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The optimization of other reaction conditions
Table S1: Optimization of other reaction conditions A.a

N

O

MeOOC COOMe
3e , base

solvent, -20°C
+

1a 2a

NH
Ph P

Ph

Ph

O

NH

CF3

CF3Br

CF3

F3CN

O Ph

COOMe

COOMe

3e4a

Entry Solvent Base t (h) Yieldb (%) R/S eec

1d toluene K2CO3 6 92 R 83%

2e toluene K2CO3 12 93 R 85%

3 toluene K2CO3 17 95 R 89%

4 m-Xylene K2CO3 16 92 R 91%

5 mesitylene K2CO3 22 97 R 94%

6 Et2O K2CO3 21 92 R 82%

7 TBME K2CO3 17 95 R 83%

8 mesitylene Cs2CO3 17 93 R 91%

9 mesitylene CsF 12 91 R 93%

10 mesitylene KF 24 trace - -

11 mesitylene K2HPO4 24 trace - -

12 mesitylene K3PO4 21 94 R 93%

13 mesitylene NaOH 8 91 R 92%

14 mesitylene tBuOK 24 trace - -

15f mesitylene tBuOK 2.5 94 R 94%

16g mesitylene tBuOK 4.5 92 R 93%

17f mesitylene tBuOLi 24 41 R 41%

18f mesitylene tBuONa 6 93 R 91%

19f, h mesitylene tBuOK 2.5 92 R 94.4%

20 f, h, i mesitylene tBuOK 7 89 R 94%
a Unless otherwise noted, the reaction was performed with 0.1 mmol of 1a, 0.2 mmol of 2a, 3 
equiv. of base, 3 mol% of 3e, 1 mL of toluene, at -20 C. Experiment process: 1a, 2a and 3e were 
solved in mesitylene firstly at -20 C. The mixture was stirred for 10 min, then tBuOK was added. 
b Isolated yield. c Determined by HPLC using chiral stationary phase. d 0.5 mmol of 2a was used, 
reaction was performed at 0 C. e Reaction was performed at 0 C. f 0.02 mmol of base was used. g 
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0.005 mmol of base was used. h Experiment process: 2a and tBuOK were solved in mesitylene 
firstly at -20 C. The mixture was stirred for 20 min, then 3e and 1a were added. i 1 mol% of 3e 
was used.
Table S2: Optimization of other reaction conditions B.a

N

O

MeOOC COOMe
3m, base

solvent, 0°C, 24h
+ N

O Ph

COOMe

COOMe NHS

Ph
N
H

O Bn

P
Ph

Ph

NH

O2N 3m
F3C CF3

Br

Entry Solvent Base t (h) Yieldb (%) R/S eec

1 toluene K2CO3 24 92 S 99%

2 m-Xylene K2CO3 17 90 S 98%

3 mesitylene K2CO3 20 91 S 99%

4 TBME K2CO3 36 80 S 94%

5 mesitylene Cs2CO3 14 95 S 84%

6 mesitylene CsF 15 91 S 88%

7 mesitylene KF 24 trace - -

8 mesitylene K2HPO4 24 trace - -

9 mesitylene K3PO4 24 90 S 99%

10 mesitylene NaOH 24 93 S 89%

11d mesitylene tBuOK 24 92 S 96%

12e mesitylene K2CO3 11 90 S 96%

13f mesitylene K2CO3 48 88 S 98%

14g mesitylene K2CO3 48 89 S 99%

15h mesitylene K2CO3 41 92 S 96%

16i mesitylene K2CO3 13 93 S 98%
a Unless otherwise noted, the reaction was performed with 0.1 mmol of 1a, 0.5 mmol of 2a, 3 
equiv. of K2CO3, 3 mol% of 3m, 1 mL of toluene, at 0 C. b Isolated yield. c Determined by HPLC 
using chiral stationary phase. d 0.02 mmol of base was used. e Reaction was performed at rt. f 0.01 
mmol of K2CO3 was used. g The reaction was performed with 0.2 mmol of 2a. h The reaction was 
performed with 1 mol% of 3m. i The reaction was performed with 5 mol% of 3m.
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Synthesis of the catalysts 3.

Phase-transfer catalysts 3a-3d1 and 3h-3m2 have been described, and the catalysts 3e-3g were 
synthesized according to procedures reported previously.1

(S)-(3,5-bis(trifluoromethyl)benzyl)(2-(3-(3,5-bis(trifluoromethyl)phenyl)ureido)-3-
phenylpropyl)diphenylphosphonium bromide (3e)

NH
Ph P

Ph

Ph

O

NH

CF3

CF3BrF3C

CF3 3e
White solid, m.p. 114-115 °C; 1H NMR (CDCl3, 400 MHz) δ 8.78 (s 1H), 7.78 (s, 2H), 7.72 (dd, J 

= 12.8, 7.6 Hz, 2H), 7.54-7.59 (m, 4H), 7.46-7.50 (m, 2H), 7.30-7.39 (m, 5H), 7.09-7.21 (m, 7H), 

5.21 (t, J = 14.8 Hz, 1H), 4.58 (t, J = 14.8 Hz, 1H), 4.20-4.31 (m, 1H), 3.98-4.07 (m, 1H), 3.12-3.18 

(m, 1H), 2.87 (dd, J = 13.2, 9.6 Hz, 1H), 2.73 (t, J = 14.0 Hz, 1H); 13C NMR (CDCl3, 100 MHz) δ 

154.4, 141.0, 137.0, 135.2 (d, JC-P = 2.8 Hz), 133.6 (d, JC-P = 9.7 Hz), 133.2 (d, JC-P = 9.2 Hz), 132.2 

(q, JC-F = 33.6 Hz), 131.8, 131.5, 130.6 (2C), 130.4, 130.3, 130.2, 129.4, 129.0, 127.4, 123.4 (q, JC-F 

= 271.0 Hz), 122.5 (q, JC-F = 271.4 Hz), 122.2 (m), 118.0, 116.3, 116.0, 115.4, 115.2, 114.9, 114.8, 

47.0 (d, JC-P = 4.6 Hz), 43.5 (d, JC-P = 13.6 Hz), 30.4 (d, JC-P = 46.5 Hz), 25.7 (d, JC-P = 50.7 Hz); 
19F NMR (CDCl3, 376 MHz) δ -62.9, -63.2; 31P NMR (CDCl3, 162 MHz) δ 24.9; IR (Neat): 3217, 

3061, 1694, 1569, 1474, 1439, 1389, 1373, 1278, 1133, 902, 881, 741, 704; HRMS (ESI): calcd for 

[M-Br]+ (C39H30F12N2OP)+ requires 801.1899; found 801.1899; [α]D 25 = -25.8 (c = 1.0, CHCl3).

(S)-(3,5-bis(trifluoromethyl)benzyl)(2-(3-(4-nitrophenyl)ureido)-3-
phenylpropyl)diphenylphosphonium bromide (3f)

NH
Ph P

Ph

Ph

O

NH

CF3

CF3Br

O2N 3f

Yellow solid, m.p. 116-117 °C; 1H NMR (CDCl3, 400 MHz) δ 8.90 (s 1H), 7.98 (s, 2H), 7.73 (dd, 

J = 12.8, 7.6 Hz, 2H), 7.54-7.62 (m, 3H), 7.37-7.51 (m, 7H), 7.31 (s 2H), 7.08-7.20 (m, 7H), 5.14 

(t, J = 14.8 Hz, 1H), 4.54 (t, J = 14.8 Hz, 1H), 4.21-4.33 (m, 1H), 3.96-4.05 (m, 1H), 3.10-3.16 (m, 

1H), 2.82-2.88 (m, 1H), 2.68 (t, J = 14.0 Hz, 1H); 13C NMR (CDCl3, 100 MHz) δ 154.1, 145.9, 

141.7, 136.9, 135.3 (q, JC-F = 2.9 Hz), 133.6 (d, JC-P = 9.7 Hz), 133.1 (d, JC-P = 9.2 Hz), 132.2 (q, 
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JC-F = 33.6 Hz), 130.6, 130.5, 130.4, 130.3, 130.2, 129.4, 129.0, 127.2, 124.9, 122.5 (q, JC-F = 271.3 

Hz), 122.3 (m), 117.4, 116.0 (d, JC-P = 7.4 Hz), 115.2 (d, JC-P = 6.1 Hz), 46.9 (d, JC-P = 4.7 Hz), 43.6 

(d, JC-P = 13.7 Hz), 30.4 (d, JC-P = 46.6 Hz), 25.4 (d, JC-P = 50.4 Hz); 19F NMR (CDCl3, 376 MHz) 

δ -63.1; 31P NMR (CDCl3, 162 MHz) δ 24.7; IR (Neat): 3207, 3060, 1698, 1597, 1557, 1505, 1438, 

1373, 1329, 1303, 1279, 1232, 1177, 1137, 1110, 902, 854, 740, 705; HRMS (ESI): calcd for [M-

Br]+ (C37H31 F6 N3OP)+ requires 710.2002; found 710.2002; [α]D 25 = -20.0 (c = 1.0, CHCl3).

(S)-(3,5-bis(trifluoromethyl)benzyl)(2-(3-(3,5-dimethylphenyl)ureido)-3-
phenylpropyl)diphenylphosphonium bromide (3g)

NH
Ph P

Ph

Ph

O

NH

CF3

CF3Br

3g

Yellow solid, m.p. 120-121 °C; 1H NMR (CDCl3, 400 MHz) δ 7.86 (s 1H), 7.74-7.79 (m, 2H), 7.63-

7.66 (m, 3H), 7.56-7.59 (m, 2H), 7.41-7.46 (m, 2H), 7.15-7.35 (m, 10H), 6.98 (s 2H), 6.59 (s 1H), 

5.29 (td, J = 15.2, 6.0 Hz, 1H), 4.63 (t, J = 14.8 Hz, 1H), 4.28-4.40 (m, 1H), 4.04-4.15 (m, 1H), 

3.17-3.24 (m, 1H), 2.87-2.93 (m, 1H), 2.70-2.78 (m, 1H), 2.22 (s 6H); 13C NMR (CDCl3, 100 MHz) 

δ 154.9, 139.1, 138.1, 137.4, 135.2 (3C), 135.1, 133.6 (d, JC-P = 9.6 Hz), 133.2 (d, JC-P = 9.1 Hz), 

132.1 (q, JC-F = 33.8 Hz), 130.9, 130.8, 130.7, 130.4, 130.3, 130.1, 129.5, 128.9, 126.9, 123.9, 122.5 

(q, JC-F = 271.4 Hz), 122.1 (m), 116.5, 116.4, 116.0, 115.6, 115.1, 46.9 (d, JC-P = 4.7 Hz), 43.8 (d, 

JC-P = 13.9 Hz), 30.0 (d, JC-P = 45.9 Hz), 25.7 (d, JC-P = 50.4 Hz), 21.3; 19F NMR (CDCl3, 376 MHz) 

δ -63.1; 31P NMR (CDCl3, 162 MHz) δ 25.4; IR (Neat): 3265, 3027, 2920, 1683, 1613, 1559, 1438, 

1373, 1332, 1278, 1235, 1177, 1138, 921, 902, 839, 740, 705; HRMS (ESI): calcd for [M-Br]+ 

(C39H36F6N2OP)+ requires 693.2364; found 693.2364; [α]D 25 = -17.7 (c = 1.0, CHCl3).

(S)-(3,5-bis(trifluoromethyl)benzyl)(2-(3-(3,5-bis(trifluoromethyl)phenyl)-1-methylureido)-3-
phenylpropyl)diphenylphosphonium bromide (3n)

N
Ph P
O

NH

CF3

CF3Br

CF3

F3C

Ph

Ph

3n

Me

White solid, m.p. 103-104 °C; 1H NMR (CDCl3, 400 MHz) δ 8.08-8.11 (m, 4H), 7.99 (s, 1H), 7.68-

7.73 (m, 2H), 7.63 (t, J = 5.6 Hz, 1H), 7.51-7.56 (m, 4H), 7.41-7.46 (m, 3H), 7.26-7.29 (m, 3H), 

7.20-7.21 (m, 2H), 7.02-7.09 (m, 2H), 5.66 (t, J = 11.2 Hz, 1H), 4.86-5.07 (m, 1H), 4.70-4.77 (m, 

1H), 4.47-4.64 (m, 1H), 3.19 (s, 3H), 2.97 (d, J = 4.8 Hz, 2H), 2.71 (t, J = 11.6 Hz, 1H); 13C NMR 

(CDCl3, 100 MHz) δ 155.2, 140.9, 136.7, 135.1 (d, JC-P = 12.0 Hz), 133.8 (d, JC-P = 10.2 Hz), 133.1 
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(d, JC-P = 8.7 Hz), 132.1 (2C), 131.8 (2C), 131.7, 131.5, 131.2, 131.1, 131.0 (2C), 130.9, 130.8, 

130.7 (2C), 130.3, 130.1, 130.0, 129.5, 128.9, 127.2, 123.4 (q, JC-F = 271.0 Hz), 122.5 (q, JC-F = 

271.8 Hz), 121.9 (m), 120.3, 119.3, 118.5, 116.3, 116.1, 115.8, 115.7, 115.0, 114.9, 51.2, 40.7 (d, 

JC-P = 13.7 Hz), 30.9 (d, JC-P = 47.2 Hz), 29.4 (d, JC-P = 38.2 Hz), 22.4; 19F NMR (CDCl3, 376 MHz) 

δ -62.9, -63.2; 31P NMR (CDCl3, 162 MHz) δ 24.9; IR (Neat): 2910, 1691, 1374, 1278, 1178, 1134, 

742, 704, 683; HRMS (ESI): calcd for [M-Br]+ (C40H32F12N2OP)+ requires 815.2055; found 

815.2055; [α]D 25 = -38.0 (c = 1.0, CHCl3).

Synthesis of the substrate 1.

Compounds 1a-3c,3 1d,4 1e,3 1f,3 1g-1i,4 1j,5 1l,5 1m,3 1n,3 1o,6 1p,7 3q,3 3r,3 3t,3 3u,3 3v,8 and 3x9 
were known. 3k,6 3n,1 3s,4 and 3w3 were also synthesized according to procedures reported 
previously.

(E)-3-(3,4-dichlorophenyl)-1-(1H-pyrrol-1-yl)prop-2-en-1-one (1k)

N

O
Cl

Cl1k

White solid, m.p. 145-146 °C; 1H NMR (CDCl3, 400 MHz) δ 7.87 (d, J = 15.6 Hz, 1H), 7.71 (d, J 

= 2.0 Hz, 1H), 7.51 (d, J = 8.0 Hz, 1H), 7.43-7.46 (m, 3H), 7.12 (d, J = 15.6 Hz, 1H), 6.38 (t, J = 

2.4 Hz, 2H); 13C NMR (CDCl3, 100 MHz) δ 162.3, 144.6, 134.9, 134.2, 133.4, 131.0, 129.7, 127.5, 

119.2, 117.5, 113.7; IR (Neat): 1682, 1626, 1552, 1470, 1409, 1387, 1353, 1308, 1285, 1263, 1247, 

1206, 1132, 1073, 1209, 974, 941, 851, 816, 749, 722; HRMS (ESI): calcd for [M+H]+ 

(C13H10Cl2NO)+ requires 266.0134; found requires 266.0132.

Ethyl (E)-4-oxo-4-(1H-pyrrol-1-yl)but-2-enoate (1s)

N

O

COOEt

1s

Light yellow solid, m.p. 72-73 °C; 1H NMR (CDCl3, 400 MHz) δ 7.60 (d, J = 15.2 Hz, 1H), 7.40 

(t, J = 2.0 Hz, 2H), 7.10 (d, J = 15.2 Hz, 1H), 6.38 (t, J = 2.0 Hz, 2H), 4.31 (q, J = 7.2 Hz, 2H), 1.36 

(t, J = 7.2 Hz, 3H); 13C NMR (CDCl3, 100 MHz) δ 164.7, 161.2, 135.6, 131.3, 119.4, 114.3, 61.6, 

14.1; IR (Neat): 3145, 2977, 1714, 1692, 1646, 1474, 1409, 1368, 1355, 1310, 1280, 1186, 1134, 

1117, 1089, 1056, 963, 937, 875, 755, 722; HRMS (ESI): calcd for [M+H]+ (C10H12NO3)+ requires 
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194.0812; found requires 194.0814.

(E)-1-(9H-fluoren-9-yl)but-2-en-1-one (1w)

N

O

White solid, m.p. 57-58 °C; 1H NMR (CDCl3, 400 MHz) δ 8.10 (d, J = 8.0 Hz, 2H), 8.00 (d, J = 7.6 

Hz, 2H), 7.45-7.49 (m, 2H), 7.36-7.39 (m, 2H), 7.23-7.32 (m, 1H), 6.80-6.85 (m, 1H), 3.11 (dd, J = 

7.2, 1.6 Hz, 3H); 13C NMR (CDCl3, 100 MHz) δ 166.1, 145.5, 138.5, 127.0, 126.1, 126.0, 123.3, 

119.9, 115.6, 18.6; IR (Neat): 3059, 1681, 1641, 1597, 1584, 1489, 1478, 1443, 1357, 1331, 1308, 

1294, 1270, 1237, 1215, 1166, 1121, 1094, 1036, 1023, 977, 940, 891, 824, 806, 753, 723; HRMS 

(ESI): calcd for [M+H]+ (C16H14NO)+ requires 236.1075; found requires 236.1071.

The spectral data of the products 4.

Dimethyl 2-(3-oxo-1-phenyl-3-(1H-pyrrol-1-yl)propyl)malonate (4a)

COOMe

COOMe
N

O Ph

4a

White solid, m.p. 93-94 °C; 1H NMR (CDCl3, 400 MHz) δ 7.19-7.28 (m, 7H), 6.25 (s, 2H), 4.11-

4.16 (m, 1H), 3.87 (d, J = 9.2 Hz, 1H), 3.73 (s, 3H), 3.42-3.51 (m, 4H), 3.30 (dd, J = 16.4, 9.2 Hz, 

1H); 13C NMR (CDCl3, 100 MHz) δ 168.5, 168.1, 167.9, 139.5, 128.6, 127.9, 127.5, 119.0, 113.1, 

56.8, 52.7, 52.5, 41.0, 38.4; IR (Neat): 2953, 1735, 1596, 1469, 1455, 1435, 1374, 1281, 1198, 

1157, 1120, 1075, 1021, 960, 924, 744, 701; HRMS (ESI): calcd for [M+H]+ (C18H20NO5)+ requires 

330.1336; found 330.1336; HPLC analysis Daicel Chiralpak AD-H, flow rate = 1.0 mL/min, λ = 

254 nm, hexane/isopropanol = 80:20; Condition A : (R)-4a, 92% yield (30.4 mg), 94% ee, [α]D
25 = 

−22.9 (c = 1.0, CHCl3), retention time 14.9 min (major) and 18.9 min (minor); Condition B: (S)-4a, 

91% yield (30.1 mg), 99% ee, [α]D
25 = +25.0 (c = 1.0, CHCl3); retention time 14.6 min (minor) and 

18.8 min (major).

Diethyl 2-(3-oxo-1-phenyl-3-(1H-pyrrol-1-yl)propyl)malonate (4b)
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COOEt

COOEt
N

O Ph

4b
White solid, m.p. 105-106 °C; 1H NMR (CDCl3, 400 MHz) δ 7.18-7.29 (m, 7H), 6.25 (t, J = 2.0 

Hz, 2H), 4.09-4.27 (m, 3H), 3.96 (q, J = 7.2 Hz, 2H), 3.83 (d, J = 9.6 Hz, 1H), 3.45 (dd, J = 16.0, 

4.0 Hz, 1H), 3.28 (dd, J = 16.0, 9.6 Hz, 1H), 1.24 (t, J = 6.8 Hz, 3H), 1.01 (t, J = 7.2 Hz, 3H); 13C 

NMR (CDCl3, 100 MHz) δ 168.2, 168.1, 167.5, 139.5, 128.5, 128.1, 127.5, 119.0, 113.1, 61.8, 61.5, 

57.1, 41.1, 38.7, 14.0, 13.7; IR (Neat): 2982, 2936, 1729, 1496, 1469, 1455, 1405, 1369, 1281, 

1249, 1174, 1119, 1095, 1074, 1029, 921, 863, 744, 700; HRMS (ESI): calcd for [M+H]+ 

(C20H24NO5)+ requires 358.1649; found 358.1649; HPLC analysis Daicel Chiralpak AD-H, flow 

rate = 1.0 mL/min, λ = 254 nm, hexane/isopropanol = 80:20; Condition A : (R)-4b, 91% yield (32.3 

mg), 96% ee, [α]D
25 = −18.2 (c = 1.0, CHCl3), retention time 13.2 min (major) and 25.3 min (minor); 

Condition B: (S)-4b, 93% yield (33.2 mg), 98% ee, [α]D
25 = +20.0 (c = 1.0, CHCl3); retention time 

13.2 min (minor) and 25.1 min (major).

Dibutyl 2-(3-oxo-1-phenyl-3-(1H-pyrrol-1-yl)propyl)malonate (4c)

COOnBu

COOnBu
N

O Ph

4c
White solid, m.p. 69-70 °C; 1H NMR (CDCl3, 400 MHz) δ 7.18-7.28 (m, 7H), 6.25 (t, J = 2.0 Hz, 

2H), 4.09-4.20 (m, 3H), 3.84-3.92 (m, 3H), 3.45 (dd, J = 16.4, 4.4 Hz, 1H), 3.28 (dd, J = 16.0, 9.6 

Hz, 1H), 1.55-1.62 (m, 2H), 1.28-1.40 (m, 4H), 1.14-1.24 (m, 2H), 0.91 (t, J = 7.6 Hz, 3H), 0.83 (t, 

J = 7.6 Hz, 3H); 13C NMR (CDCl3, 100 MHz) δ 168.3, 168.1, 167.6, 139.6, 128.5, 128.0, 127.5, 

119.0, 113.1, 65.6, 65.3, 57.2, 41.1, 38.7, 30.4, 30.2, 19.0, 18.9, 13.6, 13.5; IR (Neat): 2960, 2934, 

2874, 1730, 1469, 1406, 1374, 1281, 1248, 1170, 1119, 1073, 923, 743, 700; HRMS (ESI): calcd 

for [M+H]+ (C24H32NO5)+ requires 414.2275; found 414.2275; HPLC analysis Daicel Chiralpak 

AD-H, flow rate = 1.0 mL/min, λ = 254 nm, hexane/isopropanol = 80:20; Condition A : (R)-4c, 99% 

yield (40.9 mg), 94% ee, [α]D
25 = −12.8 (c = 1.0, CHCl3), retention time 8.0 min (major) and 15.5 

min (minor); Condition B: (S)-4c, 99% yield (40.8 mg), 99% ee, [α]D
25 = +14.2 (c = 1.0, CHCl3); 

retention time 8.0 min (minor) and 15.4 min (major).

Dimethyl 2-(3-oxo-1-phenyl-3-(1H-pyrrol-1-yl)propyl)malonate (4d)

COOBn

COOBn
N

O Ph

4d

White solid, m.p. 99-100 °C; 1H NMR (CDCl3, 400 MHz) δ 7.19-7.30 (m, 15H), 7.05-7.07 (m, 
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2H), 6.22 (t, J = 2.4 Hz, 2H), 5.10-5.18 (m, 2H), 4.91 (s, 2H), 4.13-4.18 (m, 1H), 3.95 (d, J = 9.2 

Hz, 1H), 3.34 (dd, J = 16.4, 4.4 Hz, 1H), 3.24 (dd, J = 16.4, 9.2 Hz, 1H); 13C NMR (CDCl3, 100 

MHz) δ 168.0, 167.8, 167.2, 139.4, 135.0, 134.9, 128.6, 128.6, 128.5 (2C), 128.3 (2C), 128.2, 128.0, 

127.5, 119.0, 113.1, 67.5, 67.3, 57.1, 41.0, 38.3; IR (Neat): 3064, 3032, 2954, 1731, 1497, 1469, 

1455, 1374, 1281, 1215, 1152, 1120, 1002, 956, 924, 743; HRMS (ESI): calcd for [M+H]+ 

(C30H28NO5)+ requires 482.1962; found 482.1960; HPLC analysis Daicel Chiralpak AD-H, flow 

rate = 1.0 mL/min, λ = 254 nm, hexane/isopropanol = 50:50; Condition A : (R)-4d, 93% yield (44.6 

mg), 91% ee, [α]D
25 = −5.3 (c = 1.0, CHCl3), retention time 16.6 min (major) and 30.8 min (minor); 

Condition B: (S)-4d, 90% yield (43.2 mg), 98% ee, [α]D
25 = +5.9 (c = 1.0, CHCl3); retention time 

17.0 min (minor) and 31.3 min (major).

Dimethyl 2-fluoro-2-(3-oxo-1-phenyl-3-(1H-pyrrol-1-yl)propyl)malonate (4e)

COOMe

COOMe
N

O Ph

4e

F

White solid, m.p. 117-118 °C; 1H NMR (CDCl3, 400 MHz) δ 7.34-7.36 (m, 2H), 7.24-7.31 (m, 

5H), 6.26 (t, J = 2.4 Hz, 2H), 4.47 (ddd, JH-F = 32.0 Hz, J = 9.6, 3.6 Hz, 1H); 3.88 (s, 3H), 3.55 (s, 

3H), 3.44 (dd, J = 16.8, 9.6 Hz, 1H), 3.32 (dd, J = 17.2, 4.0 Hz, 1H); 13C NMR (CDCl3, 100 MHz) 

δ 167.3, 165.7 (d, JC-F = 25.7 Hz), 164.9 (d, JC-F = 26.2 Hz), 136.1, 129.1 (d, JC-F = 2.1 Hz), 128.6, 

126.2, 119.0, 113.3, 97.0 (d, JC-F = 205.1 Hz), 53.8, 53.1, 45.3 (d, JC-F = 18.4 Hz), 35.7 (d, JC-F = 

4.7 Hz); 19F NMR (CDCl3, 376 MHz) δ -173.5 (d, JC-F = 32.0 Hz) ; IR (Neat): 2955, 1756, 17116, 

1470, 1455, 1435, 1406, 1374, 1318, 1284, 1247, 1148, 1121, 1090, 1074, 1049, 961, 920, 744, 

701; HRMS (ESI): calcd for [M+H]+ (C18H19FNO5)+ requires 348.1242; found 348.1245; HPLC 

analysis Daicel Chiralpak AS-H, flow rate = 1.0 mL/min, λ = 254 nm, hexane/isopropanol = 80:20; 

Condition A : (S)-4e, 92% yield (31.8 mg), 99% ee, [α]D
25 = −45.9 (c = 1.0, CHCl3), retention time 

10.2 min (minor) and 14.5 min (major); Condition B: (R)-4e, 97% yield (33.8 mg), 97% ee, [α]D
25 

= +41.9 (c = 1.0, CHCl3); retention time 9.9 min (major) and 13.8 min (minor).

Dimethyl 2-methyl-2-(3-oxo-1-phenyl-3-(1H-pyrrol-1-yl)propyl)malonate (4f)

COOMe

COOMe
N

O Ph

4f

White solid, m.p. 86-87 °C; 1H NMR (CDCl3, 400 MHz) δ 7.33 (s, 2H),7.19-7.28 (m, 5H), 6.25 (s, 

2H), 4.10 (dd, J = 9.6, 4.0 Hz, 1H), 3.76 (s, 3H), 3.67 (s, 3H), 3.47-3.59 (m, 2H), 1.41 (s, 3H); 13C 

NMR (CDCl3, 100 MHz) δ 171.9, 171.6, 168.5, 137.9, 129.1, 128.4, 127.7, 119.1, 112.9, 57.8, 52.7, 

52.6, 46.1, 37.3, 19.6; IR (Neat): 2952, 1734, 1468, 1454, 1435, 1380, 1322, 1248, 1158, 1104, 
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1075, 965, 923, 747, 703; HRMS (ESI): calcd for [M+H]+ (C19H22NO5)+ requires 344.1492; found 

344.1492; HPLC analysis Daicel Chiralpak AD-H, flow rate = 1.0 mL/min, λ = 254 nm, 

hexane/isopropanol = 80:20; Condition A : (S)-4f, 87% yield (29.9 mg), 48% ee, [α]D
25 = −14.9 (c 

= 1.0, CHCl3), retention time 7.6 min (major) and 11.8 min (minor); Condition B: (R)-4f, 93% yield 

(31.8 mg), 98% ee, [α]D
25 = +30.8 (c = 1.0, CHCl3); retention time 7.8 min (minor) and 12.4 min 

(major).

Diethyl 2-(1-(4-fluorophenyl)-3-oxo-3-(1H-pyrrol-1-yl)propyl)malonate (4g)

COOEt

COOEt
N

O

4g

F

White solid, m.p. 71-72 °C; 1H NMR (CDCl3, 400 MHz) δ 7.23-7.28 (m, 4H), 6.96 (t, J = 8.8 Hz, 

2H), 6.26 (t, J = 2.4 Hz, 2H), 4.17-4.27 (m, 2H), 4.08-4.15 (m, 1H), 3.98 (q, J = 7.2 Hz, 2H), 3.79 

(d, J = 9.6 Hz, 1H), 3.44 (dd, J = 16.0, 4.0 Hz, 1H), 3.24 (dd, J = 16.0, 10.0 Hz, 1H), 1.25 (t, J = 7.2 

Hz, 3H), 1.04 (t, J = 7.2 Hz, 3H); 13C NMR (CDCl3, 100 MHz) δ 168.0 (2C), 167.4, 161.9 (d, JC-F 

= 244.8 Hz), 135.2, 129.8 (d, JC-F = 8.1 Hz), 119.0, 115.4 (d, JC-F = 21.3 Hz), 113.3, 61.9, 61.6, 57.1, 

40.4, 38.8, 14.0, 13.8; 19F NMR (CDCl3, 376 MHz) δ -114.8; IR (Neat): 2983, 2937, 1730, 1605, 

1512, 1470, 1406, 1370, 1290, 1228, 1161, 1119, 1101, 1075, 1029, 919, 839, 744; HRMS (ESI): 

calcd for [M+H]+ (C20H23FNO5)+ requires 376.1555; found 376.1555; HPLC analysis Daicel 

Chiralpak AD-H, flow rate = 1.0 mL/min, λ = 254 nm, hexane/isopropanol = 80:20; Condition A : 

(R)-4g, 94 yield (35.1 mg), 96% ee, [α]D
25 = −18.6 (c = 1.0, CHCl3), retention time 13.0 min (major) 

and 32.0 min (minor); Condition B: (S)-4g, 91% yield (34.0 mg), 99% ee, [α]D
25 = +19.7 (c = 1.0, 

CHCl3); retention time 13.2 min (minor) and 32.7 min (major).

Diethyl 2-(1-(4-chlorophenyl)-3-oxo-3-(1H-pyrrol-1-yl)propyl)malonate (4h)

COOEt

COOEt
N

O

4h

Cl

White solid, m.p. 112-113 °C; 1H NMR (CDCl3, 400 MHz) δ 7.20-7.28 (m, 6H), 6.26 (t, J = 2.4 

Hz, 2H), 4.15-4.27 (m, 2H), 4.07-4.13 (m, 1H), 3.99 (q, J = 7.2 Hz, 2H), 3.79 (d, J = 9.6 Hz, 1H), 

3.44 (dd, J = 16.4, 4.0 Hz, 1H), 3.25 (dd, J = 16.4, 10.0 Hz, 1H), 1.25 (t, J = 7.2 Hz, 3H), 1.05 (t, J 

= 7.2 Hz, 3H); 13C NMR (CDCl3, 100 MHz) δ 168.0, 167.9, 167.3, 138.1, 133.3, 129.6, 128.7, 
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119.0, 113.3, 61.9, 61.7, 56.9, 40.4, 38.5, 14.0, 13.8; IR (Neat): 2982, 2936, 1729, 1492, 1469, 

1407, 1369, 1286, 1249, 1175, 1120, 1108, 1094, 1075, 1014, 919, 829, 744; HRMS (ESI): calcd 

for [M+H]+ (C20H23ClNO5)+ requires 392.1259; found 392.1259; HPLC analysis Daicel Chiralpak 

AD-H, flow rate = 1.0 mL/min, λ = 254 nm, hexane/isopropanol = 70:30; Condition A : (R)-4h, 96 

yield (37.5 mg), 96% ee, [α]D
25 = −15.0 (c = 1.0, CHCl3), retention time 11.1 min (major) and 25.6 

min (minor); Condition B: (S)-4h, 96% yield (37.6 mg), 99% ee, [α]D
25 = +15.7 (c = 1.0, CHCl3); 

retention time 11.2 min (minor) and 26.1 min (major).

Diethyl 2-(1-(4-bromophenyl)-3-oxo-3-(1H-pyrrol-1-yl)propyl)malonate (4i)

COOEt

COOEt
N

O

4i

Br

White solid, m.p. 106-107 °C; 1H NMR (CDCl3, 400 MHz) δ 7.33 (d, J = 8.4 Hz, 2H), 7.21 (s, 2H), 

7.09 (d, J = 8.4 Hz, 2H), 6.19 (t, J = 2.0 Hz, 2H), 4.07-4.20 (m, 2H), 3.99-4.04 (m, 1H), 3.92 (q, J 

= 7.2 Hz, 2H), 3.72 (d, J = 9.6 Hz, 1H), 3.37 (dd, J = 16.4, 4.0 Hz, 1H), 3.18 (dd, J = 16.0, 9.6 Hz, 

1H), 1.18 (t, J = 7.2 Hz, 3H), 0.99 (t, J = 7.2 Hz, 3H); 13C NMR (CDCl3, 100 MHz) δ 167.9 (2C), 

167.3, 138.6, 131.7, 129.9, 121.4, 119.0, 113.3, 61.9, 61.7, 56.8, 40.5, 38.4, 14.0, 13.8; IR (Neat): 

2982, 2934, 1728, 1488, 1469, 1408, 1369, 1285, 1249, 1175, 1119, 1074, 1029, 1010, 919, 824, 

744, 716; HRMS (ESI): calcd for [M+H]+ (C20H23BrNO5)+ requires 436.0754; found 436.0755; 

HPLC analysis Daicel Chiralpak AD-H, flow rate = 1.0 mL/min, λ = 254 nm, hexane/isopropanol 

= 70:30; Condition A : (R)-4i, 99% yield (43.1 mg), 96% ee, [α]D
25 = −13.1 (c = 1.0, CHCl3), 

retention time 11.6 min (major) and 26.3 min (minor); Condition B: (S)-4i, 99% yield (43.5 mg), 

99% ee, [α]D
25 = +13.8 (c = 1.0, CHCl3); retention time 11.7 min (minor) and 26.6 min (major).

Diethyl 2-(3-oxo-3-(1H-pyrrol-1-yl)-1-(p-tolyl)propyl)malonate (4j)

COOEt

COOEt
N

O

4j
White solid, m.p. 92-93 °C; 1H NMR (CDCl3, 400 MHz) δ 7.29 (s, 2H), 7.14 (d, J = 8.0 Hz, 2H), 

7.07 (d, J = 8.0 Hz, 2H), 6.25 (t, J = 2.0 Hz, 2H), 4.16-4.27 (m, 2H), 4.05-4.11 (m, 1H), 3.97 (q, J 

= 7.2 Hz, 2H), 3.80 (d, J = 9.6 Hz, 1H), 3.43 (dd, J = 16.0, 4.0 Hz, 1H), 3.25 (dd, J = 16.0, 9.6 Hz, 

1H), 2.27 (s, 3H), 1.25 (t, J = 7.2 Hz, 3H), 1.04 (t, J = 7.2 Hz, 3H); 13C NMR (CDCl3, 100 MHz) δ 

168.3, 168.2, 167.5, 137.1, 136.4, 129.2, 127.9, 119.0, 113.1, 61.8, 61.5, 57.3, 40.7, 38.8, 21.1, 14.0, 
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13.8; IR (Neat): 2982, 2935, 1730, 1515, 1469, 1405, 1369, 1283, 1249, 1175, 1115, 1074, 1030, 

920, 817, 744; HRMS (ESI): calcd for [M+H]+ (C21H26NO5)+ requires 372.1805; found 372.1806; 

HPLC analysis Daicel Chiralpak AD-H, flow rate = 1.0 mL/min, λ = 254 nm, hexane/isopropanol 

= 70:30; Condition A : (R)-4j, 92% yield (34.3 mg), 97% ee, [α]D
25 = −10.8 (c = 1.0, CHCl3), 

retention time 9.4 min (major) and 18.3 min (minor); Condition B: (S)-4j, 90% yield (33.3 mg), er 

99% ee, [α]D
25 = +11.6 (c = 1.0, CHCl3); retention time 9.5 min (minor) and 18.5 min (major).

Diethyl 2-(1-(4-methoxyphenyl)-3-oxo-3-(1H-pyrrol-1-yl)propyl)malonate (4k)

COOEt

COOEt
N

O

4k

OMe

White solid, m.p. 107-108 °C; 1H NMR (CDCl3, 400 MHz) δ 7.29 (t, J = 2.0 Hz, 2H), 7.18 (d, J = 

8.4 Hz, 2H), 6.79 (d, J = 8.4 Hz, 2H), 6.25 (t, J = 2.0 Hz, 2H), 4.15-4.27 (m, 2H), 4.04-4.10 (m, 

1H), 3.97 (q, J = 7.2 Hz, 2H), 3.79 (d, J = 9.6 Hz, 1H), 3.75 (s, 3H), 3.42 (dd, J = 16.0, 4.0 Hz, 1H), 

3.23 (dd, J = 16.0, 10.0 Hz, 1H), 1.25 (t, J = 7.2 Hz, 3H), 1.04 (t, J = 7.2 Hz, 3H); 13C NMR (CDCl3, 

100 MHz) δ 168.3, 168.2, 167.5, 158.7, 131.3, 129.1, 119.0, 113.9, 113.1, 61.8, 61.5, 57.3, 55.1, 

40.4, 39.0, 14.0, 13.8; IR (Neat): 2982, 2936, 1729, 1612, 1584, 1514, 1469, 1405, 1369, 1288, 

1251, 1179, 1113, 1074, 1032, 919, 862, 833, 744; HRMS (ESI): calcd for [M+H]+ (C21H26NO6)+ 

requires 388.1755; found 388.1755; HPLC analysis Daicel Chiralpak AD-H, flow rate = 1.0 

mL/min, λ = 254 nm, hexane/isopropanol = 60:40; Condition A : (R)-4k, 90% yield (34.9 mg), 97% 

ee, [α]D
25 = −12.6 (c = 1.0, CHCl3), retention time 11.1 min (major) and 27.1 min (minor); Condition 

B: (S)-4k, 86% yield (33.1 mg), 99% ee, [α]D
25 = +14.0 (c = 1.0, CHCl3); retention time 11.1 min 

(minor) and 27.2 min (major).

Diethyl 2-(3-oxo-3-(1H-pyrrol-1-yl)-1-(4-(trifluoromethyl)phenyl)propyl)malonate (4l)

COOEt

COOEt
N

O

4l

CF3

White solid, m.p. 118-119 °C; 1H NMR (CDCl3, 400 MHz) δ 7.47 (d, J = 8.0 Hz, 2H), 7.25 (d, J = 

8.0 Hz, 2H), 7.20 (s, 2H), 6.19 (t, J = 2.0 Hz, 2H), 4.08-4.20 (m, 3H), 3.91 (q, J = 7.2 Hz, 2H), 3.77 

(d, J = 9.6 Hz, 1H), 3.41 (dd, J = 16.8, 4.0 Hz, 1H), 3.25 (dd, J = 16.0, 9.6 Hz, 1H), 1.17 (t, J = 7.2 

Hz, 3H), 0.95 (t, J = 7.2 Hz, 3H); 13C NMR (CDCl3, 100 MHz) δ 167.8, 167.7, 167.2, 143.8, 129.7 

(q, JC-F = 32.4 Hz), 128.6, 125.5 (q, JC-F = 3.7 Hz), 123.9 (q, JC-F = 270.7 Hz), 118.9, 113.4, 62.0, 
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61.7, 56.7, 40.7, 38.2, 13.9, 13.7; 19F NMR (CDCl3, 376 MHz) δ -62.7; IR (Neat): 2984, 2940, 

1730, 1619, 1470, 1422, 1407, 1370, 1326, 1282, 1250, 1166, 1114, 1070, 1018, 919, 845, 744; 

HRMS (ESI): calcd for [M+H]+ (C21H23F3NO5)+ requires 426.1523; found 426.1523; HPLC 

analysis Daicel Chiralpak AD-H, flow rate = 1.0 mL/min, λ = 254 nm, hexane/isopropanol = 70:30; 

Condition A : (R)-4l, 99% yield (41.9 mg), 96% ee, [α]D
25 = −18.0 (c = 1.0, CHCl3), retention time 

9.1 min (major) and 17.8 min (minor); Condition B: (S)-4l, 99% yield (41.8 mg), 98% ee, [α]D
25 = 

+18.9 (c = 1.0, CHCl3); retention time 9.0 min (minor) and 17.6 min (major).

Diethyl 2-(1-(4-(methoxycarbonyl)phenyl)-3-oxo-3-(1H-pyrrol-1-yl)propyl)malonate (4m)

COOEt

COOEt
N

O

4m

COOMe

White solid, m.p. 132-133 °C; 1H NMR (CDCl3, 400 MHz) δ 7.95 (d, J = 8.4 Hz, 2H), 7.36 (d, J = 

8.4 Hz, 2H), 7.27 (s, 2H), 6.26 (t, J = 2.4 Hz, 2H), 4.13-4.27 (m, 3H), 3.97 (q, J = 7.2 Hz, 2H), 3.88 

(s, 3H), 3.84 (d, J = 9.6 Hz, 1H), 3.48 (dd, J = 16.4, 4.0 Hz, 1H), 3.31 (dd, J = 16.4, 9.6 Hz, 1H), 

1.24 (t, J = 7.2 Hz, 3H), 1.03 (t, J = 7.2 Hz, 3H); 13C NMR (CDCl3, 100 MHz) δ 167.9, 167.8, 

167.2, 166.7, 144.9, 129.8, 129.3, 128.3, 119.0, 113.3, 62.0, 61.7, 56.7, 52.1, 40.9, 38.3, 14.0, 13.8; 

IR (Neat): 2983, 1724, 1611, 1470, 1436, 1406, 1369, 1281, 1177, 1115, 1075, 1020, 920, 858, 775, 

745, 707; HRMS (ESI): calcd for [M+H]+ (C22H26NO7)+ requires 416.1704; found 416.1704; HPLC 

analysis Daicel Chiralpak AD-H, flow rate = 1.0 mL/min, λ = 254 nm, hexane/isopropanol = 50:50; 

Condition A : (R)-4m, 99% yield (41.1 mg), 96% ee, [α]D
25 = −15.2 (c = 1.0, CHCl3), retention time 

21.3 min (major) and 35.8 min (minor); Condition B: (S)-4m, 87% yield (36.3 mg), 98% ee, [α]D
25 

= +18.0 (c = 1.0, CHCl3); retention time 22.6 min (minor) and 35.0 min (major).

Diethyl 2-(1-(2-bromophenyl)-3-oxo-3-(1H-pyrrol-1-yl)propyl)malonate (4n)

COOEt

COOEt
N

O

4n

Br

Colorless oil; 1H NMR (CDCl3, 400 MHz) δ 7.55 (dd, J = 8.0, 0.8 Hz, 1H), 7.21-7.32 (m, 4H), 

7.06-7.10 (m, 1H), 6.26 (t, J = 2.4 Hz, 2H), 4.59-4.64 (m, 1H), 4.03-4.24 (m, 5H), 3.43-3.55 (m, 

2H), 1.21 (t, J = 7.2 Hz, 3H), 1.09 (t, J = 7.2 Hz, 3H); 13C NMR (CDCl3, 100 MHz) δ 168.1 (2C), 

167.5, 138.5, 133.5, 128.9, 127.6, 124.8, 119.1, 113.2, 61.8, 61.7, 55.0, 39.8, 36.7, 13.9, 13.8.; IR 

(Neat): 2982, 1730, 1470, 1442, 1405, 1369, 1341, 1283, 1247, 1176, 1116, 1095, 1074, 1026, 923, 

744; HRMS (ESI): calcd for [M+H]+ (C20H23BrNO5)+ requires 436.0754; found 436.0753; HPLC 
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analysis Daicel Chiralpak AD-H, flow rate = 1.0 mL/min, λ = 254 nm, hexane/isopropanol = 70:30; 

Condition A : (R)-4n, 95% yield (41.5 mg), 73% ee, [α]D
25 = −23.8 (c = 1.0, CHCl3), retention time 

7.2 min (major) and 16.7 min (minor); Condition B: (S)-4n, 95% yield (41.5 mg), 96% ee, [α]D
25 = 

+29.7 (c = 1.0, CHCl3); retention time 7.4 min (minor) and 17.2 min (major).

Diethyl 2-(1-(3-bromophenyl)-3-oxo-3-(1H-pyrrol-1-yl)propyl)malonate (4o)

COOEt

COOEt
N

O

4o

Br

Light yellow oil; 1H NMR (CDCl3, 400 MHz) δ 7.43 (s, 1H), 7.34-7.36 (m, 1H), 7.22-7.29 (m, 3H), 

7.15 (t, J = 8.0 Hz, 1H), 6.27 (t, J = 2.0 Hz, 2H), 4.14-4.26 (m, 2H), 4.07-4.12 (m, 1H), 4.00 (q, J = 

7.2 Hz, 2H), 3.80 (d, J = 9.6 Hz, 1H), 3.45 (dd, J = 16.4, 4.0 Hz, 1H), 3.27 (dd, J = 16.4, 9.6 Hz, 

1H), 1.24 (t, J = 7.2 Hz, 3H), 1.06 (t, J = 7.2 Hz, 3H); 13C NMR (CDCl3, 100 MHz) δ 167.9, 167.8, 

167.3, 142.0, 131.2, 130.6, 130.1, 127.0, 122.5, 119.0, 113.3, 61.9, 61.7, 56.8, 40.5, 38.3, 14.0, 13.8; 

IR (Neat): 2982, 2937, 1728, 1568, 1470, 1430, 1406, 1369, 1283, 1249, 1176, 1120, 1097, 1075, 

1029, 998, 920, 787, 744; HRMS (ESI): calcd for [M+H]+ (C20H23BrNO5)+ requires 436.0754; 

found 436.0753; HPLC analysis Daicel Chiralpak AD-H, flow rate = 1.0 mL/min, λ = 254 nm, 

hexane/isopropanol = 70:30; Condition A : (R)-4o, 95% yield (41.3 mg), 95% ee, [α]D
25 = −19.9 (c 

= 1.0, CHCl3), retention time 8.7 min (major) and 10.5 min (minor); Condition B: (S)-4o, 98% yield 

(42.6 mg), 97% ee, [α]D
25 = +20.8 (c = 1.0, CHCl3); retention time 8.8 min (minor) and 10.6 min 

(major).

Diethyl 2-(1-(3,4-dichlorophenyl)-3-oxo-3-(1H-pyrrol-1-yl)propyl)malonate (4p)

COOEt

COOEt
N

O

4p

Cl
Cl

White solid, m.p. 63-64 °C; 1H NMR (CDCl3, 400 MHz) δ 7.39 (d, J = 2.0 Hz, 1H), 7.35 (d, J = 

8.4 Hz, 1H), 7.28 (s, 2H), 7.16 (dd, J = 8.4, 2.0 Hz, 1H), 6.28 (t, J = 2.0 Hz, 2H), 4.15-4.27 (m, 2H), 

4.01-4.12 (m, 3H), 3.78 (d, J = 9.6 Hz, 1H), 3.45 (dd, J = 16.8, 4.0 Hz, 1H), 3.27 (dd, J = 16.8, 9.6 

Hz, 1H), 1.25 (t, J = 7.2 Hz, 3H), 1.09 (t, J = 7.2 Hz, 3H); 13C NMR (CDCl3, 100 MHz) δ 167.8, 

167.7, 167.2, 140.0, 132.5, 131.6, 130.5, 130.2, 127.8, 118.9, 113.4, 62.0, 61.8, 56.6, 40.0, 38.1, 

14.0, 13.8; IR (Neat): 2982, 2937, 1729, 1470, 1407, 1369, 1285, 1176, 1154, 1119, 1074, 1030, 

919, 743; HRMS (ESI): calcd for [M+H]+ (C20H22Cl2NO5)+ requires 426.0870; found 426.0870; 

HPLC analysis Daicel Chiralpak AD-H, flow rate = 1.0 mL/min, λ = 254 nm, hexane/isopropanol 
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= 70:30; Condition A : (R)-4p, 96% yield (41.0 mg), 96% ee, [α]D
25 = −20.5 (c = 1.0, CHCl3), 

retention time 9.1 min (major) and 14.0 min (minor); Condition B: (S)-4p, 92% yield (39.4 mg), 

95% ee, [α]D
25 = +21.1 (c = 1.0, CHCl3); retention time 9.1 min (minor) and 14.0 min (major)

Diethyl 2-(1-(furan-2-yl)-3-oxo-3-(1H-pyrrol-1-yl)propyl)malonate (4q)

COOEt

COOEt
N

O

4q

O

Colorless oil; 1H NMR (CDCl3, 400 MHz) δ 7.30-7.32 (m, 3H), 6.25-6.28 (m, 3H), 6.16 (d, J = 3.2 

Hz, 1H), 4.16-4.29 (m, 3H), 4.11 (q, J = 7.2 Hz, 2H), 3.91 (d, J = 8.0 Hz, 1H), 3.39 (d, J = 6.8 Hz, 

2H), 1.24 (t, J = 7.2 Hz, 3H), 1.17 (t, J = 7.2 Hz, 3H); 13C NMR (CDCl3, 100 MHz) δ 168.1, 167.8, 

167.5, 152.6, 141.9, 119.0, 113.2, 110.3, 107.4, 61.8, 61.7, 54.8, 36.0, 34.6, 14.0, 13.9; IR (Neat): 

2982, 2935, 1731, 1470, 1406, 1369, 1283, 1259, 1175, 1119, 1097, 1075, 1015, 920, 803, 743; 

HRMS (ESI): calcd for [M+H]+ (C18H22NO6)+ requires 348.1442; found 348.1443; HPLC analysis 

Daicel Chiralpak AD-H, flow rate = 1.0 mL/min, λ = 254 nm, hexane/isopropanol = 70:30; 

Condition A : (R)-4q, 95% yield (33.1 mg), 93% ee, [α]D
25 = −13.2 (c = 1.0, CHCl3), retention time 

7.3 min (major) and 8.3 min (minor); Condition B: (S)-4q, 88% yield (30.5 mg), 98% ee, [α]D
25 = 

+13.8 (c = 1.0, CHCl3); retention time 7.3 min (minor) and 8.8 min (major).

Diethyl 2-(3-oxo-3-(1H-pyrrol-1-yl)-1-(thiophen-2-yl)propyl)malonate (4r)

COOEt

COOEt
N

O

4r

S

Light yellow solid, m.p. 80-81 °C; 1H NMR (CDCl3, 400 MHz) δ 7.31 (s, 2H), 7.15 (d, J = 4.8 Hz, 

1H), 6.87-6.94 (m, 2H), 6.27 (s, 2H), 4.44-4.50 (m, 1H), 4.14-4.27 (m, 2H), 4.07 (q, J = 7.2 Hz, 

2H), 3.89 (d, J = 8.0 Hz, 1H), 3.48 (dd, J = 16.4, 4.4 Hz, 1H), 3.38 (dd, J = 16.4, 8.8 Hz, 1H), 1.24 

(t, J = 7.2 Hz, 3H), 1.13 (t, J = 7.2 Hz, 3H); 13C NMR (CDCl3, 100 MHz) δ 167.9 (2C), 167.4, 

142.6, 126.7, 126.0, 124.5, 119.0, 113.2, 61.8, 61.7, 57.4, 39.3, 36.3, 14.0, 13.8; IR (Neat): 2980, 

2933, 1729, 1469, 1405, 1368, 1339, 1278, 1175, 1116, 1074, 1029, 920, 852, 746; HRMS (ESI): 

calcd for [M+H]+ (C18H22NO5S)+ requires 364.1213; found 364.1212; HPLC analysis Daicel 

Chiralpak AD-H, flow rate = 1.0 mL/min, λ = 254 nm, hexane/isopropanol = 70:30; Condition A : 

(R)-4r, 91% yield (33.0 mg), 95% ee, [α]D
25 = −27.9 (c = 1.0, CHCl3), retention time 9.2 min (major) 

and 13.7 min (minor); Condition B: (S)-4r, 94% yield (34.2 mg), 99% ee, [α]D
25 = +28.2 (c = 1.0, 

CHCl3); retention time 9.2min (minor) and 13.7 min (major).

Diethyl 2-(1-(naphthalen-1-yl)-3-oxo-3-(1H-pyrrol-1-yl)propyl)malonate (4s)
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COOEt

COOEt
N

O

4s
Colorless oil; 1H NMR (CDCl3, 400 MHz) δ 8.23 (d, J = 8.4 Hz, 1H), 7.83 (d, J = 8.0 Hz, 1H), 7.72 

(d, J = 7.6 Hz, 1H), 7.53-7.57 (m, 1H), 7.37-7.49 (m, 3H), 7.25-7.27 (m, 2H), 6.23 (s, 2H), 5.04-

5.15 (m, 1H), 4.10-4.24 (m, 2H), 4.05 (d, J = 8.4 Hz, 2H), 3.86-3.91 (m, 2H), 3.51-3.65 (m, 2H), 

1.19 (t, J = 7.2 Hz, 3H), 0.88 (t, J = 7.2 Hz, 3H); 13C NMR (CDCl3, 100 MHz) δ 168.4, 168.3, 

167.6, 136.1, 134.0, 131.4, 128.9, 128.0, 126.5, 125.7, 125.1, 122.9, 119.0, 113.1, 110.0, 61.8, 61.6, 

56.6, 38.3, 34.6, 13.9, 13.6. IR (Neat): 2981, 2936, 1728, 1597, 1512, 1469, 1405, 1368, 1340, 

1283, 1176, 1119, 1096, 1073, 1030, 924, 861, 798, 778, 744; HRMS (ESI): calcd for [M+H]+ 

(C24H26NO5)+ requires 408.1805; found 408.1805; HPLC analysis Daicel Chiralpak AD-H, flow 

rate = 1.0 mL/min, λ = 254 nm, hexane/isopropanol = 70:30; Condition A : (R)-4s, 95% yield (38.8 

mg), 95% ee, [α]D
25 = −48.2 (c = 1.0, CHCl3), retention time 10.2 min (major) and 15.9 min (minor); 

Condition B: (S)-4s, 99% yield (40.2 mg), 97% ee, [α]D
25 = +49.3 (c = 1.0, CHCl3); retention time 

10.2min (minor) and 15.8 min (major).

Diethyl 2-(5-oxo-1-phenyl-5-(1H-pyrrol-1-yl)pent-1-yn-3-yl)malonate (4t)

COOEt

COOEt
N

O

4t

Ph

White solid, m.p. 80-81 °C; 1H NMR (CDCl3, 400 MHz) δ 7.24-7.38 (m, 7H), 6.31 (s, 2H), 4.22-

4.29 (m, 4H), 4.00-4.07 (m, 1H), 3.84 (d, J = 7.2 Hz, 1H), 3.26-3.40 (m, 2H), 1.25-1.30 (m, 6H); 
13C NMR (CDCl3, 100 MHz) δ 167.8, 167.4, 167.2, 131.7, 128.1, 122.6, 119.2, 113.4, 110.0, 87.0, 

84.0, 61.9, 54.9, 37.4, 28.3, 14.1; IR (Neat): 2982, 2937, 1732, 1490, 1470, 1444, 1407, 1369, 1342, 

1284, 1255, 1175, 1121, 1096, 1072, 1029, 921, 757, 744; HRMS (ESI): calcd for [M+H]+ 

(C22H24NO5)+ requires 382.1649; found 382.1649; HPLC analysis Daicel Chiralpak AS-H + PC-II, 

flow rate = 1.0 mL/min, λ = 254 nm, hexane/isopropanol = 90:10; Condition A : (R)-4t, 90% yield 

(34.4 mg), 92% ee, [α]D
25 = +0.3 (c = 1.0, CHCl3), retention time 19.9 min (minor) and 21.6 min 

(major); Condition B: (S)-4t, 95% yield (36.2 mg), 91% ee, [α]D
25 = -0.3 (c = 1.0, CHCl3); retention 

time 20.4 min (major) and 22.3 min (minor).

Diethyl (E)-2-(5-oxo-1-phenyl-5-(1H-pyrrol-1-yl)pent-1-en-3-yl)malonate (4u)
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COOEt

COOEt
N

O

4u

Ph

White solid, m.p. 126-127 °C; 1H NMR (CDCl3, 400 MHz) δ 7.12-7.28 (m, 7H), 6.43 (d, J = 16.0 

Hz, 1H), 6.13-6.22 (m, 3H), 4.02-4.20 (m, 4H), 3.67 (d, J = 7.6 Hz, 1H), 3.53-3.60 (m, 1H), 3.20 

(dd, J = 16.0, 4.4 Hz, 1H), 3.04 (dd, J = 16.0, 8.0 Hz, 1H), 1.18 (t, J = 7.2 Hz, 3H), 1.12 (t, J = 7.2 

Hz, 3H); 13C NMR (CDCl3, 100 MHz) δ 168.4, 168.1, 168.0, 136.5, 133.3, 128.5, 127.7, 127.4, 

126.4, 119.1, 113.3, 61.7, 61.6, 55.4, 39.2, 37.5, 14.0; IR (Neat): 2982, 1729, 1469, 1448, 1405, 

1369, 1291, 1175, 1124, 1073, 1030, 968, 922, 744; HRMS (ESI): calcd for [M+H]+ (C22H26NO5)+ 

requires 384.1805; found 384.1806; HPLC analysis Daicel Chiralpak AD-H, flow rate = 1.0 

mL/min, λ = 254 nm, hexane/isopropanol = 70:30; Condition A : (S)-4u, 86% yield (33.1 mg), 96% 

ee, [α]D
25 = +3.3 (c = 1.0, CHCl3), retention time 8.9 min (major) and 10.8 min (minor); Condition 

B: (R)-4u, 80% yield (30.7 mg), 99% ee, [α]D
25 = -3.5 (c = 1.0, CHCl3); retention time 8.9 min 

(minor) and 10.8 min (major).

Diethyl 2-(4-oxo-4-(1H-pyrrol-1-yl)butan-2-yl)malonate (4v)

COOEt

COOEt
N

O

4v

Colorless oil; 1H NMR (CDCl3, 400 MHz) δ 7.30 (s, 2H), 6.22 (s, 2H), 4.09-4.18 (m, 4H), 3.41 (d, 

J = 6.8 Hz, 1H), 3.11 (dd, J = 16.0, 4.4 Hz, 1H), 2.81-2.91 (m, 1H), 2.70 (dd, J = 15.6, 8.8 Hz, 1H), 

1.18-1.22(m, 6H), 1.07 (d, J = 6.8 Hz, 3H); 13C NMR (CDCl3, 100 MHz) δ 169.1, 168.4 (2C), 

119.1, 113.1, 61.5, 56.2, 38.7, 29.9, 17.6, 14.0; IR (Neat): 2980, 2934, 1731, 1470, 1371, 1302, 

1262, 1177, 1095, 1071, 1031, 931, 864, 801, 744; HRMS (ESI): calcd for [M+H]+ (C15H22NO5)+ 

requires 296.1492; found 296.1494; HPLC analysis Daicel Chiralpak IG, flow rate = 0.7 mL/min, 

λ = 214 nm, hexane/isopropanol = 90:10; Condition A : (R)-4v, 94% yield (27.8 mg), 82% ee, [α]D
25 

= -0.23 (c = 1.0, CHCl3), retention time 17.9 min (minor) and 18.9 min (major); Condition B: (S)-

4v, 95% yield (28.1 mg), 94% ee, [α]D
25 = +1.3 (c = 1.0, CHCl3); retention time 17.8 min (major) 

and 19.0 min (minor).

Diethyl 2-(1-oxo-1-(1H-pyrrol-1-yl)hexan-3-yl)malonate (4w)

COOEt

COOEt
N

O

4w
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Colorless oil; 1H NMR (CDCl3, 400 MHz) δ 7.37 (s, 2H), 6.29 (s, 2H), 4.16-4.23 (m, 4H), 3.66 (d, 

J = 4.8 Hz, 1H), 3.20 (dd, J = 16.4, 4.4 Hz, 1H), 2.80-2.94 (m, 2H), 1.33-1.53 (m, 4H), 1.23-1.29 

(m, 6H), 0.91 (t, J = 7.2 Hz, 3H); 13C NMR (CDCl3, 100 MHz) δ 169.5, 168.8, 168.6, 119.1, 113.1, 

61.5, 61.3, 53.7, 36.2, 34.2, 34.1, 20.1, 14.0, 14.0, 13.9; IR (Neat): 2960, 2929, 2873, 1731, 1469, 

1405, 1369, 1261, 1157, 1099, 1072, 1030, 924, 802, 743; HRMS (ESI): calcd for [M+H]+ 

(C17H26NO5)+ requires 324.1805; found 324.1806; HPLC analysis Daicel Chiralpak IG, flow rate = 

0.7 mL/min, λ = 214 nm, hexane/isopropanol = 90:10; Condition A : (R)-4w, 91% yield (29.5 mg), 

78% ee, [α]D
25 = -1.4 (c = 1.0, CHCl3), retention time 14.9 min (minor) and 16.2 min (major); 

Condition B: (S)-4w, 93% yield (30.2 mg), 96% ee, [α]D
25 = +1.4 (c = 1.0, CHCl3); retention time 

14.8 min (major) and 16.2 min (minor).

Triethyl 4-oxo-4-(1H-pyrrol-1-yl)butane-1,1,2-tricarboxylate (4x)

COOEt

COOEt
N

O COOEt

4x

Colorless oil; 1H NMR (CDCl3, 400 MHz) δ 7.32 (s, 2H), 6.30 (t, J = 2.0 Hz, 2H), 4.13-4.25 (m, 

6H), 4.04 (d, J = 6.0 Hz, 1H), 3.77-3.82 (m, 1H), 3.48 (dd, J = 17.2, 7.2 Hz, 1H), 3.23 (dd, J = 17.2, 

4.8 Hz, 1H), 1.20-1.29 (m, 9H); 13C NMR (CDCl3, 100 MHz) δ 171.4, 168.4, 167.8, 119.0, 113.3, 

61.9 (2C), 61.6, 52.0, 39.8, 33.4, 13.9 (3C); IR (Neat): 2982, 2930, 2872, 1732, 1470, 1408, 1369, 

1290, 1176, 1123, 1075, 922, 909, 859, 743; HRMS (ESI): calcd for [M+H]+ (C17H24NO7)+ requires 

354.1547; found 354.1547; HPLC analysis Daicel Chiralpak PC-II, flow rate = 1.0 mL/min, λ = 254 

nm, hexane/isopropanol = 70:30; Condition A : (R)-4x, 95% yield (33.7 mg), 73% ee, [α]D
25 = -3.9 

(c = 1.0, CHCl3), retention time 13.4 min (major) and 18.1 min (minor); Condition B: (S)-4x, 99% 

yield (34.8 mg), 92% ee, [α]D
25 = +5.8 (c = 1.0, CHCl3); retention time 13.3 min (minor) and 17.8 

min (major).

Diethyl 2-(3-(1H-indol-1-yl)-3-oxo-1-phenylpropyl)malonate (4y)

COOEt

COOEt
N

O Ph

4y
White solid, m.p. 82-83 °C; 1H NMR (CDCl3, 400 MHz) δ 8.35 (d, J = 8.0 Hz, 1H), 7.52-7.58 (m, 

2H), 7.18-7.30 (m, 7H), 6.62 (d, J = 3.6 Hz, 1H), 4.14-4.27 (m, 3H), 3.97 (q, J = 7.2 Hz, 2H), 3.87 

(d, J = 9.6 Hz, 1H), 3.56 (dd, J = 15.6, 4.4 Hz, 1H), 3.34 (dd, J = 15.6, 9.6 Hz, 1H), 1.23 (t, J = 6.8 

Hz, 3H), 1.01 (t, J = 7.2 Hz, 3H); 13C NMR (CDCl3, 100 MHz) δ 169.0, 168.3, 167.6, 139.6, 135.5, 

130.3, 128.6, 128.1, 127.5, 125.0, 124.7, 123.6, 120.7, 116.6, 109.3, 61.9, 61.5, 57.2, 41.3, 40.0, 

14.0, 13.8; IR (Neat): 2981, 2935, 1730, 1537, 1472, 1452, 1389, 1343, 1308, 1252, 1227, 1207, 

1175, 1152, 1109, 1084, 1029, 751, 700; HRMS (ESI): calcd for [M+H]+ (C24H26NO5)+ requires 



20

408.1805; found 408.1806; HPLC analysis Daicel Chiralpak AD-H, flow rate = 1.0 mL/min, λ = 

254 nm, hexane/isopropanol = 70:30; Condition A : (R)-4y, 97% yield (39.4 mg), 95% ee, [α]D
25 = 

+14.8 (c = 1.0, CHCl3), retention time 15.1 min (major) and 31.3 min (minor); Condition B: (S)-4y, 

89% yield (36.1 mg), 99% ee, [α]D
25 = -15.5 (c = 1.0, CHCl3); retention time 15.2 min (minor) and 

31.4 min (major).

Diethyl 2-(4-(1H-indol-1-yl)-4-oxobutan-2-yl)malonate (4z)

COOEt

COOEt
N

O

4z
Colorless oil; 1H NMR (CDCl3, 400 MHz) δ 8.40 (d, J = 8.4 Hz, 1H), 7.48-7.55 (m, 2H), 7.18-7.29 

(m, 2H), 6.57 (d, J = 3.6 Hz, 1H), 4.12-4.17 (m, 4H), 3.45 (d, J = 6.4 Hz, 1H), 3.22 (dd, J = 15.6, 

4.0 Hz, 1H), 2.86-2.94 (m, 1H), 2.75 (dd, J = 15.6, 8.8 Hz, 1H), 1.17-1.22 (m, 6H), 1.11 (d, J = 6.8 

Hz, 3H); 13C NMR (CDCl3, 100 MHz) δ 170.0, 168.6, 168.5, 135.6, 130.4, 125.1, 124.9, 123.7, 

120.8, 116.6, 109.2, 61.5, 56.3, 40.1, 30.0, 17.7, 14.1; IR (Neat): 2979, 2930, 2855, 1731, 1605, 

1586, 1537, 1452, 1369, 1309, 1261, 1207, 1155, 1094, 1031, 802, 752; HRMS (ESI): calcd for 

[M+H]+ (C19H24NO5)+ requires 346.1649; found 346.1649; HPLC analysis Daicel Chiralpak IG, 

flow rate = 0.7 mL/min, λ = 214 nm, hexane/isopropanol = 90:10; Condition A : (R)-4z, 95% yield 

(32.7 mg), 74% ee, [α]D
25 = -18.6 (c = 1.0, CHCl3), retention time 24.0 min (minor) and 26.7 min 

(major); Condition B: (S)-4z, 90% yield (31.1 mg), 95% ee, [α]D
25 = +28.7 (c = 1.0, CHCl3); 

retention time 23.7 min (major) and 27.0 min (minor).

Diethyl 2-(3-(9H-carbazol-9-yl)-3-oxo-1-phenylpropyl)malonate (4a')

COOEt

COOEt
N

O Ph

4a'
White solid, m.p. 91-92 °C; 1H NMR (CDCl3, 400 MHz) δ 8.16 (d, J = 8.4 Hz, 2H), 7.95 (d, J = 

7.2 Hz, 2H), 7.44 (t, J = 7.6 Hz, 2H), 7.33-7.36 (m, 4H), 7.23-7.27 (m, 2H), 7.16-7.19 (m, 1H), 

4.33-4.40 (m, 1H), 4.13-4.25 (m, 2H), 4.01 (q, J = 7.2 Hz, 2H), 3.95 (d, J = 8.8 Hz, 1H), 3.69-3.81 

(m, 2H), 1.21 (t, J = 6.8 Hz, 3H), 1.06 (t, J = 7.2 Hz, 3H); 13C NMR (CDCl3, 100 MHz) δ 170.8, 

168.4, 167.8, 140.5, 138.4, 128.5, 128.2, 127.3, 127.3, 126.3, 123.6, 119.8, 116.4, 61.7, 61.5, 57.3, 

42.7, 40.7, 14.0, 13.8; IR (Neat): 3062, 3031, 1981, 2936, 1731, 1697, 1599, 1491, 1478, 1426, 

1446, 1370, 1324, 1278, 1239, 1209, 1157, 1103, 1032, 980, 861, 755, 723, 700; HRMS (ESI): 

calcd for [M+H]+ (C28H28NO5)+ requires 458.1962; found 458.1962; HPLC analysis Daicel 

Chiralpak AD-H, flow rate = 1.0 mL/min, λ = 254 nm, hexane/isopropanol = 70:30; Condition A : 

(R)- 4a', 95% yield (43.3 mg), 96% ee, [α]D
25 = -30.8 (c = 1.0, CHCl3), retention time 11.9 min 

(major) and 28.2 min (minor); Condition B: (S)- 4a', 90% yield (41.1 mg), 98% ee, [α]D
25 = -30.9 
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(c = 1.0, CHCl3); retention time 11.7 min (minor) and 27.7 min (major).

Diethyl 2-(4-(9H-carbazol-9-yl)-4-oxobutan-2-yl)malonate (4b')

COOEt

COOEt
N

O

4b'
Colorless oil; 1H NMR (CDCl3, 400 MHz) δ 8.24 (d, J = 8.4 Hz, 2H), 7.98 (d, J = 7.6 Hz, 2H), 7.47 

(t, J = 8.0 Hz, 2H), 7.37 (t, J = 7.6 Hz, 2H), 4.17-4.26 (m, 4H), 3.67 (d, J = 5.6 Hz, 1H), 3.43-3.50 

(m, 1H), 3.15-3.23 (m, 2H), 1.22-1.30 (m, 9H); 13C NMR (CDCl3, 100 MHz) δ 171.7, 168.8, 168.6, 

138.4, 127.4, 126.4, 123.6, 119.8, 116.5, 61.4 (2C), 61.4, 56.0, 43.0, 29.7, 18.1, 14.1 (2C); IR 

(Neat): 2980, 2937, 1730, 1696, 1478, 1490, 1445, 1425, 1372, 1326, 1281, 1239, 1208, 1159, 1096, 

1061, 1034, 755, 723; HRMS (ESI): calcd for [M+H]+ (C23H26NO5)+ requires 396.1805; found 

396.1806; HPLC analysis Daicel Chiralpak IC, flow rate = 1.0 mL/min, λ = 254 nm, 

hexane/isopropanol = 80:20; Condition A : (R)- 4b', 94% yield (37.1 mg), 78% ee, [α]D
25 = +2.5 (c 

= 1.0, CHCl3), retention time 14.4 min (major) and 17.6 min (minor); Condition B: (S)- 4b', 95% 

yield (37.4 mg), 96% ee, [α]D
25 = -2.9 (c = 1.0, CHCl3); retention time 14.5 min (minor) and 17.7 

min (major).

Diethyl 2-(3-oxo-1-phenyl-3-(1H-pyrazol-1-yl)propyl)malonate (4c')

COOEt

COOEt
N

O
N

Ph

4c'
White solid, m.p. 98-99 °C; 1H NMR (CDCl3, 400 MHz) δ 8.12 (d, J = 2.4 Hz, 1H),7.66 (s, 1H), 

7.30-7.32 (m, 2H), 7.25 (t, J = 7.6 Hz, 2H), 7.16-7.20 (m, 1H), 6.37 (dd, J = 2.8, 1.6 Hz, 1H), 4.15-

4.26 (m, 3H), 3.93 (q, J = 7.2 Hz, 2H), 3.74-3.84 (m, 2H), 3.59 (dd, J = 17.2, 4.4 Hz, 1H), 1.25 (t, 

J = 7.2 Hz, 3H), 0.98 (t, J = 7.2 Hz, 3H); 13C NMR (CDCl3, 100 MHz) δ 169.6, 168.0, 167.5, 143.8, 

139.9, 128.4, 128.3, 128.2, 127.3, 109.5, 61.7, 61.3, 57.4, 40.6, 38.3, 14.0, 13.7; IR (Neat): 3232, 

2983, 2929, 1733, 1496, 1455, 1393, 1370, 1252, 1152, 1096, 1030, 860, 766, 701; HRMS (ESI): 

calcd for [M+H]+ (C19H23N2O5)+ requires 359.1601; found 359.1600; HPLC analysis Daicel 

Chiralpak AD-H, flow rate = 1.0 mL/min, λ = 254 nm, hexane/isopropanol = 70:30; Condition A : 

(R)-4c', 49% yield (17.5 mg), 92% ee, [α]D
25 = −46.0 (c = 1.0, CHCl3), retention time 10.9 min 

(major) and 14.6 min (minor); Condition B: (S)-4c', 72% yield (25.7 mg), 83% ee, [α]D
25 = +42.8(c 

= 1.0, CHCl3); retention time 11.1 min (minor) and 14.8 min (major).
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Synthesis of compound (S)-5.

O Ph
COOEt

COOEt
N

O Ph
COOEt

COOEt
N

Pd/C, H2

EtOH, rt

(S)-5(S)-4b

To solution of S-4b (0.15 mmol) in EtOH (4 mL) was added Pd/C (5 mg, 10%). Then reaction 

mixture was stirred under H2 atmosphere (1 atm) at room temperature for 21 h. After completion of 

reaction, the Pd/C catalyst was removed by filtration. The filtrate was evaporated to remove the 

solvent and the crude product was purified by silica gel column chromatography (ethyl 

acetate/petroleum ether as eluent) to afford pure product (S)-5.

Diethyl (S)-2-(3-oxo-1-phenyl-3-(pyrrolidin-1-yl)propyl)malonate ((S)-5)

COOEt

COOEt
N

O Ph

(S)-5

99% yield; white solid, m.p. 64-65 °C; 1H NMR (CDCl3, 400 MHz) δ 7.23-7.30 (m, 4H), 7.16-7.20 

(m, 1H), 4.20 (q, J = 7.2 Hz, 2H), 3.99-4.05 (m, 1H), 3.91-3.96 (m, 3H), 3.16-3.38 (m, 4H), 2.69-

2.80 (m, 2H), 1.66-1.78 (m, 4H), 1.26 (t, J = 7.2 Hz, 3H), 0.99 (t, J = 7.2 Hz, 3H); 13C NMR (CDCl3, 

100 MHz) δ 168.9, 168.3, 167.9, 140.7, 128.2, 128.2, 127.0, 61.5, 61.1, 56.8, 46.5, 45.5, 41.4, 38.7, 

25.9, 24.2, 14.0, 13.7; IR (Neat): 2976, 2873, 1732, 1636, 1436, 1394, 1368, 1314, 1258, 1152, 

1096, 1036, 764, 750, 702; HRMS (ESI): calcd for [M+H]+ (C20H28NO5)+ requires 362.1962; found 

362.1963; 99% ee determined by HPLC (AD-H, hexane/i-PrOH 70/30, flow rate 1.0 mL/min; tmajor 

= 9.6 min, tminor = 8.1 min, λ = 220 nm); [α]D
25 = +18.2 (c = 1.0, CHCl3).

Synthesis of compound (S)-6.

O Ph
COOEt

COOEt
N

O Ph
COOEt

COOEt
EtO

EtONa

EtOH/THF
0 °C

(S)-4b (S)-6

To solution of (S)-4b (0.15 mmol) in mixed solvent of EtOH (2 mL) and THF (0.5 mmol) at 0 C 

was added EtONa (0.23 mmol). The reaction mixture was stirred at same temperature for 2h. Then 

the reaction was quenched with saturated NH4Cl aqueous solution (10 mL). And the mixture was 
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extracted with AcOEt (15 mL×3). The combined organic layers were washed with brine and dried 

with Na2SO4. After evaporating solvent in vacuo, the residue was purified by flash column 

chromatography on silica gel (ethyl acetate/petroleum ether as eluent) to afford product (S)-6.

Triethyl (S)-2-phenylpropane-1,1,3-tricarboxylate ((S)-6)

COOEt

COOEt
O Ph

(S)-6

EtO

97% yield; colorless oil; 1H NMR (CDCl3, 400 MHz) δ 7.18-7.29 (m, 5H), 4.22 (q, J = 7.2 Hz, 2H), 

3.89-4.02 (m, 5H), 3.73 (d, J = 10.4 Hz, 1H), 2.85 (dd, J = 14.8, 4.4 Hz, 1H), 2.72 (dd, J = 15.6, 

10.0 Hz, 1H), 1.27 (t, J = 7.2 Hz, 3H), 1.08 (t, J = 7.2 Hz, 3H), 0.99 (t, J = 7.2 Hz, 3H); 13C NMR 

(CDCl3, 100 MHz) δ 171.0, 168.0, 167.5, 139.8, 128.3, 128.2, 127.2, 61.6, 61.3, 60.4, 57.3, 41.5, 

38.7, 14.0, 14.0, 13.7; IR (Neat): 2982, 2937, 1725, 1454, 1369, 1254, 1150, 1096, 1031, 765, 701; 

HRMS (ESI): calcd for [M+H]+ (C20H28NO5)+ requires 337.1646; found 337.1645; 99% ee 

determined by HPLC (AD-H, hexane/i-PrOH 80/20, flow rate 1.0 mL/min; tmajor = 11.1 min, tminor 

= 7.1 min, λ = 220 nm); [α]D
25 = +15.7 (c = 1.0, CHCl3).

Synthesis of compound (R)-7 and (R)-8[10].

N

O Ph

CO2Et
CO2Et N

O Ph

CO2Et
CO2Et

Mn(OAc)3

EtOH, Ar
80 °C

(R)-4d' (or (R)-4y, 0.15 mmol) and Mn(AcO)3·2H2O (0.45 mmol) were added into EtOH (2.0 

mL) under Ar. Then the reaction mixture was stirred at 80 ◦C until the TLC analysis showed 

complete consumption of starting material. The solvent was evaporated in vacuo. The residue was 

dissolved in water (10 mL), and the mixture was extracted with EtOAc (15 mL×3). The organic 

layers were combined and washed with brine, then dried with Na2SO4. The solvent was removed in 

vacuo. The residue was purified by flash column chromatography on silica gel (ethyl 

acetate/petroleum ether as eluent) to yield product (R)-7 (or (R)-8). 

Diethyl (R)-5-oxo-7-phenyl-6,7-dihydroindolizine-8,8(5H)-dicarboxylate((R)-7)

N

O Ph

CO2Et
CO2Et

(R)-7
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81% yield, colorless oil; 1H NMR (CDCl3, 400 MHz) 7.52 (dd, J = 3.2, 1.6 Hz, 1H), 7.15-7.20 (m, 

3H), 6.88-6.91 (m, 2H), 6.65 (dd, J = 3.2, 1.6 Hz, 1H), 6.39 (t, J = 3.2 Hz, 1H), 4.11-4.28 (m, 3H), 

3.87-4.02 (m, 2H), 3.65 (dd, J = 17.6, 6.0 Hz, 1H), 2.95 (dd, J = 17.6, 3.6 Hz, 1H), 1.22 (t, J = 7.2 

Hz, 3H), 0.98 (t, J = 7.2 Hz, 3H); 13C NMR (CDCl3, 100 MHz) δ 168.4, 167.2, 166.2, 139.1, 128.7, 

127.9, 127.8, 126.2, 117.5, 116.5, 113.5, 62.4, 61.8, 57.6, 44.9, 37.7, 13.8, 13.6.; IR (Neat): 2983, 

1731, 1406, 1367, 1313, 1236, 1198, 1156, 1042, 700; HRMS (ESI): calcd for [M+H]+ 

(C20H22NO5)+ requires 356.1492; found 356.1492; >99% ee determined by HPLC (AD-H, hexane/i-

PrOH 95/5, flow rate 1.0 mL/min; tmajor = 8.4 min, tminor = 11.0 min, λ = 254 nm); [α]D
25 = +52.7 (c 

= 1.0, CHCl3).

Diethyl (R)-6-oxo-8-phenyl-7,8-dihydropyrido[1,2-a]indole-9,9(6H)-dicarboxylate ((R)-8)

N

O Ph

CO2Et
CO2Et

(R)-8

78% yield, colorless oil; 1H NMR (CDCl3, 400 MHz) δ 8.55 (d, J = 8.0 Hz, 1H), 7.61 (d, J = 7.6 

Hz, 1H), 7.37-7.41 (m, 1H), 7.31-7.35 (m, 1H), 7.14-7.22 (m, 3H), 7.05 (s, 1H), 6.94-6.98 (m, 2H), 

4.24-4.32 (m, 2H), 4.11-4.19 (m, 1H), 3.93-4.06 (m, 2H), 3.74 (dd, J = 17.6, 6.0 Hz, 1H), 3.03 (dd, 

J = 17.6, 4.0 Hz, 1H), 1.24 (t, J = 7.2 Hz, 3H), 1.02 (t, J = 7.2 Hz, 3H); 13C NMR (CDCl3, 100 

MHz) δ 168.8, 168.0, 167.6, 139.7, 135.6, 132.1, 130.2, 129.4, 128.6, 128.5, 126.2, 125.0, 121.6, 

117.5, 113.4, 63.4, 62.7, 58.9, 45.2, 39.1, 14.5, 14.3; IR (Neat): 2937, 1737, 1712, 1453, 1371, 

1349, 1321, 1236, 1204, 1160, 1096, 1070, 1012, 861, 753, 700; HRMS (ESI): calcd for [M+H]+ 

(C24H24NO5)+ requires 406.1649; found 406.1649; 98% ee determined by HPLC (AD-H, hexane/i-

PrOH 85/15, flow rate 1.0 mL/min; tmajor = 24.5 min, tminor = 13.7 min, λ = 254 nm); [α]D
25 = +22.1 

(c = 1.0, CHCl3).
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The single crystal data of catalyst 3e and the product (S)-4i produced 

in condition B.
(1) Catalyst 3e (CCDC 1897269).

Table 1.  Crystal data and structure refinement for 3e.

Identification code 3e

Empirical formula C39H32BrF12N2O2P

Formula weight 899.54

Temperature 296(2) K

Wavelength 0.71073 Å

Crystal system Triclinic

Space group P 1

Unit cell dimensions a = 8.7747(4) Å a= 72.036(2)°.

b = 15.1721(9) Å b= 88.944(2)°.
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c = 16.4580(9) Å g = 84.345(2)°.

Volume 2073.94(19) Å3

Z 2

Density (calculated) 1.440 Mg/m3

Absorption coefficient 1.119 mm-1

F(000) 908

Crystal size 0.190 x 0.130 x 0.080 mm3

Theta range for data collection 2.333 to 24.998°.

Index ranges -10<=h<=10, -18<=k<=18, -19<=l<=19

Reflections collected 31904

Independent reflections 14162 [R(int) = 0.1088]

Completeness to theta = 25.242° 97.0 % 

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.7153 and 0.5531

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 14162 / 186 / 1079

Goodness-of-fit on F2 1.008

Final R indices [I>2sigma(I)] R1 = 0.1053, wR2 = 0.2673

R indices (all data) R1 = 0.1529, wR2 = 0.3269

Absolute structure parameter 0.187(13)

Largest diff. peak and hole 0.702 and -0.494 e.Å-3

(1) The product (S)-4i produced in condition B. (CCDC 1897272).

Table 1.  Crystal data and structure refinement for (S)-4i

Identification code (S)-4i

Empirical formula C20H22BrNO5
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Formula weight 436.29

Temperature 296(2) K

Wavelength 0.71073 Å

Crystal system Monoclinic

Space group P 21

Unit cell dimensions a = 12.3447(10) Å a= 90°.

b = 5.5630(5) Å b= 104.256(2)°.

c = 17.4342(15) Å g = 90°.

Volume 1160.40(17) Å3

Z 2

Density (calculated) 1.249 Mg/m3

Absorption coefficient 1.797 mm-1

F(000) 448

Crystal size 0.170 x 0.140 x 0.100 mm3

Theta range for data collection 1.702 to 25.496°.

Index ranges -14<=h<=14, -6<=k<=6, -21<=l<=21

Reflections collected 16833

Independent reflections 4286 [R(int) = 0.0491]

Completeness to theta = 25.242° 99.9 % 

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.7456 and 0.6022

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 4286 / 1 / 247

Goodness-of-fit on F2 0.989

Final R indices [I>2sigma(I)] R1 = 0.0472, wR2 = 0.1126

R indices (all data) R1 = 0.0859, wR2 = 0.1270

Absolute structure parameter 0.023(8)

Extinction coefficient 0.011(3)

Largest diff. peak and hole 0.401 and -0.323 e.Å-3


