J = 7.1 Hz, 6H) ppm. 13C NMR (101 

MHz, CDCl3) δ 200.9, 173.0, 138.7, 129.1, 128.5, 126.6, 46.6, 41.8, 40.5, 39.1, 37.5, 
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14.0, 12.8 ppm. HRMS calculated [M+H]+ for C15H22NO2 = 248.1645, found: 

248.1640. 

 

 

(S)-3-benzyl-4-oxo-4-(piperidin-1-yl)butanal (2h): 31.1 mg, light yellow oil; isolated 

yield: 60%; 75% ee; [α]D
25 = -55.9 (c = 1.0, CHCl3). The enantiomeric excess was 

determined by HPLC on Chiralpak AD-H column, hexane: isopropanol = 95:5; flow 

rate = 1.0 mL/min; UV detection at 220 nm; tR = 17.3 min (major), 20.0 min (minor). 
1H NMR (400 MHz, CDCl3) δ 9.72 (s, 1H), 7.30-7.16 (m, 5H), 3.55-3.44 (m, 3H), 3.39-

3.33 (m, 1H), 3.21-3.12 (m, 2H), 2.91 (dd, J = 13.2, 8.3 Hz, 1H), 2.67 (dd, J = 13.2, 7.1 

Hz, 1H), 2.53 (dd, J = 18.6, 3.9 Hz, 1H), 1.56-1.49 (m, 4H), 1.40-1.33 (m, 1H), 1.07-

1.02 (m, 1H) ppm. 13C NMR (101 MHz, CDCl3) δ 200.9, 172.0, 138.7, 129.0, 128.5, 

126.6, 46.8, 46.6, 43.0, 38.9, 36.8, 25.9, 25.4, 24.4 ppm. HRMS calculated [M+H]+ for 

C16H22NO2 = 260.1645, found: 260.1641. 

 

 

(S)-3-benzyl-4-morpholino-4-oxobutanal (2i): 40.2 mg, light yellow oil; isolated 

yield: 77%; 86% ee; [α]D
25 = -70.5 (c = 1.0, CHCl3). The enantiomeric excess was 

determined by HPLC on Chiralcel OD-H column, hexane: isopropanol = 90:10; flow 

rate = 1.0 mL/min; UV detection at 210 nm; tR = 11.7 min (minor), 14.9 min (major). 
1H NMR (400 MHz, CDCl3) δ 9.73 (s, 1H), 7.31-7.15 (m, 5H), 3.62-3.57 (m, 2H), 3.55-

3.50 (m, 1H), 3.48-3.36 (m, 4H), 3.22 (dd, J = 18.9, 9.5 Hz, 1H), 3.10-3.04 (m, 1H), 

2.93-2.84 (m, 2H), 2.72 (dd, J = 13.1, 6.1 Hz, 1H), 2.63 (dd, J = 18.9, 3.7 Hz, 1H) ppm. 
13C NMR (101 MHz, CDCl3) δ 200.6, 172.5, 138.5, 129.0, 128.6, 126.8, 66.5, 66.1, 

47.1, 46.1, 42.1, 39.1, 36.5 ppm. HRMS calculated [M+H]+ for C15H20NO3 = 262.1438, 

found: 262.1437. 

 

 

isopropyl (S)-2-(4-fluorobenzyl)-4-oxobutanoate (2j): 37.3 mg, colorless oil; isolated 

yield: 74%; 90% ee; [α]D
25 = -18.8 (c = 1.0, CHCl3). The enantiomeric excess was 

determined by HPLC on Chiralcel OD-H column, hexane: isopropanol = 98:2; flow 

rate = 1.0 mL/min; UV detection at 220 nm; tR = 8.7 min (minor), 10.7 min (major). 1H 

NMR (400 MHz, CDCl3) δ 9.72 (s, 1H), 7.15-7.11 (m, 2H), 7.01-6.95 (m, 2H), 5.01-

4.92(m, 1H), 3.14-3.07 (m, 1H), 2.99 (dd, J = 13.7, 7.0 Hz, 1H), 2.86-2.73 (m, 2H), 

2.52 (dd, J = 18.2, 4.9 Hz, 1H), 1.21 (d, J = 6.3 Hz, 3H), 1.12 (d, J = 6.3 Hz, 3H) ppm. 
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13C NMR (101 MHz, CDCl3) δ 199.9, 173.4, 161.7 (d, J = 244.8 Hz), 133.8 (d, J = 3.3 

Hz), 130.5 (d, J = 7.9 Hz), 115.3 (d, J = 21.3 Hz), 68.3, 44.6, 41.2 (d, J = 0.8 Hz), 36.8, 

21.6 (d, J = 8.1 Hz) ppm. HRMS calculated [M+Na]+ for C14H17FNaO3 = 275.1054, 

found: 275.1069. 

 

 

isopropyl (S)-2-(4-chlorobenzyl)-4-oxobutanoate (2k): 41.9 mg, colorless oil; 

isolated yield: 78%; 90% ee; [α]D
25 = -20.9 (c = 1.0, CHCl3). The enantiomeric excess 

was determined by HPLC on Chiralcel OD-H column, hexane: isopropanol = 98:2; flow 

rate = 1.0 mL/min; UV detection at 220 nm; tR = 9.5 min (minor), 11.8 min (major). 1H 

NMR (400 MHz, CDCl3) δ 9.71 (s, 1H), 7.27-7.25 (m, 2H), 7.12-7.10 (m, 2H), 5.01-

4.92 (m, 1H), 3.14-3.07 (m, 1H), 2.99 (dd, J = 13.6, 7.0 Hz, 1H), 2.82 (dd, J = 18.2, 8.7 

Hz, 1H), 2.75 (dd, J = 13.6, 7.9 Hz, 1H), 2.51 (dd, J = 18.2, 4.8 Hz, 1H), 1.21 (d, J = 

6.3 Hz, 3H), 1.13 (d, J = 6.3 Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3) δ 199.8, 173.3, 

136.6, 132.5, 130.3, 128.6, 68.4, 44.5, 40.9, 36.9, 21.6, 21.6 ppm. HRMS calculated 

[M+Na]+ for C14H17ClNaO3 = 291.0758, found: 291.0762. 

 

 

isopropyl (S)-2-(4-bromobenzyl)-4-oxobutanoate (2l): 48.2 mg, colorless oil; 

isolated yield: 77%; 90% ee; [α]D
25 = -20.3 (c = 1.0, CHCl3). The enantiomeric excess 

was determined by HPLC on Chiralcel OD-H column, hexane: isopropanol = 98:2; flow 

rate = 1.0 mL/min; UV detection at 220 nm; tR = 10.3 min (minor), 12.6 min (major). 
1H NMR (400 MHz, CDCl3) δ 9.71 (s, 1H), 7.42-7.40 (m, 2H), 7.06-7.04 (m, 2H), 5.01-

4.92 (m, 1H), 3.14-3.07 (m, 1H), 2.97 (dd, J = 13.7, 7.0 Hz, 1H), 2.86-2.79 (m, 1H), 

2.73 (dd, J = 13.7, 7.9 Hz, 1H), 2.51 (dd, J = 18.2, 4.8 Hz, 1H), 1.21 (d, J = 6.3 Hz, 

3H), 1.13 (d, J = 6.3 Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3) δ 199.7, 173.2, 137.2, 

131.6, 130.7, 120.5, 68.4, 44.5, 40.9, 36.9, 21.6, 21.6 ppm. HRMS calculated [M+Na]+ 

for C14H17BrNaO3 = 335.0253, found: 335.0248. 

 

 

isopropyl (S)-2-(2-methoxybenzyl)-4-oxobutanoate (2m): 44.9 mg, colorless oil; 

isolated yield: 85%; 96% ee; [α]D
25 = -22.7 (c = 1.0, CHCl3). The enantiomeric excess 

was determined by HPLC on Chiralcel OD-H column, hexane: isopropanol = 95:5; flow 

rate = 1.0 mL/min; UV detection at 220 nm; tR = 16.1 min (minor), 18.5 min (major). 
1H NMR (400 MHz, CDCl3) δ 9.68 (s, 1H), 7.23-7.19 (m, 1H), 7.09-7.07 (m, 1H), 6.88-
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6.83 (m, 2H), 5.00-4.91 (m, 1H), 3.82 (s, 3H), 3.25-3.16 (m, 1H), 3.02 (dd, J = 13.3, 

6.7 Hz, 1H), 2.83-2.75 (m, 2H), 2.49 (dd, J = 18.1, 4.6 Hz, 1H), 1.21 (d, J = 6.3 Hz, 

3H), 1.12 (d, J = 6.3 Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3) δ 200.5, 173.9, 157.5, 

130.8, 128.0, 126.4, 120.3, 110.2, 68.0, 55.1, 44.7, 39.5, 32.4, 21.6, 21.5 ppm. HRMS 

calculated [M+Na]+ for C15H20NaO4 = 287.1254, found: 287.1254. 

 

 

isopropyl (S)-2-(3-methoxybenzyl)-4-oxobutanoate (2n): 42.3 mg, colorless oil; 

isolated yield: 80%; 91% ee; [α]D
25 = -14.8 (c = 1.0, CHCl3). The enantiomeric excess 

was determined by HPLC on Chiralcel OD-H column, hexane: isopropanol = 99:1; flow 

rate = 1.0 mL/min; UV detection at 220 nm; tR = 41.0 min (major), 45.7 min (minor). 
1H NMR (400 MHz, CDCl3) δ 9.70 (s, 1H), 7.20 (t, J = 7.9 Hz, 1H), 6.78-6.71 (m, 3H), 

5.04-4.94 (m, 1H), 3.79 (s, 3H), 3.16-3.09 (m, 1H), 3.03 (dd, J = 13.5, 6.4 Hz, 1H), 

2.82 (dd, J = 18.2, 9.0 Hz, 1H), 2.72 (dd, J = 13.5, 8.6 Hz, 1H), 2.51 (dd, J = 18.2, 4.5 

Hz, 1H), 1.23 (d, J = 6.3 Hz, 3H), 1.16 (d, J = 6.3 Hz, 3H) ppm. 13C NMR (101 MHz, 

CDCl3) δ 200.1, 173.5, 159.6, 139.7, 129.5, 121.3, 114.7, 112.0, 68.3, 55.1, 44.4, 41.0, 

37.6, 21.6, 21.6 ppm. HRMS calculated [M+Na]+ for C15H20NaO4 = 287.1254, found: 

287.1259. 

 

 

isopropyl (S)-2-(4-methoxybenzyl)-4-oxobutanoate (2o): 43.3 mg, colorless oil; 

isolated yield: 82%; 90% ee; [α]D
25 = -15.2 (c = 1.0, CHCl3). The enantiomeric excess 

was determined by HPLC on Chiralcel OD-H column, hexane: isopropanol = 98:2; flow 

rate = 1.0 mL/min; UV detection at 220 nm; tR = 12.2 min (minor), 14.8 min (major). 
1H NMR (400 MHz, CDCl3) δ 9.69 (s, 1H), 7.08 (d, J = 8.6 Hz, 2H), 6.83 (d, J = 8.6 

Hz, 2H), 5.03-4.93 (m, 1H), 3.78 (s, 3H), 3.12-3.05 (m, 1H), 2.99 (dd, J = 13.6, 6.5 Hz, 

1H), 2.84-2.77 (m, 1H), 2.70 (dd, J = 13.6, 8.4 Hz, 1H), 2.49 (dd, J = 18.1, 4.5 Hz, 1H), 

1.22 (d, J = 6.3 Hz, 3H), 1.15 (d, J = 6.3 Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3) δ 

200.2, 173.6, 158.3, 130.1, 130.0, 113.8, 68.2, 55.2, 44.4, 41.3, 36.7, 21.6, 21.6 ppm. 

HRMS calculated [M+Na]+ for C15H20NaO4 = 287.1254, found: 287.1264. 

 

 
ethyl (S)-2-(4-(tert-butyl)benzyl)-4-oxobutanoate (2p): 47.0 mg, colorless oil; 

isolated yield: 85%; 88% ee; [α]D
25 = -22.3 (c = 1.0, CHCl3). The enantiomeric excess 

was determined by HPLC on Chiralcel OD-H column, hexane: isopropanol = 95:5; flow 
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rate = 1.0 mL/min; UV detection at 220 nm; tR = 6.1 min (minor), 9.2 min (major). 1H 

NMR (400 MHz, CDCl3) δ 9.70 (s, 1H), 7.32-7.30 (m, 2H), 7.10-7.08 (m, 2H), 4.13 (q, 

J = 7.1 Hz, 2H), 3.18-3.11 (m, 1H), 3.04 (dd, J = 13.6, 6.2 Hz, 1H), 2.87-2.79 (m, 1H), 

2.73 (dd, J = 13.6, 8.7 Hz, 1H), 2.51 (dd, J = 18.2, 4.4 Hz, 1H), 1.30 (s, 9H), 1.20 (t, J 

= 7.1 Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3) δ 200.2, 174.2, 149.6, 134.9, 128.6, 

125.4, 60.8, 44.4, 40.9, 37.1, 34.4, 31.3, 14.0 ppm. HRMS calculated [M+Na]+ for 

C17H24NaO3 = 299.1618, found: 299.1618. 

 

 

ethyl (S)-2-(4-cyanobenzyl)-4-oxobutanoate (2q): 29.4 mg, colorless oil; isolated 

yield: 60%; 88% ee; [α]D
25 = -23.5 (c = 1.0, CHCl3). The enantiomeric excess was 

determined by HPLC on Chiralpak AD-H column, hexane: isopropanol = 90:10; flow 

rate = 1.0 mL/min; UV detection at 220 nm; tR = 17.1 min (major), 20.3 min (minor). 
1H NMR (400 MHz, CDCl3) δ 9.74 (s, 1H), 7.61-7.59 (m, 2H), 7.31-7.29 (m, 2H), 4.13-

4.07 (m, 2H), 3.23-3.16 (m, 1H), 3.07 (dd, J = 13.6, 7.4 Hz, 1H), 2.91-2.85 (m, 2H), 

2.57 (dd, J = 18.4, 5.3 Hz, 1H), 1.18 (t, J = 7.1 Hz, 3H) ppm. 13C NMR (101 MHz, 

CDCl3) δ 199.3, 173.4, 143.9, 132.3, 129.8, 118.7, 110.7, 61.1, 44.5, 40.4, 37.5, 14.0 

ppm. HRMS calculated [M+Na]+ for C14H15NNaO3 = 268.0944, found: 298.0961. 

 

 

ethyl (S)-2-(furan-2-ylmethyl)-4-oxobutanoate (2r): 34.1 mg, colorless oil; isolated 

yield: 81%; 88% ee; [α]D
25 = -10.8 (c = 0.5, CHCl3). The enantiomeric excess was 

determined by HPLC on Chiralcel OD-H column, hexane: isopropanol = 98:2; flow 

rate = 1.0 mL/min; UV detection at 220 nm; tR = 10.9 min (minor), 14.6 min (major). 
1H NMR (400 MHz, CDCl3) δ 9.71 (s, 1H), 7.32-7.31 (m, 1H), 6.28-6.27 (m, 1H), 6.06 

(d, J = 3.1 Hz, 1H), 4.16 (q, J = 7.1 Hz, 2H), 3.28-3.21 (m, 1H), 3.06 (dd, J = 15.0, 5.8 

Hz, 1H), 2.93-2.84 (m, 2H), 2.59 (dd, J = 18.3, 5.0 Hz, 1H), 1.24 (t, J = 7.1 Hz, 3H) 

ppm. 13C NMR (101 MHz, CDCl3) δ 199.8, 173.5, 151.9, 141.7, 110.2, 107.2, 61.0, 

44.2, 38.5, 29.7, 14.1 ppm. HRMS calculated [M+Na]+ for C11H14NaO4 = 233.0784, 

found: 233.0781. 

 

 

ethyl (S)-4-(benzyloxy)-2-(2-oxoethyl)butanoate (2s): 44.4 mg, colorless oil; isolated 

yield: 84%; 89% ee; [α]D
25 = -12.8 (c = 1.0, CHCl3). The enantiomeric excess was 

determined by HPLC on Chiralcel OD-H column, hexane: isopropanol = 98:2; flow 
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rate = 1.0 mL/min; UV detection at 220 nm; tR = 16.2 min (minor), 18.0 min (major). 
1H NMR (400 MHz, CDCl3) δ 9.73 (s, 1H), 7.36-7.27 (m, 5H), 4.50-4.44 (m, 2H), 4.14-

4.09 (m, 2H), 3.51 (t, J = 6.1 Hz, 2H), 3.11-3.05 (m, 1H), 2.87 (dd, J = 18.0, 8.6 Hz, 

1H), 2.61 (dd, J = 18.0, 5.0 Hz, 1H), 2.06-1.98 (m, 1H), 1.86-1.78 (m, 1H), 1.23 (t, J = 

7.1 Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3) δ 200.1, 174.5, 138.1, 128.3, 127.6, 

127.6, 72.9, 67.4, 60.7, 45.1, 36.4, 31.5, 14.1 ppm. HRMS calculated [M+Na]+ for 

C15H20NaO4 = 287.1254, found: 287.1251. 

 

 

ethyl (S)-2-(2-oxoethyl)heptanoate (2t): 33.2 mg, colorless oil; isolated yield: 83%; 

88% ee; [α]D
25 = -9.9 (c = 1.0, CHCl3). The enantiomeric excess was determined by 

HPLC on Chiralcel OD-H column, hexane: isopropanol = 98:2; flow rate = 1.0 mL/min; 

UV detection at 220 nm; tR = 5.3 min (minor), 6.0 min (major). 1H NMR (400 MHz, 

CDCl3) δ 9.77 (s, 1H), 4.18-4.13 (m, 2H), 2.92-2.84 (m, 2H), 2.59-2.51 (m, 1H), 1.68-

1.61 (m, 1H), 1.54-1.47 (m, 1H), 1.29-1.25 (m, 9H), 0.88 (t, J = 6.8 Hz, 3H) ppm. 13C 

NMR (101 MHz, CDCl3) δ 200.5, 174.9, 60.7, 45.4, 39.0, 31.9, 31.5, 26.6, 22.4, 14.2, 

14.0 ppm. HRMS calculated [M+Na]+ for C11H20NaO3 = 223.1305, found: 223.1305. 

 

 

methyl (S)-2-methyl-4-oxobutanoate (2u):1 23.9 mg, colorless oil; isolated yield: 

92%; 93% ee; [α]D
25 = -8.1 (c = 1.0, CHCl3). The enantiomeric excess was determined 

by HPLC on Chiralcel OD-H column, hexane: isopropanol = 98:2; flow rate = 1.0 

mL/min; UV detection at 220 nm; tR = 8.4 min (minor), 11.5 min (major). 1H NMR 

(400 MHz, CDCl3) δ 9.77 (s, 1H), 3.70 (s, 3H), 3.04-2.97 (m, 1H), 2.92 (dd, J = 17.8, 

7.9 Hz, 1H), 2.55 (dd, J = 17.8, 5.3 Hz, 1H), 1.24 (d, J = 7.0 Hz, 3H) ppm. 13C NMR 

(101 MHz, CDCl3) δ 200.1, 175.6, 52.0, 46.9, 33.5, 17.0 ppm. 

 

 

dimethyl (R)-2-(2-oxoethyl)succinate (2v): 34.3 mg, light yellow oil; isolated yield: 

91%; 86% ee; [α]D
25 = -0.4 (c = 1.0, CHCl3). The enantiomeric excess was determined 

by HPLC on Chiralpak AD-H column, hexane: isopropanol = 99:1; flow rate = 0.5 

mL/min; UV detection at 220 nm; tR = 42.4 min (major), 43.9 min (minor). 1H NMR 

(400 MHz, CDCl3) δ 9.77 (s, 1H), 3.71 (d, J = 7.5 Hz, 6H), 3.38-3.31 (m, 1H), 2.98 (dd, 

J = 18.4, 6.8 Hz, 1H), 2.80-2.72 (m, 2H), 2.61 (dd, J = 16.8, 6.6 Hz, 1H) ppm. 13C NMR 

(101 MHz, CDCl3) δ 199.4, 173.6, 171.8, 52.4, 52.0, 44.4, 35.1, 34.9 ppm. HRMS 
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calculated [M+Na]+ for C8H12NaO5 = 211.0577, found: 211.0575. 

 

 

ethyl (R)-2-isopropyl-4-oxobutanoate (2w):1 29.6 mg, colorless oil; isolated yield: 

86%; 73% ee; [α]D
25 = -8.4 (c = 0.25, CHCl3). The enantiomeric excess was determined 

by HPLC on Chiralcel OD-H column, hexane: isopropanol = 98:2; flow rate = 1.0 

mL/min; UV detection at 220 nm; tR = 5.8 min (minor), 11.4 min (major). 1H NMR 

(400 MHz, CDCl3) δ 9.80 (s, 1H), 4.20-4.12 (m, 2H), 2.92 (dd, J = 17.9, 10.4 Hz, 1H), 

2.80- 2.75 (m, 1H), 2.51 (dd, J = 17.9, 3.4 Hz, 1H), 2.08-2.00 (m, 1H), 1.27 (t, J = 7.1 

Hz, 3H), 0.94 (dd, J = 9.0, 7.0 Hz, 6H) ppm. 13C NMR (101 MHz, CDCl3) δ 200.8, 

174.2, 60.5, 45.1, 42.3, 29.8, 20.1, 19.4, 14.2 ppm. 

 

4. Procedures for gram-scale AHF of 1u and the synthesis of 4a  

A stock solution was made by mixing (S,S)-DTBM-YanPhos (0.01 mmol) with 

Rh(acac)(CO)2 (0.005 mmol) in toluene (2 mL) at room temperature for 10 min in a 

argon-filled glovebox. Then, the catalyst solution was transferred by syringe into a 5 

mL vial charged with substrate 1u (10 mmol, 1.0 g). The vial was transferred into an 

autoclave and taken out of the glovebox. The argon gas was replacement with hydrogen 

gas for three times, and then hydrogen (5 bar) and carbon monoxide (5 bar) were 

charged in sequence. The reaction mixture was stirred at 80 °C (oil bath) for 48 h. The 

reaction was cooled to room temperature and the pressure was carefully released in a 

well-ventilated hood. The solution was concentrated and 2u was isolated by column 

chromatography. Isolated yield: 91%, 1.2 g.  

4a was prepared according to the literature.3 To a solution of the chiral aldehyde 2u (9.1 

mmol, 1.2 g) with CH2Cl2 (5 mL) in a 25 ml flask, methyl 2-(triphenyl-λ4-

phosphanyl)acetate (10 mmol, 3.3 g) was added, the mixture was allowed to stirred at 

25 °C for 2 hours. The organic solvents were removed under reduced pressure and the 

residue was purified by flash chromatography to give the desired product 4a (1.5 g, 90% 

yield) with 93% ee. 1H NMR (400 MHz, CDCl3) δ 6.92-6.85 (m, 1H), 5.87 (d, J = 15.7 

Hz, 1H), 3.73 (s, 3H), 3.69 (s, 3H), 2.65-2.54 (m, 2H), 2.37-2.29 (m, 1H), 1.19 (d, J = 

6.9 Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3) δ 175.8, 145.8, 122.9, 51.8, 51.5, 38.4, 

35.8, 29.7, 16.8 ppm. 
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5. Procedures for gram-scale AHF of 1c and the synthesis of 4b 

A stock solution was made by mixing (S,S)-DTBM-YanPhos (0.01 mmol) with 

Rh(acac)(CO)2 (0.005 mmol) in toluene (2 mL) at room temperature for 10 min in a 

argon-filled glovebox. Then, the catalyst solution was transferred by syringe into a 5 

mL vial charged with substrate 1c (5 mmol, 1.0 g). The vial was transferred into an 

autoclave and taken out of the glovebox. The argon gas was replacement with hydrogen 

gas for three times, and then hydrogen (5 bar) and carbon monoxide (5 bar) were 

charged in sequence. The reaction mixture was stirred at 80 °C (oil bath) for 48 h. The 

reaction was cooled to room temperature and the pressure was carefully released in a 

well-ventilated hood. The solution was concentrated and 2c was isolated by column 

chromatography. Isolated yield: 89%, 1.0 g.  

4b was prepared according to the literature.4 To a solution of NaBH4 (9 mmol, 0.34 g) 

with 5 mL CH3OH in a 25 mL flask, 2c was added dropwise at 0 °C, and the mixture 

was stirred for 15 minutes at 0 °C. Water was added dropwise to quench the reaction, 

and the mixture was concentrated to remove methanol and then was extracted with ethyl 

acetate (3 × 5 ml), dried over anhydrous MgSO4 followed by evaporation. The crude 

product was dissolved in 5 mL trifluoroacetic acid and 2.5 mL water. The mixture was 

stirred at room temperature for 4 hours. Saturated sodium bicarbonate solution was 

added dropwise to consume the excess trifluoroacetic acid, then the mixture was 

extracted with ethyl acetate (3 × 10 ml), and the combined extracts were washed with 

brine, and then dried over anhydrous MgSO4 followed by evaporation. The residue was 

purified by a silica-gel column chromatography (petroleum ether / ethyl acetate, 10:1 

by volume) to yield compound 4b in the form of a colorless oil. Two steps yield: 86%, 

91% ee. [α]D
25 = +52.5 (c = 0.25, CHCl3). The enantiomeric excess was determined by 

HPLC on Chiralcel OD-H column, hexane: isopropanol = 98:2; flow rate = 1.0 mL/min; 

UV detection at 220 nm; tR = 29.7 min (major), 33.8 min (minor). 1H NMR (400 MHz, 

CDCl3) δ 7.33-7.20 (m, 5H), 4.26-4.21 (m, 1H), 4.18-4.12 (m, 1H), 3.26 (dd, J = 13.6, 

4.0 Hz, 1H), 2.89-2.81 (m, 1H), 2.75 (dd, J = 13.6, 9.5 Hz, 1H), 2.29-2.21 (m, 1H), 

2.05-1.94 (m, 1H) ppm. 13C NMR (101 MHz, CDCl3) δ 178.7, 138.4, 128.8, 128.7, 

126.7, 66.5, 41.1, 36.1, 28.0 ppm. 
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8. HPLC spectra 
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