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1. General Information. 

All the reactions dealing with air- or moisture- sensitive compounds were carried out in a dry 

reaction vessel under nitrogen protection or in the nitrogen-filled glove box. Unless otherwise 

noted, all reagents and solvents were purchased from commercial suppliers without further 

purification. THF was dried with sodium chips and indicated by benzophenone. Other anhydrous 

solvents were purchased from Sigma-Aldrich and transferred by syringe. Purification of products 

was carried out by chromatography using silica gel from ACROS (0.06-0.20 mm). Thin layer 

chromatography was carried out using silica gel plates from Merk (GF254). [Rh(COD)Cl]2 and 

other metal precursors were purchased from Heraeus. 

 
1
H NMR, 

13
C NMR spectra were recorded on a Bruker Avance (400 MHz) spectrometer or on a 

Varian VNMRS 500 MHz spectrometer with CDCl3 as the solvent and tetramethylsilane (TMS) as 

the internal standard. Chemical shifts are reported in parts per million e (ppm, δ scale) downfield 

from TMS at 0.00 ppm and referenced to the CDCl3 at 7.26 ppm for 
1
H NMR or 77.0 ppm for 

13
C 

NMR. Data is reported as: multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = 

multiplet), coupling constant in hertz (Hz) and signal area integration in natural numbers. 
13

C 

NMR analyses were ran with decoupling. Enantiomeric excess values were determined with 

Agilent 1100 Series HPLC instrument. Optical rotations were measured using a 1 mL cell with a 1 

dm path length on a Jasco P–2000 polarimeter at 589 nm. 

 

2. Substrate synthesis. 

2.1 Typical procedure for the synthesis of α,β-unsaturated esters
[1]

. 

 

To a suspension of sodium hydride (60% dispersion in mineral oil, 10 mmol) in dry THF (20 

mL) trimethyl phosphonoacetate (10 mmol) was added dropwise at 0 ºC under argon atmosphere. 

After 30 min, the appropriate ketones (8 mmol) was added dropwise at the same temperature. The 

reaction mixture was then allowed to warm to room temperature and stirred under reflux for 24 h. 

After the mixture cooling in an ice bath, saturated aqueous ammonium chloride solution (20 mL) 

was then added dropwise. The aqueous phase was extracted with diethyl ether (2 x 50mL) and the 

combined organic phase was washed with brine (50mL), dried over sodium sulfate, and 

concentrated in vacuo. Flash chromatography (hexanes/ethyl acetate, 95:5) yielded ester as a clear 

oil with 60-80% yields. 

 

2.2 Typical procedure for the synthesis of α,β-unsaturated amides. 
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A schlenk tube was charged with α,β-unsaturated ester (5.0 mmol), anhydrous calcium chloride 

(2 eq.). The tube was protected under nitrogen and ammonia in methanol solution (7N, 10 eq.) was 

added. The tube was sealed and heated at 100 ºC. After stirring for 24h, the mixture was cooled to 

room temperature. Solvent was evaporated in vacuo. The residue was dissolved in 30ml water and 

extracted with dichloromethane (50ml×2). The combined organic layer was dried over sodium 

sulfate and concentrated. After purification by flash chromatography, α,β-unsaturated amide was 

obtain. 

 

(E)-3-phenylbut-2-enamide 1a 

White soild; 0.53 g, 66 % yield; m.p. = 116-117 ºC; 
1
H NMR (400 MHz, 

CDCl3) δ 7.49 – 7.41 (m, 2H), 7.37-7.35 (m, 3H), 6.08 (d, J = 1.1 Hz, 1H), 

5.81 (br, 1H), 5.62 (br, 1H), 2.56 (d, J = 1.2 Hz, 3H); 
13

C NMR (101 MHz, 

CDCl3) δ 168.92, 152.52, 142.52, 128.70, 128.50, 126.20, 118.74, 17.74;
 
m/z 

(ESI–MS) 163.21 [M + H]
+
. 

 

(E)-3-(o-tolyl)but-2-enamide 1b 

White soild; 0.37 g, 42 % yield; m.p. = 92-94 ºC;
 1

H NMR (400 MHz, 

CDCl3) δ 7.25 – 7.12 (m, 3H), 7.07-7.06 (m, 1H), 5.70 (d, J = 1.3 Hz, 1H), 

5.63 (br, 1H), 5.46 (br, 1H), 2.44 (d, J = 1.3 Hz, 3H), 2.29 (s, 3H); 
13

C NMR 

(101 MHz, CDCl3) δ 168.47, 155.46, 144.08, 133.95, 130.38, 127.57, 127.14, 

125.74, 120.50, 20.38, 19.65; m/z (ESI–MS) 176.72 [M + H]
+
. 

 

(E)-3-(m-tolyl)but-2-enamide 1c 

White solid; 0.55 g, 63 % yield; m.p. = 79-83 ºC; 
1
H NMR (400 MHz, 

CDCl3) δ 7.49 – 6.97 (m, 4H), 6.06 (s, 1H), 5.85 (br, 1H), 5.62 (br, 1H), 

2.54 (s, 3H), 2.37 (s, 3H); 
13

C NMR (101 MHz, CDCl3) δ 169.03, 152.64, 

142.57, 138.09, 129.43, 128.38, 126.92, 123.33, 118.59, 21.45, 17.76; m/z 

(ESI–MS) 176.73 [M + H]
+
. 

 

(E)-3-(p-tolyl)but-2-enamide 1d 

 

White solid; 0.61 g, 70 % yield; m.p. = 123-126 ºC; 
1
H NMR (400 MHz, 

CDCl3) δ 7.35 (d, J = 8.1 Hz, 2H), 7.17 (d, J = 7.9 Hz, 2H), 6.06 (d, J = 

1.2 Hz, 1H), 5.61 (br, 2H), 2.55 (s, 3H), 2.36 (s, 3H); 
13

C NMR (101 MHz, 

CDCl3) δ 168.87, 152.51, 139.56, 138.80, 129.19, 126.10, 117.81, 21.16, 

17.63; (ESI–MS) 176.83 [M + H]
+
. 

 

(E)-3-(4-methoxyphenyl)but-2-enamide 1e 
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White soild; 0.61 g, 64 % yield; m.p. = 134-136 ºC; 
1
H NMR (400 

MHz, CDCl3) δ 7.41 (t, J = 5.7 Hz, 2H), 6.89 (d, J = 8.6 Hz, 2H), 6.04 

(d, J = 1.0 Hz, 1H), 5.48 (br, 2H), 3.83 (s, 3H), 2.55 (s, 3H); 
13

C NMR 

(101 MHz, CDCl3) δ 168.86, 160.20, 152.05, 134.68, 127.48, 116.89, 

113.85, 55.34, 17.50; m/z (ESI–MS) 192.71 [M + H]
+
. 

 

(E)-3-(4-fluorophenyl)but-2-enamide 1f 

 

White soild; 0.64 g, 51 % yield; m.p. = 145-155 ºC;
 1
H NMR (400 MHz, 

CDCl3) δ 7.42 (dd, J = 7.8, 5.6 Hz, 2H), 7.05 (t, J = 8.4 Hz, 2H), 6.03 (s, 

1H), 5.56 (br, 2H), 2.54 (s, 3H); 
13

C NMR (101 MHz, CDCl3) δ 168.53, 

164.28, 161.81, 151.41, 138.53, 127.95 (d, J = 8.2 Hz), 118.58, 115.41 (d, 

J = 21.5 Hz), 17.78; m/z (ESI–MS) 180.45 [M + H]
+
. 

 

(E)-3-(4-chlorophenyl)but-2-enamide 1g 

White soild; 0.60 g, 61 % yield; m.p. = 146-156 ºC; 
1
H NMR (400 MHz, 

CDCl3) δ 7.57 – 7.29 (m, 4H), 6.05 (d, J = 1.2 Hz, 1H), 5.52 (br, 2H), 

2.53 (s, 3H); 
13

C NMR (101 MHz, CDCl3) δ 168.31, 151.23, 140.88, 

134.69, 128.68, 127.50, 118.95, 17.64;
 
m/z (ESI–MS) 196.55, 198.30 

[M + H]
+
. 

 

(E)-3-(4-bromophenyl)but-2-enamide 1h 

White soild; 0.78 g, 65 % yield; m.p. = 151-159 ºC; 
1
H NMR (400 MHz, 

CDCl3) δ 7.58 – 7.44 (m, 2H), 7.38 – 7.27 (m, 2H), 6.06 (d, J = 1.2 Hz, 

1H), 5.61 (br, 2H), 2.53 (d, J = 1.2 Hz, 3H); 
13

C NMR (101 MHz, 

CDCl3) δ 168.44, 151.25, 141.34, 131.65, 127.81, 122.88, 119.03, 17.59;
 

m/z (ESI–MS) 240.92, 242.81 [M + H]
+
. 

 

(E)-3-phenylhept-2-enamide 1i 

White soild; 0.34 g, 33 % yield; m.p. = 56-58 ºC; 
1
H NMR (400 MHz, 

CDCl3) δ 7.45 – 7.16 (m, 5H), 5.87 (s, 1H), 5.44 (br, 1H), 4.92 (br, 1H), 

2.41 (t, J = 6.6 Hz, 2H), 1.34 (m, 4H), 0.87 (t, J = 6.6 Hz, 3H); 
13

C NMR 

(101 MHz, CDCl3) δ 168.64, 153.45, 139.45, 128.85, 128.28, 127.37, 

121.62, 40.02, 29.37, 22.16, 13.79; m/z (ESI–MS) 205.41 [M + H]
+
. 

 

(E)-3-(thiophen-2-yl)but-2-enamide 1j 

White soild; 0.39 g, 47 % yield; m.p. = 125-126 ºC; 
1
H NMR (400 MHz, 

CDCl3) δ 7.28 (t, J = 4.0 Hz, 2H), 7.04 (dd, J = 5.0, 3.8 Hz, 1H), 6.20 (d, J = 

1.2 Hz, 1H), 5.43 (br, 2H), 2.61 (d, J = 1.1 Hz, 3H); 
13

C NMR (101 MHz, 

CDCl3) δ 168.25, 145.79, 145.34, 127.90, 126.36 , 126.28, 115.67, 17.08; m/z 

(ESI–MS) 168.78 [M + H]
+
. 

 

(E)-3-(naphthalen-2-yl)but-2-enamide 1k 

White soild; 0.58 g, 55 % yield; m.p. = 147-156 ºC; 
1
H NMR (400 
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MHz, CDCl3) δ 7.91 (d, J = 1.4 Hz, 1H), 7.89 – 7.81 (m, 3H), 7.57 (dd, J = 8.6, 1.9 Hz, 1H), 7.55 

– 7.46 (m, 2H), 6.22 (d, J = 1.3 Hz, 1H), 5.56 (br, 2H), 2.68 (d, J = 1.2 Hz, 3H); 
13

C NMR (101 

MHz, CDCl3) δ 168.69, 152.40, 139.67, 133.37, 133.20, 128.41, 128.15, 127.60, 126.57, 126.51, 

125.68, 123.96, 118.99, 17.75; m/z (ESI–MS) 213.26 [M + H]
+
. 

 

3. General procedure for asymmetric hydrogenation. 

In the nitrogen-filled glovebox, solution of [Rh(COD)Cl]2 (4.9 mg, 0.01 mmol) and ligand (2.1 eq.) 

in 5.0 ml anhydrous solvent was stirred at room temperature for 30 min. A specified volume of the 

resulting solution (0.5 ml, 1% Rh catalyst) was transferred by syringe to a Score-Break ampule 

charged with substrate solution (0.2 mmol in 0.5 ml). The ampule was placed into an autoclave, 

which was then charged with 50 atm H2. The autoclave was stirred at desired temperature for the 

indicated period of time. After release of hydrogen gas, the resulting mixture was concentrated 

under vacuum. The residue passed through a silica plug to remove metal complex and then was 

concentrated under reduced pressure. The crude product was analysed by 
1
H NMR to determine 

the conversion. The enantiomeric excess was determined by GC or HPLC analysis. Absolute 

configuration was assigned according to literatures
[2]

. 

 

4. Isotope labeling experiment result.  
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5. Control experiments and evaluation of each unit of ZhaoPhos. 

 

We synthesized a series of analogues of ZhaoPhos and conducted control experiments to 

evaluate the collaboration manner of each unit of ZhaoPhos. Urea bisphosphine ligand L3 only 

gives both lower conversion and ee. Compared to H (L6), more electron-withdrawing 

trifluoromethyl group at 3- and 5- position on the phenyl ring increases the enantioselectivity, 

which is probably due to the stronger acidity of N-H proton on the thiourea. Furthermore, 

monophosphine ligand L5 and the mixture of ferrocene-thiourea compound L6 with 

triphenylphosphine can hardly catalyzed the hydrogenation reaction. On the other hand, the 

mixture of thiourea molecule and bisphosphine-Ugi’s amine L7 failed to show catalytic activity. 

These results (ZhaoPhos vs L5 or L6 with PPh3 and L7/thiourea) demonstrate the importance of 

a covalent incorporation of bisphosphine moiety and thiourea. The idea of secondary offers an 

alternative strategy for asymmetric hydrogenation. 

 

6. Result of nonlinear effect study. 

Table S2. Nonlinear effects for Rh/ZhaoPhos catalyzed asymmetric hydrogenation of 1a. 



                                            8 

 

Entry ee of ZhaoPhos conversion ee 

1 0 

> 95 % 

8% 

2 10% 16% 

3 20% 26% 

4 40% 41% 

5 60% 60% 

6 80% 78% 

7 90% 84% 

8 100% 95% 

 

7. Characterization data for chiral carbonyl compounds. 

(R)-3-phenylbutanamide 2a 

White solid; m.p. = 69-71 ºC; 31.6 mg, yield: 97%, 95% ee; [α]D
22

 = -29.0 (c 

= 0.2, CHCl3); The enantiomeric excess was determined by HPLC on 

Chiralpak AD-H column, hexane: isopropanol = 95:5; flow rate = 1 mL/min; 

UV detection at 220 nm; tR = 11.0 min (minor), 13.3 min (major); 
1
H NMR 

(400 MHz, CDCl3) δ 7.33-7.29 (m, 2H), 7.26 – 7.18 (m, 3H), 5.67 (br, 1H), 

5.39 (br, 1H), 3.27 (dd, J = 14.4, 7.2 Hz, 1H), 2.47 (m, 2H), 1.32 (d, J = 7.0 Hz, 3H); 
13

C NMR 

(101 MHz, CDCl3) δ 174.31, 145.77, 128.65, 126.76, 126.51, 44.80, 36.78, 21.77; m/z (ESI–MS) 

164.0 [M + H]+. 
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(R)-3-(o-tolyl)butanamide 2b 

White solid; m.p. = 104-105 ºC; 7.1 mg, yield: 20%, 92% ee; [α]D
22

 = -29.5 

(c = 0.2, CHCl3); The enantiomeric excess was determined by HPLC on 

Chiralpak AD-H column, hexane: isopropanol = 95:5; flow rate = 1 mL/min; 

UV detection at 208 nm; tR = 10.8 min (minor), 11.8 min (major); 
1
H NMR 

(400 MHz, CDCl3) δ 7.19-7.10 (m, 4H), 5.58 (br, 1H), 5.31 (br, 1H), 3.55 (d, 

J = 7.4 Hz, 1H), 2.52 (m, 1H), 2.48 – 2.30 (m, 4H), 1.28 (d, J = 6.9 Hz, 3H); 
13

C NMR (101 MHz, 

CDCl3) δ 174.29, 143.97, 135.54, 130.63, 126.36, 126.17, 124.95, 43.98, 31.72, 21.37, 19.51; m/z 

(ESI–MS) 179.27 [M + H]
+
. 

   

 

(R)-3-(m-tolyl)butanamide 2c 

White solid; m.p. = 61-64 ºC; 33.8 mg, yield: 95%, 96% ee; [α]D
22

 = -30.0 

(c = 0.2, CHCl3); The enantiomeric excess was determined by HPLC on 

Chiralpak AD-H column, hexane: isopropanol = 95:5; flow rate = 1 

mL/min; UV detection at 208 nm; tR = 10.4 min (minor), 12.1 min 

(major); 
1
H NMR (400 MHz, CDCl3) δ 7.19 (m, 1H), 7.03 (m, 3H), 5.64 

(br, 1H), 5.34 (br, 1H), 3.23 (d, J = 7.2 Hz, 1H), 2.45 (m, 2H), 2.33 (s, 3H), 1.31 (d, J = 7.0 Hz, 

3H); 
13

C NMR (101 MHz, CDCl3) δ 174.23, 145.74, 138.23, 128.55, 127.61, 127.28, 123.68, 

44.82, 36.75, 21.86, 21.48; m/z (ESI–MS) 179.27 [M + H]
+
. 
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(R)-3-(p-tolyl)butanamide 2d 

White solid; m.p. = 113-114 ºC; 34.5 mg, yield: 97%, 96% ee; [α]D
22

 = 

-30.7 (c = 0.2, CHCl3); The enantiomeric excess was determined by 

HPLC on Chiralpak AD-H column, hexane: isopropanol = 97:3; flow rate 

= 1 mL/min; UV detection at 208 nm; tR = 18.5 min (minor), 24.6 min 

(major); 
1
H NMR (400 MHz, CDCl3) δ 7.24 – 7.07 (m, 4H), 5.54 (br, 1H), 

5.30 (br, 1H), 3.23 (dd, J = 14.3, 7.2 Hz, 1H), 2.57 – 2.37 (m, 2H), 2.32 (d, J = 6.8 Hz, 3H), 1.31 

(d, J = 7.0 Hz, 3H); 
13

C NMR (101 MHz, CDCl3) δ 174.21, 142.72, 136.03, 129.33, 126.62, 44.91, 

36.41, 21.92, 20.99; m/z (ESI–MS) 179.37 [M + H]
+
. 

   

 

 

(R)-3-(4-methoxyphenyl)butanamide 2e 

White solid; m.p. = 106-108 ºC; 37.8 mg, yield: 96%, 96% ee; [α]D
22

 = 

-26.1 (c = 0.2, CHCl3); The enantiomeric excess was determined by 

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

rate = 1 mL/min; UV detection at 208 nm; tR = 18.3 min (minor), 23.9 

min (major); 
1
H NMR (400 MHz, CDCl3) δ 7.23 – 7.04 (m, 2H), 6.96 

– 6.76 (m, 2H), 5.57 (br, 1H), 5.31 (br, 1H), 3.78 (s, 3H), 3.23 (dd, J = 

14.3, 7.2 Hz, 1H), 2.44 (m, 2H), 1.30 (d, J = 7.0 Hz, 3H); 
13

C NMR (101 MHz, CDCl3) δ 174.24, 

158.15, 137.81, 127.68, 114.01, 55.25, 45.09, 36.02, 21.99; m/z (ESI–MS) 194.77 [M + H]
+
. 
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(R)-3-(4-fluorophenyl)butanamide 2f 

White solid; m.p. = 73-75 ºC; 32.9 mg, yield: 91%, 94% ee; [α]D
22

 = 

-30.5 (c = 0.2, CHCl3); The enantiomeric excess was determined by 

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

= 1 mL/min; UV detection at 208 nm; tR = 13.2 min (minor), 15.0 min 

(major); 
1
H NMR (400 MHz, CDCl3) δ 7.24 – 7.11 (m, 2H), 7.07 – 6.87 

(m, 2H), 5.79 (br, 1H), 5.42 (br, 1H), 3.28 (dd, J = 14.3, 7.2 Hz, 1H), 

2.63 – 2.29 (m, 2H), 1.30 (d, J = 7.0 Hz, 3H); 
13

C NMR (101 MHz, CDCl3) δ 174.01, 161.45 (d, J 

= 244.2 Hz), 141.43 (d, J = 3.2 Hz), 128.17 (d, J = 7.8 Hz), 115.34 (d, J = 21.1 Hz), 44.89, 36.02, 

21.85; m/z (ESI–MS) 182.62 [M + H]
+
. 

   

 

 

(R)-3-(4-chlorophenyl)butanamide 2g 

White solid; m.p. = 96-97 ºC; 37.8 mg, yield: 95%, 95% ee; [α]D
22

 = 

-31.6 (c = 0.2, CHCl3); The enantiomeric excess was determined by 

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

rate = 1 mL/min; UV detection at 208 nm; tR = 12.3 min (minor), 14.3 

min (major); 
1
H NMR (400 MHz, CDCl3) δ 7.33 – 7.07 (m, 4H), 5.38 (d, 

J = 74.5 Hz, 2H), 3.29 (dd, J = 14.3, 7.1 Hz, 1H), 2.43 (m, 2H), 1.31 (d, 

J = 6.9 Hz, 3H); 
13

C NMR (101 MHz, CDCl3) δ 173.56, 144.23, 132.13, 128.72, 128.17, 44.65, 

36.14, 21.66; m/z (ESI–MS) 199.45, 201.76 [M + H]
+
. 
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(R)-3-(4-bromophenyl)butanamide 2h 

White solid; m.p. = 93-94 ºC; 29.6 mg, yield: 61%, 90% ee; [α]D
22

 = 

-28.0 (c = 0.2, CHCl3); The enantiomeric excess was determined by 

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

rate = 1 mL/min; UV detection at 208 nm; tR = 12.8 min (minor), 15.1 

min (major); 
1
H NMR (400 MHz, CDCl3) δ 7.42 (m, 2H), 7.11 (m, 2H), 

5.49 (br, 2H), 3.26 (dd, J = 14.1, 7.0 Hz, 1H), 2.50 – 2.36 (m, 2H), 1.30 

(d, J = 6.9 Hz, 3H); 
13

C NMR (101 MHz, CDCl3) δ 173.68, 144.78, 131.67, 128.58, 120.15, 44.56, 

36.19, 21.61; m/z (ESI–MS) 243.08, 244.56 [M + H]
+
. 

   

 

 

(S)-3-phenylheptanamide 2i 

White solid; m.p. = 65-68 ºC; 12.6 mg, yield: 31%, 89% ee; [α]D
22

 = 12.1 

(c = 0.1, CHCl3); The enantiomeric excess was determined by HPLC on 

Chiralpak AD-H column, hexane: isopropanol = 95:5; flow rate = 1 

mL/min; UV detection at 208 nm; tR = 8.8 min (major), 10.9 min (minor); 
1
H NMR (400 MHz, CDCl3) δ 7.30 (m, 2H), 7.25 – 7.13 (m, 3H), 5.33 (br, 

J = 95.1 Hz, 2H), 3.06 (m, 1H), 2.48 (m, 2H), 1.76 – 1.55 (m, 2H), 1.34 – 1.03 (m, 4H), 0.82 (t, J 

= 7.2 Hz, 3H); 
13

C NMR (101 MHz, CDCl3) δ 174.19, 144.30, 128.58, 127.45, 126.50, 43.83, 

42.64, 35.97, 29.54, 22.57, 13.90; m/z (ESI–MS) 205.19 [M + H]
+
. 
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(R)-3-(thiophen-2-yl)butanamide 2j 

White solid; m.p. = 79-82 ºC; 31.9 mg yield: 94%, 94% ee; [α]D
22

 = -27.1 (c 

= 0.2, CHCl3); The enantiomeric excess was determined by HPLC on 

Chiralpak AD-H column, hexane: isopropanol = 95:5; flow rate = 1 mL/min; 

UV detection at 208 nm; tR = 12.1 min (minor), 13.7 min (major); 
1
H NMR 

(400 MHz, CDCl3) δ 7.14 (m, 1H), 7.00 – 6.80 (m, 2H), 5.47 (br, 2H), 3.62 (dd, J = 14.0, 7.0 Hz, 

1H), 2.65 – 2.54 (m, 1H), 2.46 (m, 1H), 1.41 (d, J = 6.9 Hz, 3H); 
13

C NMR (101 MHz, CDCl3) δ 

173.50 (s), 149.81 (s), 126.72 (s), 123.19, 123.04, 45.67, 32.32, 22.68; m/z (ESI–MS) 170.81 [M + 

H]
+
. 

   

 

 

(R)-3-(naphthalen-2-yl)butanamide 2k 

White solid; m.p. = 104-105 ºC; 41.5 mg, yield: 98%, 93% ee; [α]D
22

 = 

-24.1 (c = 0.2, CHCl3); The enantiomeric excess was determined by 

HPLC on Chiralpak AD-H column, hexane: isopropanol = 97:3; flow 

rate = 1 mL/min; UV detection at 208 nm; tR = 26.9 min (minor), 42.9 

min (major); 
1
H NMR (400 MHz, CDCl3) δ 7.92 – 7.74 (m, 3H), 7.66 

(s, 1H), 7.54 – 7.34 (m, 3H), 5.48 (br, 2H), 3.44 (dd, J = 14.2, 7.1 Hz, 1H), 2.54 (m, 2H), 1.40 (d, 

J = 6.9 Hz, 3H); 
13

C NMR (101 MHz, CDCl3) δ 174.20, 143.15, 133.57, 132.34, 128.33, 127.65, 

127.60, 126.09 , 125.50, 125.35, 125.06, 44.78, 36.90, 21.76; m/z (ESI–MS) 213.29 [M + H]
+
. 
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(R)-methyl 3-phenylbutanoate 4a 

Colorless liquid; 34.5 mg, yield: 97%, 96% ee; [α]D
22

 = -27.3 (c = 0.2, 

CHCl3); The enantiomeric excess was determined by HPLC on Chiralpak 

OJ-H column, hexane: isopropanol = 98:2; flow rate = 1.0 mL/min; UV 

detection at 208 nm; tR = 14.0 min (major), 17.3 min (minor); 
1
H NMR (400 

MHz, CDCl3) δ 7.33 – 7.27 (m, 2H), 7.24 – 7.17 (m, 3H), 3.62 (s, 3H), 3.28 

(dd, J = 14.9, 7.1 Hz, 1H), 2.59 (qd, J = 15.2, 7.6 Hz, 2H), 1.30 (d, J = 7.0 Hz, 3H); 
13

C NMR 

(101 MHz, CDCl3) δ 172.85, 145.72, 128.52, 126.72, 126.42, 51.50, 42.75, 36.44, 21.78. 

(R)-methyl 3-(m-tolyl)butanoate 4b 

Colorless liquid; 34.9 mg, yeld: 91%, 97% ee; [α]D
22

 = -16.1 (c = 0.2, 

CHCl3); The enantiomeric excess was determined by HPLC on Chiralpak 

OJ-H column, hexane: isopropanol = 98:2; flow rate = 1.0 mL/min; UV 

detection at 208 nm; tR = 9.6 min (major), 11.4 min (minor); 
1
H NMR 

(400 MHz, CDCl3) δ 7.18 (m, 1H), 7.02 (m, 3H), 3.63 (s, 3H), 3.24 (dd, J 

= 15.1, 7.0 Hz, 1H), 2.57 (m, 2H), 2.33 (s, 3H), 1.28 (d, J = 7.0 Hz, 3H); 
13

C NMR (101 MHz, 

CDCl3) δ 172.94, 145.72, 138.05, 128.42, 127.55, 127.18, 123.68, 51.51, 42.75, 36.36, 21.79, 

21.49. 
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(R)-methyl 3-(p-tolyl)butanoate 4c 

Colorless liquid; 37.2 mg, yield: 97%, 95% ee; [α]D
22

 = -16.8 (c = 0.2, 

CHCl3); The enantiomeric excess was determined by HPLC on Chiralpak 

OJ-H column, hexane: isopropanol = 98:2; flow rate = 1.0 mL/min; UV 

detection at 208 nm; tR = 14.5 min (major), 16.4 min (minor); 
1
H NMR 

(400 MHz, CDCl3) δ 7.11 (s, 4H), 3.62 (s, 3H), 3.25 (m, 1H), 2.57 (m, 2H), 

2.31 (s, 3H), 1.28 (d, J = 7.0 Hz, 3H); 
13

C NMR (101 MHz, CDCl3) δ 172.94, 142.72, 135.90, 

129.20, 126.58, 51.50, 42.84, 36.03, 21.88, 21.01. 

   

 

(R)-methyl 3-(4-methoxyphenyl)butanoate 4d 

Colorless liquid; 40.7 mg yield: 98%, 95% ee; [α]D
22

 = -12.4 (c = 0.2, 

CHCl3); The enantiomeric excess was determined by HPLC on 

Chiralpak OJ-H column, hexane: isopropanol = 98:2; flow rate = 1.0 

mL/min; UV detection at 208 nm; tR = 23.7 min (major), 31.4 min 

(minor); 
1
H NMR (400 MHz, CDCl3) δ 7.21 – 7.08 (m, 2H), 6.91 – 

6.79 (m, 2H), 3.78 (s, 3H), 3.62 (s, 3H), 3.23 (m, 1H), 2.55 (m, 2H), 

1.27 (d, J = 7.0 Hz, 3H); 
13

C NMR (101 MHz, CDCl3) δ 172.93, 158.08, 137.81, 127.63, 113.86, 

77.36, 77.04, 76.72, 55.24, 51.49, 43.01, 35.66, 21.96. 

   



                                            16 

 

 

 (R)-methyl 3-(4-fluorophenyl)butanoate 4e 

Colorless liquid; 37.2 mg, yield: 95%, 97% ee; [α]D
22

 = -10.9 (c = 0.2, 

CHCl3); The enantiomeric excess was determined by HPLC on Chiralpak 

OJ-H column, hexane: isopropanol = 99:1; flow rate = 0.6 mL/min; UV 

detection at 208 nm; tR = 19.2 min (major), 20.7 min (minor); 1
H NMR 

(400 MHz, CDCl3) δ 7.23 – 7.14 (m, 2H), 7.03 – 6.93 (m, 2H), 3.62 (d, J = 

6.9 Hz, 3H), 3.27 (dd, J = 14.5, 7.2 Hz, 1H), 2.66 – 2.48 (m, 2H), 1.28 (d, J = 

7.0 Hz, 3H); 
13

C NMR (101 MHz, CDCl3) δ 172.65, 161.45 (d, J = 244.1 Hz), 141.32, 128.12 (d, J = 

7.8 Hz), 115.25 (d, J = 21.1 Hz), 51.53, 42.85, 35.78, 21.96. 

   

 

 

(R)-methyl 3-(4-chlorophenyl)butanoate 4f 

Colorless liquid; 41.1 mg, yield: 97%, 97% ee; [α]D
22

 = -12.7 (c = 0.2, 

CHCl3); The enantiomeric excess was determined by HPLC on 

Chiralpak OJ-H column, hexane: isopropanol = 99:1; flow rate = 0.6 

mL/min; UV detection at 208 nm; tR = 19.1 min (major), 20.4 min 

(minor); 
1
H NMR (400 MHz, CDCl3) δ 7.34 – 7.27 (m, 2H), 7.25 – 7.19 

(m, 2H), 3.62 (s, 3H), 3.28 (dd, J = 15.0, 7.0 Hz, 1H), 2.59 (m, 2H), 1.30 

(d, J = 7.0 Hz, 3H); 
13

C NMR (101 MHz, CDCl3) δ 172.86, 145.71, 128.52, 126.72, 126.43, 51.51, 

42.75, 36.44, 21.78. 
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(R)-methyl 3-(4-bromophenyl)butanoate 4g 

White solid; 26.2 mg, yield: 51%, 94% ee; [α]D
22

 = -16.5 (c = 0.2, 

CHCl3); The enantiomeric excess was determined by HPLC on 

Chiralpak OJ-H column, hexane: isopropanol = 99:1; flow rate = 0.6 

mL/min; UV detection at 208 nm; tR = 19.5 min (major), 21.3 min 

(minor); 
1
H NMR (400 MHz, CDCl3) δ 7.34 – 7.27 (m, 2H), 7.21 (m, 

2H), 3.62 (s, 3H), 3.28 (dd, J = 14.6, 7.2 Hz, 1H), 2.59 (m, 2H), 1.30 (d, 

J = 6.9 Hz, 3H); 
13

C NMR (101 MHz, CDCl3) δ 172.93, 145.72, 128.54, 126.75, 126.44, 51.62, 

42.79, 36.46, 21.82. 

   

 

 

 

(R)-methyl 3-(4-(trifluoromethyl)phenyl)butanoate 4h 

Colorless liquid; 47.7 mg, yield: 97%, 96% ee; [α]D
22

 = -12.2 (c = 0.2, 

CHCl3); The enantiomeric excess was determined by HPLC on 

Chiralpak OJ-H column, hexane: isopropanol = 99:1; flow rate = 0.6 

mL/min; UV detection at 208 nm; tR = 11.5 min (major), 12.7 min 

(minor); 
1
H NMR (400 MHz, CDCl3) δ 7.56 (m, 2H), 7.34 (m, 2H), 

3.62 (s, 3H), 3.35 (dd, J = 14.4, 7.2 Hz, 1H), 2.69 – 2.53 (m, 2H), 1.31 

(d, J = 7.0 Hz, 3H); 
13

C NMR (101 MHz, CDCl3) δ 172.37, 149.71, 128.77 (dd, J = 65.3, 33.1 Hz), 

127.14, 125.49 (q, J = 3.7 Hz), 51.61, 42.27, 36.29, 21.71. 
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(R)-methyl 3-(thiophen-2-yl)butanoate 4i 

Colorless liquid; 35.0 mg, yield: 95%, 96% ee; [α]D
22

 = -7.2 (c = 0.2, CHCl3); 

The enantiomeric excess was determined by HPLC on Chiralpak OJ-H 

column, hexane: isopropanol = 99:1; flow rate = 0.6 mL/min; UV detection at 

208 nm; tR = 22.6 min (major), 26.8 min (minor); 
1
H NMR (400 MHz, CDCl3) 

δ 7.13 (m, 1H), 7.00 – 6.70 (m, 2H), 3.78 – 3.52 (m, 4H), 2.63 (m, 2H), 1.38 

(d, J = 6.9 Hz, 3H); 
13

C NMR (101 MHz, CDCl3) δ 172.37, 149.64, 126.61, 122.99, 122.88, 51.63, 

43.67, 31.96, 22.63. 

   

 

 

(S)-methyl 2-(1,2,3,4-tetrahydronaphthalen-1-yl)acetate 4j 

Colorless liquid; 29.3 mg, yield: 72%, 96% ee; [α]D
22

 = 2.1 (c = 0.2, CHCl3); 

The enantiomeric excess was determined by HPLC on Chiralpak OJ-H 

column, hexane: isopropanol = 98:2; flow rate = 1.0 mL/min; UV detection at 

208 nm; tR = 7.9 min (major), 11.5 min (minor); 
1
H NMR (400 MHz, CDCl3) 

δ 7.20 – 7.01 (m, 4H), 3.71 (s, 3H), 3.35 (m, 1H), 2.84 – 2.66 (m, 3H), 2.60 – 

2.49 (m, 1H), 1.95 – 1.64 (m, 4H); 
13

C NMR (101 MHz, CDCl3) δ 173.29, 139.24, 137.15, 129.31, 

128.27, 126.05, 125.84, 51.61, 41.83, 34.55, 29.53, 28.12, 19.48. 
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(R)-methyl 3-(naphthalen-2-yl)butanoate 4k 

White solid; 44.2 mg, yield: 97%, 96% ee; [α]D
22

 = -19.1 (c = 0.2, 

CHCl3); The enantiomeric excess was determined by HPLC on 

Chiralpak OJ-H column, hexane: isopropanol = 99:1; flow rate = 1 

mL/min; UV detection at 208 nm; tR = 42.7 min (major), 51.2 min 

(minor); 
1
H NMR (400 MHz, CDCl3) δ 7.94 – 7.75 (m, 3H), 7.65 (s, 

1H), 7.52 – 7.33 (m, 3H), 3.61 (s, 3H), 3.45 (dd, J = 14.7, 7.2 Hz, 1H), 2.68 (m, 2H), 1.38 (d, J = 

7.0 Hz, 3H); 
13

C NMR (101 MHz, CDCl3) δ 172.83, 143.17, 133.59, 132.35, 128.19, 127.68, 

127.61, 126.00, 125.48, 125.42, 124.94, 51.55, 42.68, 36.57, 21.82. 

   

 

 

(R)-ethyl 3-phenylbutanoate 4l 

Colorless liquid; 31.1 mg, yield: 81%, 95% ee; [α]D
22

 = -9.0 (c = 0.2, 

CHCl3); The enantiomeric excess was determined by HPLC on Chiralpak 

OJ-H column, hexane: isopropanol = 98:2; flow rate = 1.0 mL/min; UV 

detection at 208 nm; tR = 11.0 min (major), 12.4 min (minor); 
1
H NMR 

(400 MHz, CDCl3) δ 7.40 – 7.12 (m, 5H), 4.07 (q, J = 7.1 Hz, 2H), 3.36 – 

3.17 (m, 1H), 2.57 (m, 2H), 1.30 (d, J = 7.0 Hz, 3H), 1.18 (t, J = 7.1 Hz, 3H); 
13

C NMR (101 MHz, 

CDCl3) δ 172.41, 145.76, 128.48, 126.78, 126.39, 60.27, 43.01, 36.53, 21.82, 14.18. 
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8. NMR spectrum. 
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