
S1

CATALYTIC ENANTIOSELECTIVE MICHAEL ADDITION OF 2-
SUBSTITUTED  BENZOFURAN-3-ONES WITH 2-ENOYL PYRIDINES 

 Koilpitchai Sivamuthuraman, and Venkitasamy Kesavan *[a]

[a]Chemical Biology Laboratory, Department of Biotechnology, Bhupat and Jyothi Metha 
School of Biosciences, Indian Institute of Technology Madras, Chennai-600036, India. Fax: 
+91(44)22574102, E-mail: vkesavan@iitm.ac.in

Supporting Information

LIST OF CONTENTS:

1 General remarks 1

2 Representative experimental procedure for 

the synthesis of synthesis of Michael 

addition products.

2

3 Analytical data for Michael Addition 

product 4

3

4 Reference 18

   5 Crystal data and structure refinement of 

compound 4i (Major Diastereomer) 

19

   6 ORTEP Diagram of Compound 4i (Major 

Diastereomer)

20

7 1H NMR And 13C NMR Data 21

8 HPLC Chromatograms for Compound 4 41

9 HPLC Chromatograms for Compound 

ent-4

64

   10 Control Experiments 70

11 HPLC Chromatograms for Catalyst 

Screening

76

12 HPLC Chromatograms for Solvent 

Screening

87

Electronic Supplementary Material (ESI) for Organic & Biomolecular Chemistry.
This journal is © The Royal Society of Chemistry 2019

mailto:vkesavan@iitm.ac.in


S2

1. General remarks

All reactions were carried out in a flame dried flask. Solvents used for reactions and column 

chromatography were commercial grade and distilled prior to use. THF, toluene and dioxane 

were dried over sodium/benzophenone, whereas dichloromethane (DCM) and dichloroethane 

(DCE) were dried over CaH2. Solvents (hexane, ethyl acetate) TLC was performed on pre-

coated Merck silica gel aluminium plates with 60F254 indicator, visualised by irradiation with 

UV light. Column chromatography was performed using silica gel Merck 100-200 and 230-

400 mesh. 1H-NMR and 13C NMR were recorded on 400 MHz, 500 MHz and 100 and 125 

MHz using CDCl3 as solvent and multiplicity indicated as follows: s (singlet), d (doublet), t 

(triplet), q (quartet), m (multiplet), dd (doublet of doublet), dt (doublet of triplet), td (triplet of 

doublet), ddd (doublet of doublet of doublet) qd (quartet of doublet). Coupling constants J are 

reported in Hz. Chemical shift are represent in δ. High resolution mass spectra were obtained 

by ESI using orbitrap elite mass spectrometer; IR spectra were recorded on a FT/IR-420 

spectrometer and are reported in terms of frequency of absorption (cm-1). Melting points were 

measured in open capillaries and are uncorrected. Optical rotations are reported as follows: [α] 

D rt (c in g per 100 mL, solvent). The 2-substituted benzofuran3 (2h)-ones 1 and Catalysts2 , 2-

enoylpyridine3 were synthesized from the literature procedure.

2. Representative experimental procedure for the synthesis of Michael addition 

products (4).
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To a stirred solution of 2-enoyl pyridine 2 (1.2equ) and catalyst 3k (0.10equ) in dry DCM 

(0.5ml) was added methyl 3-oxo-2,3-dihydrobenzofuran-2-carboxylate 1 (1equ) at room 

temperature. The reaction mixture was stirred at rt till the consumption of methyl 3-oxo-2, 3-

dihydrobenzofuran-2-carboxylate, which was monitored by TLC. The crude mixture was 

purified by flash column chromatography over silica gel (80:20 hexane/EtOAc) to furnish 4a-

4t.To synthesize enantiomer of product 4, the same reaction procedure was followed using 

catalyst 3l and  acetonitrile as solvent. 
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3. Analytical data for Michael addition product.

Methyl (S)-3-oxo-2-((S)-3-oxo-1-phenyl-3-(pyridin-2-yl)propyl)-2,3-dihydrobenzofuran-

2-carboxylate(4a)

General experimental procedure II was followed to prepare the 

Michael addition product 4a. The desired product was obtained 

as semi solid (102 mg, 98% yield). 1H NMR (500MHz , 

CDCl3) δ = 8.70 - 8.69 (m, 1 H), 7.89 (d, J = 7.9 Hz, 1 H), 7.76 

(dt, J = 1.7, 7.6 Hz, 1 H), 7.53 (ddd, J = 1.4, 7.2, 8.4 Hz, 1 H), 

7.44 (ddd, J = 1.3, 4.7, 7.6 Hz, 1 H), 7.37 - 7.31 (m, 1 H), 7.30 - 7.26 (m, 2 H), 7.19 (d, J = 8.5 

Hz, 1 H), 7.04 - 6.93 (m, 3 H), 6.91 (t, J = 7.3 Hz, 1 H), 4.68 (dd, J = 3.6, 10.6 Hz, 1 H), 4.40 

(dd, J = 10.6, 17.8 Hz, 1 H), 3.80 (s, 3 H), 3.59 (dd, J = 3.8, 18.0 Hz, 1 H).13C NMR (126MHz 

, CDCl3) δ = 198.4, 194.5, 172.4, 166.0, 153.1, 148.9, 138.3, 136.8, 136.2, 129.5, 127.9, 127.3, 

127.2, 124.6, 122.4, 121.9, 119.9, 113.1, 93.9, 53.5, 44.9, 38.9.IR (ν, cm-1): 3056, 2955, 

2924,2851, 1749, 1722, 1700, 1609, 1586, 1491, 1460,1435, 1403, 1361, 1324, 1297, 1233, 

1196, 1146, 1100, 1073, 1023, 956, 881, 830, 796, 755, 643, 618; HRMS (ESI): Exact mass 

calcd for C24H19NO5 [M+Na]+: 424.1155, Found 424.1145.[α]D 
26  = -137.76 (c 2.50, 

CHCl3).The compound 4a 97% ee was determined by chiral HPLC column (Phenomenex 

Amylose-2, hexane/i-PrOH = 80:20, flow rate = 1.0 mL/min, λ= 254 nm), tR (major) = 21.90 

min, tR (minor) = 42.02 min.

Methyl (R)-3-oxo-2-((R)-3-oxo-1-phenyl-3-(pyridin-2-yl)propyl)-2,3-dihydrobenzofuran-

2-carboxylate(ent-4a)

General experimental procedure II was followed to prepare 

the Michael addition product ent-4a. The desired product was 

obtained as semi solid (51mg, 96% yield, dr 85:15).1H NMR 

(500MHz, CDCl3) corresponding to 4a.13C NMR (126MHz, 

CDCl3) corresponding to 4a. [α]D 
26  = +174.93 (c 2.25, 

CHCl3). The major diastereomer of compound ent-4a 98% ee 

was determined by chiral HPLC column (Phenomenex Amylose-2, hexane/i-PrOH = 80:20, 

flow rate = 1.0 mL/min, λ= 254 nm), tR (major) = 54.212 min, tR (minor) = 29.56 min.

Methyl (S)-2-((S)-1-(2-fluorophenyl)-3-oxo-3-(pyridin-2-yl)propyl)-3-oxo-2,3-

dihydrobenzofuran-2-carboxylate(4b)
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General experimental procedure II was followed to prepare the 

Michael addition product 4b. The desired product was obtained 

as semi solid (97 mg, 89% yield). 1H NMR (500MHz , CDCl3) 

δ = 8.69 (qd, J = 0.8, 4.7 Hz, 1 H), 7.93 - 7.88 (m, 1 H), 7.77 

(dt, J = 1.6, 7.7 Hz, 1 H), 7.57 (ddd, J = 1.4, 7.1, 8.5 Hz, 1 H), 

7.46 (ddd, J = 1.3, 4.7, 7.6 Hz, 1 H), 7.39 (dd, J = 0.8, 7.7 Hz, 1 H), 7.29 - 7.24 (m, 1 H), 7.23 

(d, J = 8.5 Hz, 1 H), 6.97 - 6.94 (m, 2 H), 6.87 (ddd, J = 0.9, 8.4, 9.9 Hz, 1 H), 6.78 - 6.71 (m, 

1 H), 5.06 (dd, J = 3.8, 10.7 Hz, 1 H), 4.35 (dd, J = 10.7, 18.3 Hz, 1 H), 3.82 (s, 3 H), 3.71 (dd, 

J = 3.6, 18.1 Hz, 1 H).13C NMR (126MHz, CDCl3) δ = 198.2, 194.0, 172.4, 165.7, 161.7 (d, J 

= 249.5 Hz), 152.9, 149.0, 138.4, 136.8, 129.7, 129.1(d, J = 8.49 Hz), 127.3, 124.8, 123.9 (d, 

J = 14.11 Hz), 123.6 (d, J = 3.47 Hz), 122.5, 121.8, 119.7, 115.7 (d, J = 23.24 Hz), 113.1, 

93.4, 53.6, 38.8, 36.8. IR (ν, cm-1): 3059, 2955, 2924, 2852, 1750, 1724, 1703, 1610, 1461, 

1437, 1361, 1324, 1297, 1237, 1147, 1073, 1025, 992, 957, 882, 831, 759, 704, 644, 619; 

HRMS (ESI): Exact mass calcd for C24H18O5NF [M+Na]+: 442.1061, Found 442.1054. [α]D 
27.4 

 = -35.778 (c 2.25, CHCl3). The compound 4b 92% ee was determined by chiral HPLC column 

(Chiralpak IG, hexane/i-PrOH = 80:10, flow rate = 1.0 mL/min, λ= 254 nm), tR (major) = 

24.08 min, tR (minor) = 35.78 min.

Methyl (R)-2-((R)-1-(2-fluorophenyl)-3-oxo-3-(pyridin-2-yl)propyl)-3-oxo-2,3-

dihydrobenzofuran-2-carboxylate(ent-4b)

General experimental procedure II was followed to prepare the 

Michael addition product ent-4b. The desired product was 

obtained as semi solid (51mg, 92% yield, dr 72:26). 1H NMR 

(500MHz, CDCl3) corresponding to 4b. 13C NMR (126MHz, 

CDCl3) corresponding to 4b. [α]D 
26  = +105.88 (c 2. 5, CHCl3). 

The major diastereomer of compound ent-4b 97% ee was determined by chiral HPLC column 

(Chiralpak AD-H, hexane/i-PrOH = 90:10, flow rate = 1. 0 mL/min, λ= 254 nm), tR (major) = 

38.49 min, tR (minor) = 26.03 min. The minor diastereomer of compound ent-4b 98% ee was 

determined by chiral HPLC column (Chiralpak AD-H, hexane/i-PrOH = 90:10, flow rate = 1.0 

mL/min, λ= 254 nm), tR (major) = 29.88 min, tR (minor) = 42.05 min.

Methyl (S)-2-((S)-1-(2-bromophenyl)-3-oxo-3-(pyridin-2-yl)propyl)-3-oxo-2,3-

dihydrobenzofuran-2-carboxylate (4c)
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General experimental procedure II was followed to prepare the 

Michael addition product 4c. The desired product was obtained 

as foamy solid (116 mg, 93% yield). 1H NMR (500MHz, 

CDCl3) δ = 8.70 - 8.69 (m, 1 H), 7.92 (td, J = 0.9, 7.9 Hz, 1 H), 

7.77 (dt, J = 1.9, 7.7 Hz, 1 H), 7.59 (ddd, J = 1.4, 7.2, 8.4 Hz, 

1 H), 7.46 (dtd, J = 1.3, 4.6, 7.6 Hz, 2 H), 7.41 (dd, J = 0.8, 7.7 Hz, 1 H), 7.36 - 7.34 (m, 1 H), 

7.25 (s, 1 H), 7.00 - 6.96 (m, 1 H), 6.89 - 6.86 (m, 2 H), 5.31 (dd, J = 3.8, 10.4 Hz, 1 H), 4.27 

(dd, J = 10.2, 17.8 Hz, 1 H), 3.86 - 3.82 (m,  3 H), 3.80 (d, J = 3.8 Hz, 1 H).13C NMR (126MHz, 

CDCl3) δ = 198.3, 193.3, 172.2, 165.7, 152.9, 148.9, 138.3, 136.8, 136.6, 133.4, 129.0, 128.7, 

127.3, 127.0, 124.9, 122.6, 121.9, 119.8, 113.1, 93.3, 53.7, 42.1, 40.0. IR (ν, cm-1): 3060, 2954, 

2925, 2851, 1751, 1725, 1702, 1610, 1467, 1435, 1404, 1359, 1297, 1242, 1195, 1146, 1077, 

1024, 992, 882, 760, 705, 649, 619; HRMS (ESI): Exact mass calcd for C24H18O5NBr [M+Na]+: 

502.0261, Found 502.0260. The compound 4c 92% ee was determined by chiral HPLC column 

(Chiralpak AD-H, hexane/i-PrOH = 90:10, flow rate = 1.0 mL/min, λ= 254 nm), tR (major) = 

30.41 min, tR (minor) = 40.91 min.

Methyl (S)-2-((S)-1-(2-nitrophenyl)-3-oxo-3-(pyridin-2-yl)propyl)-3-oxo-2,3-

dihydrobenzofuran-2-carboxylate (4d)

General experimental procedure II was followed to prepare the 

Michael addition product 4d. The desired product was obtained 

as foamy solid (100 mg, 86% yield). 1H NMR (500MHz, CDCl3) 

δ = 8.71 - 8.70 (m, 1 H), 7.93 (td, J = 0.9, 7.9 Hz, 1 H), 7.79 (dt, 

J = 1.9, 7.7 Hz, 1 H), 7.77 - 7.72 (m, 1 H), 7.64 - 7.56 (m, 2 H), 

7.50 - 7.43 (m, 2 H), 7.26 - 7.21 (m, 3 H), 7.04 - 7.01 (m, 1 H), 5.49 (dd, J = 4.6, 9.6 Hz, 1 H), 

4.23 (dd, J = 9.5, 17.7 Hz, 1 H), 4.11 (dd, J = 4.6, 17.8 Hz, 1 H), 3.80 (s, 3 H).13C NMR 

(126MHz, CDCl3) δ = 198.2, 193.6, 171.8, 165.3, 152.8, 150.9, 149.0, 138.7, 136.9, 132.1, 

131.7, 129.3, 128.2, 127.4, 125.1, 124.9, 122.9, 121.9, 119.6, 113.3, 92.5, 53.7, 38.7, 37.5. IR 

(ν, cm-1): 3058, 2954, 2873, 1751, 1723, 1609, 1530, 1468, 1438, 1354, 1298, 1242, 1194, 

1144, 1096, 1059, 992, 955, 888, 857, 760; HRMS (ESI): Exact mass calcd for C24H18N2O7 

[M+Na]+: 469.1006., Found 469.1003. [α]D 
26.6  = -12,480 (c 2.50, CHCl3). The compound 4d 

88% ee was determined by chiral HPLC column (Chiralpak AD-H, hexane/i-PrOH = 90:10, 

flow rate = 1.0 mL/min, λ= 254 nm), tR (major) = 46.93 min, tR (minor) = 64.91 min.

O

O O

O

O
NO2N

O

O O

O

O
NBr



S6

Methyl (S)-2-((S)-1-(4-fluorophenyl)-3-oxo-3-(pyridin-2-yl)propyl)-3-oxo-2,3-

dihydrobenzofuran-2-carboxylate (4e)

General experimental procedure II was followed to prepare the 

Michael addition product 4e. The desired product was obtained 

as yellow foamy solid (104 mg, 95% yield). 1H NMR (500MHz, 

CDCl3) δ = 8.72 - 8.67 (m, 1 H), 7.89 (td, J = 1.2, 7.7 Hz, 1 H), 

7.77 (dt, J = 1.7, 7.6 Hz, 1 H), 7.56 (ddd, J = 1.4, 7.1, 8.5 Hz, 1 

H), 7.46 (ddd, J = 1.3, 4.9, 7.4 Hz, 1 H), 7.38 - 7.34 (m, 1 H), 

7.28 - 7.23 (m, 3 H), 7.20 (d, J = 8.5 Hz, 1 H), 6.98 - 6.91 (m, 1 H), 6.73 - 6.66 (m, 2 H), 4.68 

(dd, J = 3.6, 10.9 Hz, 1 H), 4.38 (dd, J = 10.9, 17.8 Hz, 1 H), 3.81 (s, 3 H), 3.59 - 3.51 (m, 1 

H).13C NMR (126MHz, CDCl3) δ = 198.4, 194.5, 172.4, 165.8, 162.9 (d, J = 246.4 Hz), 152.9, 

149.0, 138.5, 136.9, 131.9 (d, J = 3.24 Hz), 131.1 (d, J = 7.60 Hz), 127.3, 124.7, 122.6, 121.9, 

119.8, 115.0 (d, J = 21.27 Hz), 113.0, 93.8, 53.6, 44.1, 39.0. IR (ν, cm-1): 3055, 2954, 2925, 

2851, 1750, 1723, 1609, 1509, 1467, 1358, 1324, 1297, 1231, 1153, 1100, 1074, 1024, 993, 

957, 886, 838, 753, 652, 621; HRMS (ESI): Exact mass calcd for C24H18O5NF [M+Na]+: 

442.1061, Found 442.1055. [α]D 
26  = -12.48 (c 2.50, CHCl3). The compound 4e 90% ee was 

determined by chiral HPLC column (Phenomenex Amylose-2, hexane/i-PrOH = 80:20, flow 

rate = 1.0 mL/min, λ= 254 nm), tR (major) = 23.41 min, tR (minor) = 40.51 min.

Methyl (R)-2-((R)-1-(4-fluorophenyl)-3-oxo-3-(pyridin-2-yl)propyl)-3-oxo-2,3-

dihydrobenzofuran-2-carboxylate(ent-4e)

General experimental procedure II was followed to prepare the 

Michael addition product ent-4e. The desired product was 

obtained as semi solid (52 mg, 94% yield, dr 83:17). 1H NMR 

(500MHz, CDCl3) corresponding to 4e. 13C NMR (126MHz, 

CDCl3) corresponding to 4e. [α]D 
26  = +134.68 (c 2. 5, CHCl3). 

The major diastereomer of compound ent-4e 96% ee was 

determined by chiral HPLC column (Phenomenex Amylose-2, hexane/i-PrOH = 80:20, flow 

rate = 1.0 mL/min, λ= 254 nm), tR (major) = 44.51 min, tR (minor) = 24.58 min. The minor 

diastereomer of compound ent-4e 97% ee was determined by chiral HPLC column 

(Phenomenex Amylose-2, hexane/i-PrOH = 80:20, flow rate = 1.0 mL/min, λ= 254 nm), tR 

(major) = 36.63 min, tR (minor) = 62.48 min.
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Methyl (S)-2-((S)-1-(4-chlorophenyl)-3-oxo-3-(pyridin-2-yl)propyl)-3-oxo-2,3-

dihydrobenzofuran-2-carboxylate (4f)

General experimental procedure II was followed to prepare the 

Michael addition product 4f. The desired product was obtained 

as foamy solid (102 mg, 90% yield). 1H NMR (500MHz, 

CDCl3) δ = 8.70 - 8.69 (m, 1 H), 7.89 (td, J = 1.2, 7.7 Hz, 1 H), 

7.77 (dt, J = 1.6, 7.7 Hz, 1 H), 7.57 (ddd, J = 1.4, 7.2, 8.4 Hz, 1 

H), 7.46 (ddd, J = 1.3, 4.9, 7.4 Hz, 1 H), 7.24 - 7.20 (m, 4 H), 

7.00 - 6.96 (m, 3 H), 4.67 (dd, J = 3.3, 10.9 Hz, 1 H), 4.39 (dd, J = 10.7, 18.0 Hz, 1 H), 3.80 

(s, 3 H), 3.55 (dd, J = 3.5, 18.0 Hz, 1 H).13C NMR (126MHz, CDCl3) δ = 198.3, 194.4, 172.4, 

165.8, 152.8, 149.0, 138.6, 136.9, 134.8, 133.2, 130.8, 128.2, 127.4, 124.8, 122.7, 121.9, 119.8, 

113.1, 93.7, 53.7, 44.1, 38.9. IR (ν, cm-1): 3034, 2958, 2923, 1749, 1722, 1609, 1467, 1436, 

1358, 1324, 1296, 1241, 1195, 1146, 1096, 1021, 992, 884, 833, 762, 704, 677, 648; HRMS 

(ESI): Exact mass calcd for C24H18O5NCl [M+Na]+: 458.0766, Found 458.0762. [α]D 
27.4  = 

+0.5320 (c 2.50, CHCl3). The compound 4f 84% ee was determined by chiral HPLC column 

(Chiralpak AS-H, hexane/i-PrOH = 90:10, flow rate = 0.5 mL/min, λ= 254 nm), tR (major) = 

43.21 min, tR (minor) = 35.11 min.

Methyl (R)-2-((R)-1-(4-chlorophenyl)-3-oxo-3-(pyridin-2-yl)propyl)-3-oxo-2,3-

dihydrobenzofuran-2-carboxylate(ent-4f)

General experimental procedure II was followed to prepare 

the Michael addition product ent-4f. The desired product was 

obtained as semi solid (52 mg, 91% yield, dr 79:21). 1H NMR 

(500MHz, CDCl3) corresponding to 4f. 13C NMR (126MHz, 

CDCl3) corresponding to 4f. [α]D 
26  = +126.68 (c 2. 5, CHCl3). 

The major diastereomer of compound ent-4f 98% ee was 

determined by chiral HPLC column (Chiralpak AS-H, hexane/i-PrOH = 90:10, flow rate = 0.5 

mL/min, λ= 254 nm), tR (major) = 35.26 min, tR (minor) = 43.44 min. The minor diastereomer 

of compound ent-4f 96% ee was determined by chiral HPLC column (Chiralpak AS-H, 

hexane/i-PrOH = 90:10, flow rate = 0.5 mL/min, λ= 254 nm), tR (major) = 39.05 min, tR 

(minor) = 66.98 min.

Methyl (S)-2-((S)-1-(4-bromophenyl)-3-oxo-3-(pyridin-2-yl)propyl)-3-oxo-2,3-

dihydrobenzofuran-2-carboxylate(4g)
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General experimental procedure II was followed to prepare the 

Michael Addition product 4g. The desired product was obtained 

as white foamy solid (122 mg, 98% yield). 1H NMR (500MHz, 

CDCl3) δ = 8.72 (d, J = 4.4 Hz, 1 H), 7.92 (d, J = 7.9 Hz, 1 H), 

7.78 (dt, J = 1.7, 7.6 Hz, 1 H), 7.61 - 7.58 (m, 1 H), 7.46 (ddd, 

J = 1.3, 4.7, 7.6 Hz, 1 H), 7.41 - 7.39 (m, 1 H), 7.23 - 7.15 (m, 

5 H), 6.97 (t, J = 7.4 Hz, 1 H), 4.65 (dd, J = 3.5, 10.7 Hz, 1 H), 4.38 (dd, J = 10.9, 18.1 Hz, 1 

H), 3.80 (s, 3 H), 3.54 (dd, J = 3.5, 18.0 Hz, 1 H).13C NMR (126MHz, CDCl3) δ = 198.2, 194.3, 

172.4, 165.7, 152.9, 149.0, 138.6, 136.9, 135.4, 131.1, 127.4, 124.9, 122.7, 121.9, 121.5, 119.8, 

113.1, 93.7, 53.7, 44.1, 38.9. IR (ν, cm-1): 3058, 2954, 2925, 2852, 1750, 1723,1701, 1611, 

1476, 1462,  1357, 1325, 1298, 1246, 1196, 1146, 1076, 1025, 993, 881, 832, 796, 759, 667, 

617; HRMS (ESI): Exact mass calcd for C24H18O5NBr [M+Na]+: 502.0261, Found 502.0259. 

[α]D 
26  = -114.80 (c 3.0, CHCl3). The compound 4g 92% ee was determined by chiral HPLC 

column (Chiralpak AS-H, hexane/i-PrOH = 95:5, flow rate = 0.5 mL/min, λ= 254 nm), tR 

(major) = 69.86 min, tR (minor) = 57.30 min.

Methyl (R)-2-((R)-1-(4-bromophenyl)-3-oxo-3-(pyridin-2-yl)propyl)-3-oxo-2,3-

dihydrobenzofuran-2-carboxylate(ent-4g)

General experimental procedure II was followed to prepare 

the Michael addition product ent-4g. The desired product was 

obtained as semi solid (59 mg, 95% yield, dr 72:28). 1H NMR 

(500MHz, CDCl3) corresponding to 4g. 13C NMR (126MHz, 

CDCl3) corresponding to 4g. The major diastereomer of 

compound ent-4g 84% ee was determined by chiral HPLC 

column (Chiralpak AS-H, hexane/i-PrOH = 90:10, flow rate = 0.5 mL/min, λ= 254 nm), tR 

(major) = 37.17 min, tR (minor) = 45.04 min. The minor diastereomer of compound ent-4g 

90% ee was determined by chiral HPLC column (Chiralpak AS-H, hexane/i-PrOH = 95:05, 

flow rate = 0.5 mL/min, λ= 254 nm), tR (major) = 61.99 min, tR (minor) = 76.25 min.

Methyl (S)-2-((S)-1-(furan-2-yl)-3-oxo-3-(pyridin-2-yl)propyl)-3-oxo-2,3-

dihydrobenzofuran-2-carboxylate (4h)
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General experimental procedure II was followed to prepare the 

Michael Addition product 4h. The desired product was obtained 

as semi solid (92 mg, 91% yield). 1H NMR (500MHz, CDCl3) 

δ = 8.72 - 8.70 (m, 1 H), 8.00 - 7.96 (m, 1 H), 7.81 (dt, J = 1.6, 

7.7 Hz, 1 H), 7.58 (ddd, J = 1.4, 7.1, 8.5 Hz, 1 H), 7.51 - 7.49 

(m, 2 H), 7.20 (d, J = 8.5 Hz, 1 H), 7.02 - 6.99 (m, 2 H), 6.08 (d, J = 3.2 Hz, 1 H), 5.99 (dd, J 

= 1.9, 3.2 Hz, 1 H), 4.81 (dd, J = 3.5, 10.7 Hz, 1 H), 3.80 (s, 3 H), 3.55 (dd, J = 3.3, 18.1 Hz, 

1 H).13C NMR ( 126 MHz, CDCl3) δ = 198.1, 194.4, 172.5, 165.5, 152.9, 150.2, 149.0, 141.8, 

138.3, 136.9, 127.3, 124.7, 122.5, 121.9, 119.4, 113.3, 110.0, 108.7, 92.8, 53.6, 38.9, 37.2. IR 

(ν, cm-1): 3034, 2958, 2923, 1751, 1725, 1703, 1610, 1500, 1462, 1357, 1325, 1298, 1280, 

1196, 1147, 1079, 1019, 993, 913, 878, 756, 618; HRMS (ESI): Exact mass calcd for 

C22H17NO6 [M+Na]+: 414.0948, Found 414.0939. [α]D 
27.4  = -50.844 (c 2.25, CHCl3). The 

compound 4h 86% ee was determined by chiral HPLC column (Chiralpak AS-H, hexane/i-

PrOH = 95:05, flow rate = 1.0 mL/min, λ= 254 nm), tR (major) = 46.24 min, tR (minor) = 

43.48 min.

Methyl (S)-5-chloro-3-oxo-2-((S)-3-oxo-1-phenyl-3-(pyridin-2-yl)propyl)-2,3-

dihydrobenzofuran-2-carboxylate (4i)

General experimental procedure II was followed to prepare 

the Michael Addition product 4i. The desired product was 

obtained as yellow foamy solid (100mg, 88% yield). 1H 

NMR (500MHz, CDCl3) δ = 8.70 - 8.69 (m, 1 H), 7.89 (td, J 

= 0.9, 7.9 Hz, 1 H), 7.77 (dt, J = 1.9, 7.7 Hz, 1 H), 7.49 - 7.43 

(m, 2 H), 7.29 (d, J = 1.9 Hz, 1 H), 7.29 - 7.25 (m, 2 H), 7.15 (d, J = 8.5 Hz, 1 H), 7.03 - 7.01 

(m, 3 H), 4.68 (dd, J = 3.8, 10.7 Hz, 1 H), 4.39 (dd, J = 10.4, 18.0 Hz, 1 H), 3.81 (s, 3 H), 3.58 

- 3.54 (m, 1 H).13C NMR (126MHz, CDCl3) δ = 198.3, 193.4, 170.7, 165.5, 152.9, 148.9, 138.2, 

136.9, 135.9, 129.4, 128.1, 127.9, 127.6, 127.3, 124.0, 121.9, 121.0, 114.4, 94.9, 53.7, 44.8, 

38.8. IR (ν, cm-1): 3060, 2954, 1752, 1727, 1701, 1606, 1493, 1462, 1362, 1304, 1268, 1239, 

1182, 1145, 1123, 1087, 1060, 994, 876, 824, 771, 735, 673; HRMS (ESI): Exact mass calcd 

for C24H18O5NCl [M+Na]+: 458.0766, Found 458.0763. [α]D 
26  = -27.70 (c 2.0, CHCl3). The 

compound 4i 83% ee was determined by chiral HPLC column (Chiralpak AD-H, hexane/i-

PrOH = 90:10, flow rate = 0.5 mL/min, λ= 254 nm), tR (major) = 51.32 min, tR (minor) = 

65.11 min. After single recrystallization(3:7 mixture of DCM:Hexane) 99.36% ee was 

observed. 
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Methyl (S)-5-bromo-3-oxo-2-((S)-3-oxo-1-phenyl-3-(pyridin-2-yl)propyl)-2,3-

dihydrobenzofuran-2-carboxylate(4j)

General experimental procedure II was followed to prepare 

the Michael Addition product 4j. The desired product was 

obtained as foamy solid (106 mg, 85% yield). 1H NMR 

(400MHz, CDCl3) δ = 8.70 - 8.69 (m, 1 H), 7.89 (td, J = 1.0, 

7.8 Hz, 1 H), 7.79 - 7.76 (m, 1 H), 7.62 (dd, J = 2.2, 8.8 Hz, 

1 H), 7.47 - 7.44 (m, 2 H), 7.27 - 7.25 (m, 3 H), 7.12 (d, J = 8.8 Hz, 1 H), 7.04 – 7.02 (m, 2 H), 

4.68 (dd, J = 3.7, 10.5 Hz, 1 H), 4.39 (dd, J = 10.6, 17.9 Hz, 1 H), 3.81 (s, 3 H), 3.58 (d, J = 

3.7 Hz, 1 H).13C NMR (101MHz, CDCl3) δ = 198.2, 193.2, 171.1, 165.4, 152.9, 148.9, 140.9, 

136.9, 135.8, 129.4,  128.1, 127.6, 127.3, 127.1, 121.9, 121.5, 114.9, 114.8, 94.7, 53.7, 44.8, 

38.8.IR (ν, cm-1): 3034, 2958, 2923, 1744, 1727, 1607, 1549, 1496, 1377, 1324, 1296, 1280, 

1191, 1145, 1084, 1052, 982, 866, 818, 782, 701, 674, 562; HRMS (ESI): Exact mass calcd 

for C24H18O5NBr[M+Na]+: 502.0261, Found 502.0259. [α]D 
28.3  = -129.90 (c 2.0, CHCl3). The 

compound 4j 74% ee was determined by chiral HPLC column (Chiralpak AS-H, hexane/i-

PrOH = 90:10, flow rate = 0.50 mL/min, λ= 254 nm), tR (major) = 29.59 min, tR (minor) = 

23.81 min.

Methyl (S)-5-iodo-3-oxo-2-((S)-3-oxo-1-phenyl-3-(pyridin-2-yl)propyl)-2,3-

dihydrobenzofuran-2-carboxylate (4k)

General experimental procedure II was followed to prepare 

the Michael Addition product 4k. The desired product was 

obtained as foamy solid (114mg, 83% yield). 1H NMR 

(500MHz, CDCl3) δ = 8.72 - 8.70 (m, 1 H), 7.91 - 7.89 (m, 1 

H), 7.79 - 7.77 (m, 2 H), 7.65 (d, J = 1.9 Hz, 1 H), 7.47 (ddd, 

J = 1.3, 4.7, 7.6 Hz, 2 H), 7.29 - 7.26 (m, 2 H), 7.05 - 7.02 (m, 4 H), 4.69 (dd, J = 3.8, 10.4 Hz, 

2 H), 4.40 (dd, J = 10.6, 17.8 Hz, 1 H), 3.81 (s, 3 H), 3.60 - 3.55 (m, 1 H).13C NMR (126MHz, 

CDCl3) δ = 198.2, 192.8, 171.8, 165.4, 152.9, 148.9, 146.9, 136.9, 135.9, 133.3, 129.4, 128.1, 

127.6, 127.3, 122.2, 121.9, 115.3, 94.5, 84.6, 53.7, 44.7, 38.8. IR (ν, cm-1): 3060, 2955, 1750, 

1725, 1701, 1599, 1494,1435, 1362, 1271, 1239, 1177, 1146, 1087, 1026, 993, 895, 873, 767, 

735, 705, 652; HRMS (ESI): Exact mass calcd for C24H18O5NI [M+Na]+: 550.0122, Found 

550.0118. [α]D 
26  = +147.355 (c 1.55, CHCl3). The compound 4k 70% ee was determined by 
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chiral HPLC column (AS-H, hexane/i-PrOH = 90:10, flow rate = 1.0 mL/min, λ= 254 nm), tR 

(major) = 21.96 min, tR (minor) = 17.50 min.

Methyl (S)-5-methoxy-3-oxo-2-((S)-3-oxo-1-phenyl-3-(pyridin-2-yl)propyl)-2,3-

dihydrobenzofuran-2-carboxylate(4l)

General experimental procedure II was followed to 

prepare the Michael Addition product 4l. The desired 

product was obtained as colourless solid (88 mg, 78% 

yield). 1H NMR (400MHz, CDCl3) δ = 8.70 - 8.69 (m, 1 

H), 7.89 (td, J = 1.0, 7.9 Hz, 1 H), 7.76 (dt, J = 1.7, 7.7 

Hz, 1 H), 7.45 (ddd, J = 1.3, 4.8, 7.5 Hz, 1 H), 7.30 - 7.27 

(m, 2 H), 7.15 - 7.10 (m, 2 H), 7.04 - 6.98 (m, 3 H), 6.72 (d, J = 2.4 Hz, 1 H), 4.67 (dd, J = 3.7, 

10.5 Hz, 1 H), 4.39 (dd, J = 10.6, 17.9 Hz, 1 H), 3.83 - 3.77 (m, 3 H), 3.66 (s, 3 H), 3.59 - 3.54 

(m, 1 H).13C NMR (101MHz, CDCl3) δ = 198.4, 194.7, 167.9, 166.1, 155.0, 153.0, 148.9, 

136.8, 136.2, 129.4, 128.4, 128.0, 127.3, 127.2, 121.8, 119.8, 113.9, 104.2, 94.7, 55.7, 53.6, 

44.8, 39.0. IR (ν, cm-1): 3034, 2958, 2923, 1754, 1737, 1610, 1549, 1496, 1377, 1324, 1296, 

1280, 1191, 1145, 1084, 1052, 982, 866, 818, 782, 701, 674; HRMS (ESI): Exact mass calcd 

for C25H21NO6 [M+Na]+: 454.1261, Found 454.1259. [α]D 
28.3  = -43.866 (c 1.75, CHCl3). The 

compound 4l 90% ee was determined by chiral HPLC column (Chiralpak IG, hexane/i-PrOH 

= 90:10, flow rate = 1.0 mL/min, λ= 254 nm), tR (major) = 92.18 min, tR (minor) = 104.52 

min.

Ethyl (S)-3-oxo-2-((S)-3-oxo-1-phenyl-3-(pyridin-2-yl)propyl)-2,3-dihydrobenzofuran-2-

carboxylate (4m)

General experimental procedure II was followed to prepare the 

Michael Addition product 4m. The desired product was 

obtained as foamy solid (98 mg, 91% yield). 1H NMR 

(500MHz, CDCl3) δ = 8.73 - 8.67 (m, 1 H), 7.88 (td, J = 0.9, 7.9 

Hz, 1 H), 7.75 (dt, J = 1.7, 7.6 Hz, 1 H), 7.53 (ddd, J = 1.4, 7.2, 

8.4 Hz, 1 H), 7.44 (ddd, J = 1.3, 4.8, 7.5 Hz, 1 H), 7.35 - 7.31 (m, 1 H), 7.31 - 7.26 (m, 2 H), 

7.20 (d, J = 8.5 Hz, 1 H), 7.03 - 6.92 (m, 3 H), 6.92 - 6.88 (m, 1 H), 4.70 (dd, J = 3.5, 10.7 Hz, 

1 H), 4.42 (dd, J = 10.7, 17.7 Hz, 1 H), 4.27 (q, J = 7.3 Hz, 2 H), 3.58 (dd, J = 3.5, 18.0 Hz, 1 

H), 1.27 (t, J = 7.1 Hz, 3 H).13C NMR (126MHz, CDCl3) δ = 198.5, 194.7, 172.5, 165.4, 153.0, 

148.9, 138.2, 136.8, 136.2, 129.5, 127.9, 127.3, 127.2, 124.6, 122.3, 121.8, 119.9, 113.1, 94.0, 
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62.9, 44.8, 38.9, 14.0. IR (ν, cm-1): 3059, 2983, 2934, 1746, 1722, 1609, 1465, 1397, 1324, 

1296, 1234, 1145, 1088, 1025, 992, 878, 859, 761, 702, 644; HRMS (ESI): Exact mass calcd 

for C25H21NO5 [M+Na]+: 438.1312, Found 438.1306. [α]D 
26  = -22.756 (c 2.25, CHCl3). The 

compound 4m 90% ee was determined by chiral HPLC column (Phenomenex Amylose-2, 

hexane/i-PrOH = 80:20, flow rate = 1.0 mL/min, λ= 254 nm), tR (major) = 27.09 min, tR 

(minor) = 48.89 min.

Ethyl (S)-6-methyl-3-oxo-2-((S)-3-oxo-1-phenyl-3-(pyridin-2-yl)propyl)-2,3-

dihydrobenzofuran-2-carboxylate(4n)

General experimental procedure II was followed to prepare 

the Michael Addition product 4n. The desired product was 

obtained as foamy solid (96 mg, 98% yield). 1H NMR 

(500MHz, CDCl3) δ = 8.70 - 8.69 (m, 1 H), 7.87 (td, J = 1.1, 

7.9 Hz, 1 H), 7.75 (dt, J = 1.7, 7.6 Hz, 1 H), 7.44 (ddd, J = 

1.3, 4.7, 7.6 Hz, 1 H), 7.29 - 7.27 (m, 2 H), 7.22 (d, J = 7.9 Hz, 1 H), 7.02 - 6.96 (m, 4 H), 6.72 

- 6.70 (m, 1 H), 4.69 (dd, J = 3.3, 10.9 Hz, 1 H), 4.40 (dd, J = 10.9, 17.8 Hz, 1 H), 4.26 (q, J = 

7.1 Hz, 2 H), 3.56 (dd, J = 3.5, 17.7 Hz, 1 H), 2.38 (s, 3 H), 1.27 (t, J = 7.1 Hz, 3 H).13C NMR 

(126MHz, CDCl3) δ = 198.5, 193.9, 173.0, 165.6, 153.1, 150.4, 148.9, 136.8, 136.4, 129.5, 

127.9, 127.2, 127.2, 124.2, 123.9, 121.8, 117.6, 113.1, 94.3, 62.8, 44.6, 38.9, 22.6, 14.0. IR (ν, 

cm-1): 3059, 2982, 1745, 1718, 1616, 1495, 1454, 1363, 1328, 1282, 1233, 1140, 1089, 1029, 

992, 860, 819, 773, 702, 667, 617; HRMS (ESI): Exact mass calcd for C26H23NO5 [M+Na]+: 

452.1468, Found 452.1461. [α]D 
26  = +120.04 (c 2.25, CHCl3). The compound 4n 98% ee was 

determined by chiral HPLC column (Phenomenex Amylose-2, hexane/i-PrOH = 80:20, flow 

rate = 1.0 mL/min, λ= 254 nm), tR (major) = 30.94 min, tR (minor) = 81.15 min.

Ethyl (R)-6-methyl-3-oxo-2-((R)-3-oxo-1-phenyl-3-(pyridin-2-yl)propyl)-2,3-

dihydrobenzofuran-2-carboxylate(ent-4n)

General experimental procedure II was followed to 

prepare the Michael addition product ent-4n. The desired 

product was obtained as semi solid (45 mg, 93% yield, 

dr 82:18). 1H NMR (500MHz, CDCl3) corresponding to 

4n. 13C NMR (126MHz, CDCl3) corresponding to 4n. 

[α]D 
26  = +90.90 (c 2.0, CHCl3). The major diastereomer of compound ent-4n 95% ee was 

determined by chiral HPLC column (Phenomenex Amylose-2, hexane/i-PrOH = 80:20, flow 
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rate = 1.0 mL/min, λ= 254 nm), tR (major) = 70.80 min, tR (minor) = 28.82 min. The minor 

diastereomer of compound ent-4n 98% ee was determined by chiral HPLC column 

(Phenomenex Amylose-2, hexane/i-PrOH = 80:20, flow rate = 1.0 mL/min, λ= 254 nm), tR 

(major) = 33.14 min, tR (minor) = 63.79 min.

Ethyl (S)-2-((S)-1-(2-fluorophenyl)-3-oxo-3-(pyridin-2-yl) propyl)-6-methyl-3-oxo-2,3-

dihydrobenzofuran-2-carboxylate (4o)

General experimental procedure II was followed to prepare 

the Michael Addition product 4o. The desired product was 

obtained as foamy colourless solid (98 mg, 97% yield). 1H 

NMR (500MHz, CDCl3) δ = 8.69 - 8.66 (m, 1 H), 7.89 (td, 

J = 0.9, 7.9 Hz, 1 H), 7.76 (dt, J = 1.7, 7.6 Hz, 1 H), 7.45 (ddd, J = 1.3, 4.7, 7.6 Hz, 1 H), 7.30 

- 7.27 (m, 2 H), 7.25 (s, 1 H), 7.03 (s, 1 H), 7.01 - 6.95 (m, 1 H), 6.86 (ddd, J = 1.3, 8.4, 9.9 

Hz, 1 H), 6.77 - 6.75 (m, 2 H), 5.06 (dd, J = 3.5, 10.7 Hz, 1 H), 4.33 - 4.25 (m, 3 H), 2.40 (s, 3 

H), 1.27 (t, J = 7.1 Hz, 3 H).13C NMR (126MHz, CDCl3) δ = 198.3, 193.4, 172.9, 165.4, 161.7 

(d, J = 249.53 Hz),  152.9, 150.5, 148.9, 136.8, 129.8 (d, J = 3.24 Hz), 128.9 (d, J = 8.58 Hz), 

127.2, 124.3 (d, J = 33.89 Hz), 124.0, 123.6 (d, J = 3.48 Hz), 121.8, 117.4, 115.6 (d, J = 23.51 

Hz), 113.1, 93.8, 62.9, 38.8, 36.7, 22.6, 14.0. IR (ν, cm-1): 3058, 2983, 2926, 1744, 1718, 1614, 

1590, 1491, 1362, 1328, 1282, 1231, 1140, 1100, 1072, 1027, 991, 941, 898, 860, 757, 703, 

665, 620; HRMS (ESI): Exact mass calcd for C26H22O5NF [M+Na]+: 470.1374, Found 

470.1368. [α]D 
26  = -18.267 (c 2.25, CHCl3). The compound 4o 98% ee was determined by 

chiral HPLC column (Chiralpak AD-H, hexane/i-PrOH = 90:10, flow rate = 0.5 mL/min, λ= 

254 nm), tR (major) = 57.67 min, tR (minor) = 88.64 min.

Ethyl (S)-2-((S)-1-(2-bromophenyl)-3-oxo-3-(pyridin-2-yl)propyl)-6-methyl-3-oxo-2,3-

dihydrobenzofuran-2-carboxylate (4p)

General experimental procedure II was followed to prepare 

the Michael Addition product 4p. The desired product was 

obtained as foamy solid (106 mg, 92% yield). 1H NMR 

(500MHz, CDCl3) δ = 8.68 (qd, J = 0.8, 4.7 Hz, 1 H), 7.90 (d, 

J = 7.9 Hz, 1 H), 7.76 (dt, J = 1.7, 7.6 Hz, 1 H), 7.46 - 7.42 

(m, 2 H), 7.36 (dd, J = 1.7, 7.7 Hz, 1 H), 7.27 (d, J = 1.6 Hz, 1 H), 7.05 (s, 1 H), 6.91 - 6.85 

(m, 2 H), 6.78 (d, J = 7.9 Hz, 1 H), 5.34 - 5.28 (m, 1 H), 4.30 - 4.27 (m, 3 H), 3.81 (dd, J = 3.6, 

17.8 Hz, 1 H), 2.45 (s, 1 H), 2.42 (s, 3 H), 1.31 - 1.26 (m, 3 H).13C NMR (126MHz, CDCl3) δ 
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= 193.4, 192.7, 172.9, 165.4, 153.0, 150.5, 148.9, 136.8, 136.8, 133.3, 129.1, 128.6, 127.2, 

127.0, 126.8, 124.5, 124.1, 121.9, 117.7, 117.5, 113.1, 93.7, 62.9, 42.0, 40.0, 22.6, 14.0.  IR (ν, 

cm-1): 3057, 2981, 2926, 1744, 1720, 1615, 1466, 1361, 1328, 1280, 1232, 1140, 1076, 1024, 

992, 860, 820, 758, 736, 672, 653; HRMS (ESI): Exact mass calcd for C26H22O5NBr [M+Na]+: 

530.0574, Found 530.0571. [α]D 
28.3  = +39.891 (c 2.75, CHCl3). The compound 4p 92% ee 

was determined by chiral HPLC column (Phenomenex Amylose-2, hexane/i-PrOH = 80:20, 

flow rate = 1.0 mL/min, λ= 254 nm), tR (major) = 24.85 min, tR (minor) = 29.39 min.

Ethyl (S)-2-((S)-1-(3-fluorophenyl)-3-oxo-3-(pyridin-2-yl)propyl)-6-methyl-3-oxo-2,3-

dihydrobenzofuran-2-carboxylate(4q)

General experimental procedure II was followed to prepare 

the Michael Addition product 4q. The desired product was 

obtained as foamy solid (93 mg, 92% yield). 1H NMR 

(500MHz, CDCl3) δ = 8.70 - 8.69 (m, 1 H), 7.89 (td, J = 1.2, 

7.7 Hz, 1 H), 7.77 (dt, J = 1.9, 7.7 Hz, 1 H), 7.46 (ddd, J = 

1.3, 4.7, 7.6 Hz, 1 H), 7.26 - 7.24 (m, 1 H), 7.09 (d, J = 7.6 Hz, 1 H), 7.02 - 6.99 (m, 3 H), 6.75 

(d, J = 7.9 Hz, 1 H), 6.69 - 6.63 (m, 1 H), 4.68 (dd, J = 3.3, 10.9 Hz, 1 H), 4.37 (dd, J = 10.9, 

17.8 Hz, 1 H), 4.26 (q, J = 6.9 Hz, 2 H), 3.55 (dd, J = 3.3, 17.8 Hz, 1 H), 2.39 (s, 3 H), 1.26 (t, 

J = 7.1 Hz, 3 H).13C NMR (126MHz, CDCl3) δ = 198.3, 193.7, 173.0, 165.4, 163.2 (d, J = 

245.74 Hz), 152.9, 150.8, 149.0, 139.0 (d, J = 7.27 Hz), 136.9, 129.4 (d, J = 8.23 Hz), 127.3, 

125.6 (d, J = 3.28 Hz), 124.6, 124.3, 124.1, 121.8, 117.5, 116.3 (d, J = 21.97 Hz), 114.3 (d, J 

= 21.03 Hz),, 113.1, 94.0, 62.9, 44.2, 38.9, 22.6, 14.0. IR (ν, cm-1): 3059, 2983, 1744, 1715, 

1614, 1487, 1445, 1360, 1328, 1279, 1229, 1142, 1115, 1088, 1027, 992, 892, 862, 775, 736, 

693, 637; HRMS (ESI): Exact mass calcd for C26H22O5NF [M+Na]+: 470.1374, Found 

470.1369. [α]D 
26  = +12.667 (c 2.25, CHCl3). The compound 4q 80% ee was determined by 

chiral HPLC column (Chiralpak AD-H, hexane/i-PrOH = 90:10, flow rate = 1.0 mL/min, λ= 

254 nm), tR (major) = 22.86 min, tR (minor) = 30.11 min.

Ethyl (S)-2-((S)-1-(4-fluorophenyl)-3-oxo-3-(pyridin-2-yl)propyl)-6-methyl-3-oxo-2,3-

dihydrobenzofuran-2-carboxylate (4r)

General experimental procedure II was followed to prepare 

the Michael Addition product 4r. The desired product was 
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obtained as yellow foamy solid (97 mg, 96% yield). 1H NMR (500MHz, CDCl3) δ = 8.70 - 

8.69 (m, 1 H), 7.88 (td, J = 0.9, 7.9 Hz, 1 H), 7.76 (dt, J = 1.6, 7.7 Hz, 1 H), 7.45 (ddd, J = 1.3, 

4.7, 7.6 Hz, 1 H), 7.27 - 7.23 (m, 3 H), 7.00 (s, 1 H), 6.76 - 6.67 (m, 3 H), 4.69 (dd, J = 3.2, 

11.0 Hz, 1 H), 4.37 (dd, J = 11.0, 17.7 Hz, 1 H), 4.27 (q, J = 7.3 Hz, 2 H), 3.53 (dd, J = 3.5, 

17.7 Hz, 1 H), 2.39 (s, 3 H), 1.27 (t, J = 7.1 Hz, 3 H).13C NMR (126MHz, CDCl3) δ = 198.5, 

193.8, 173.0, 165.5, 162.8 (d, J = 246.96 Hz), 153.0, 150.7, 148.9, 136.9, 136.8, 132.1 (d, J = 

4.15 Hz), 131.1 (d, J = 10.08 Hz), 127.3, 124.5, 124.2 (d, J = 13.37 Hz), 121.8, 117.5, 114.9, 

114.7, 113.0, 94.2, 62.8, 43.9, 38.9, 22.6, 14.0. IR (ν, cm-1): 3056, 2982, 2927, 1744, 1716, 

1614, 1509, 1435, 1360, 1328, 1281, 1224, 1160, 1140, 1097, 1027, 993, 856, 825, 774, 750, 

656, 619; HRMS (ESI): C26H22O5NF [M+Na]+: 470.1374, Found 470.1370. [α]D 
29.3  = -6.20 (c 

2.5, CHCl3). The compound 4r 88% ee was determined by chiral HPLC column (Chiralpak 

AD-H, hexane/i-PrOH = 90:10, flow rate = 0.5 mL/min, λ= 254 nm), tR (major) = 51.91 min, 

tR (minor) = 93.77 min.

Ethyl (S)-6-methyl-2-((S)-1-(4-nitrophenyl)-3-oxo-3-(pyridin-2-yl)propyl)-3-oxo-2,3-

dihydrobenzofuran-2-carboxylate (4s)

General experimental procedure II was followed to prepare 

the Michael Addition product 4s. The desired product was 

obtained as yellow foamy solid (102 mg, 95% yield). 1H 

NMR (500MHz, CDCl3) δ = 8.71 - 8.70 (m, 1 H), 7.91 - 

7.87 (m, 3 H), 7.79 - 7.75 (m, 1 H), 7.50 - 7.45 (m, 3 H), 

7.24 (d, J = 7.9 Hz, 1 H), 7.02 (s, 1 H), 6.78 (d, J = 7.9 Hz, 

1 H), 4.79 (dd, J = 3.2, 11.0 Hz, 1 H), 4.45 (dd, J = 11.2, 18.1 Hz, 1 H), 4.28 (q, J = 7.1 Hz, 2 

H), 3.61 (dd, J = 3.2, 18.3 Hz, 1 H), 2.41 (s, 3 H), 1.27 (t, J = 7.1 Hz, 3 H).13C NMR (126MHz, 

CDCl3) δ = 198.1, 193.4, 172.9, 165.1, 152.7, 151.2, 149.0, 147.0, 144.4, 137.0, 130.5, 127.5, 

124.5, 124.4, 123.1, 121.8, 117.3, 113.1, 93.6, 63.1, 44.1, 38.8, 22.7, 14.0. IR (ν, cm-1): 3058, 

2983, 2927, 2858, 1745, 1715, 1615, 1520, 1437, 1347, 1282, 1233, 1140, 1114, 1074, 1028, 

993, 942, 858, 821, 775, 755, 736, 696, 617; HRMS (ESI): Exact mass calcd for C26H22O7N2 

[M+Na]+: 497.1319, Found 497.1316. [α]D 
29.3  = -0.160 (c 2.5, CHCl3). The compound 4s 94% 

ee was determined by chiral HPLC column (Chiralpak AD-H, hexane/i-PrOH = 90:10, flow 

rate = 1.0 mL/min, λ= 254 nm), tR (major) = 66.83 min, tR (minor) = 87.59 min.

Ethyl (S)-2-((S)-1-(furan-2-yl)-3-oxo-3-(pyridin-2-yl)propyl)-6-methyl-3-oxo-2,3-

dihydrobenzofuran-2-carboxylate (4t)

O

O O

O

O
NMe

O2N
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General experimental procedure II was followed to 

prepare the Michael Addition product 4t. The desired 

product was obtained as foamy solid (72 mg, 76% yield).

1H NMR (500MHz, CDCl3) δ = 8.71 - 8.70 (m, 1 H), 7.96 

(td, J = 1.1, 7.9 Hz, 1 H), 7.80 (dt, J = 1.6, 7.7 Hz, 1 H), 

7.47 (ddd, J = 1.1, 5.0, 7.5 Hz, 1 H), 7.37 (d, J = 7.9 Hz, 1 H), 7.02 – 6.70 (m, 2 H), 6.82 (d, J 

= 7.9 Hz, 1 H), 6.08 (d, J = 3.2 Hz, 1 H), 6.00 (dd, J = 1.9, 3.2 Hz, 1 H), 4.81 (dd, J = 3.3, 10.9 

Hz, 1 H), 4.33 (dd, J = 10.7, 18.0 Hz, 1 H), 4.26 (q, J = 7.3 Hz, 2 H), 3.53 (dd, J = 3.2, 18.0 

Hz, 1 H), 2.41 (s, 3 H), 1.26 (t, J = 7.1 Hz, 4 H).13C NMR (126MHz, CDCl3) δ = 198.2, 193.8, 

173.1, 165.2, 152.9, 150.5, 149.0, 141.7, 136.8, 127.3, 124.3, 124.0, 121.9, 117.1, 113.3, 110.0, 

108.6, 93.1, 62.8, 38.8, 37.3, 22.6, 14.0. IR (ν, cm-1): 3056, 2982, 2926, 1745, 1718, 1615, 

1595, 1501, 1437, 1357, 1281, 1236, 1170, 1139, 1079, 1028, 994, 941, 912, 884, 860, 816, 

774, 753, 698, 650; HRMS (ESI): Exact mass calcd for C24H21NO6 [M+Na]+: 442.1261, Found 

442.1256. [α]D 
29.3  = -21.086 (c 1.75, CHCl3). The compound 3t 88% ee was determined by 

chiral HPLC column (Chiralpak IG, hexane/i-PrOH = 80:20, flow rate = 1.0 mL/min, λ= 254 

nm),  tR (major) = 30.72 min, tR (minor) = 39.96 min.

Methyl (S)-3-oxo-2-((S)-3-oxo-1,3-diphenylpropyl)-2,3-dihydrobenzofuran-2-

carboxylate (6)

General experimental procedure II was followed to prepare the Michael Addition product 6. 
1H NMR (400MHz, CDCl3) δ = 7.92 (d, J = 7.2 Hz, 2 H), 7.69 

(d, J = 7.8 Hz, 1 H), 7.73 (d, J = 7.1 Hz, 1 H), 7.59 - 7.50 (m, 

2 H), 7.50 - 7.39 (m, 4 H), 7.39 - 7.29 (m, 2 H), 7.29 - 7.12 (m, 

5 H), 7.07 - 6.96 (m, 3 H), 6.92 (t, J = 7.5 Hz, 1 H), 4.70 - 4.56 

(m, 1 H), 3.94 (dd, J = 10.3, 16.9 Hz, 1 H), 3.81 (s, 3 H), 3.54 

(s, 2 H), 3.49 (d, J = 13.8 Hz, 1 H), 3.06 - 2.96 (m, 1 H). 13C NMR (100MHz, CDCl3) δ = 196.6, 

196.4, 194.7, 194.2, 172.5, 172.2, 166.0, 165.0, 139.0, 138.4, 137.7, 136.6, 136.6, 135.8, 133.2, 

133.1, 129.3, 129.2, 128.6, 128.5, 128.3, 128.1, 128.1, 128.0, 127.6, 127.5, 125.0, 124.7, 123.0, 

122.5, 120.1, 119.8, 113.7, 113.0, 94.4, 93.7, 53.7, 53.2, 45.9, 45.0, 39.7, 38.6. HRMS (ESI): 

Exact mass calcd for C25H20NO5 [M+Na]+: 423.1203, Found 423.1195. 

(Catalyst-3k) 

O

O O

O

O
N

O

Me

O

O O

O

O
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The desired product 6 was obtained as liquid (21mg, 20% yield). (dr 20:80) Major diastereomer 

12% ee was determined by chiral HPLC column (Phenomenex Amylose-2, hexane/i-PrOH = 

80:20, flow rate = 1.0 mL/min, λ= 254 nm), tR (major) = 28.44 min, tR (minor) = 44.47 min. 

Minor diastereomer 30% ee was determined by chiral HPLC column (Phenomenex Amylose-2, 

hexane/i-PrOH = 80:20, flow rate = 1.0 mL/min, λ= 254 nm), tR (major) = 35.22 min, tR 

(minor) = 66.65 min.

(Catalyst-3l) 

The desired product ent-6 was obtained as liquid (37mg, 36% yield). (dr 43:57) Major 

diastereomer 20% ee was determined by chiral HPLC column (Phenomenex Amylose-2, 

hexane/i-PrOH = 80:20, flow rate = 1.0 mL/min, λ= 254 nm), tR (major) = 43.25 min, tR 

(minor) = 27.88 min. Minor diastereomer 20% ee was determined by chiral HPLC column 

(Phenomenex Amylose-2, hexane/i-PrOH = 80:20, flow rate = 1.0 mL/min, λ= 254 nm), tR 

(major) = 62.40 min, tR (minor) = 34.30 min.

Methyl (S)-3-oxo-2-((S)-3-oxo-1-phenyl-3-(pyridin-3-yl)propyl)-2,3-dihydrobenzofuran-

2-carboxylate (8)

General experimental procedure II was followed to prepare the Michael Addition product 8. 
1H NMR (400MHz, CDCl3) δ = 9.18 (br. s., 1 H), 8.95 (br. s., 

1 H), 8.79 (br. s., 1 H), 8.72 (br. s., 1 H), 8.24 (d, J = 7.7 Hz, 1 

H), 8.08 (d, J = 7.8 Hz, 1 H), 7.93 (d, J = 7.6 Hz, 1 H), 7.79 - 

7.63 (m, 2 H), 7.57 (t, J = 7.6 Hz, 1 H), 7.52 - 7.42 (m, 3 H), 

7.37 (d, J = 7.6 Hz, 3 H), 7.32 - 7.09 (m, 6 H), 7.09 - 6.80 (m, 

4 H), 4.62 (d, J = 10.0 Hz, 1 H), 3.94 (dd, J = 10.3, 17.0 Hz, 1 H), 3.82 (s, 2 H), 3.58 (d, J = 

3.5 Hz, 1 H), 3.55 (s, 3 H), 3.02 (d, J = 16.6 Hz, 1 H). 13C NMR (100MHz, CDCl3) δ = 195.4, 

195.1, 194.7, 194.1, 172.5, 172.3, 166.0, 164.9, 162.1, 152.7, 152.6, 148.8, 148.7, 139.2, 138.5, 

137.4, 136.3, 136.1, 135.5, 135.5, 132.2, 130.6, 129.3, 129.2, 129.1, 128.5, 128.2, 127.9, 127.7, 

125.0, 124.8, 124.1, 124.0, 123.2, 122.7, 120.0, 119.8, 119.0, 117.4, 113.7, 113.0, 94.1, 93.4, 

53.7, 53.3, 45.6, 44.7, 40.1, 38.9. HRMS (ESI): Exact mass calcd for C24H19NO5 [M+Na]+: 

424.1155, Found 424.1150

(Catalyst 3k) 

The desired product 8 was obtained as liquid (55 mg, 53% yield) (dr 27:73) Major diastereomer 

36% ee was determined by chiral HPLC column (AS-H, hexane/i-PrOH = 80:20, flow rate = 

O

O O

O

O
N
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0.5 mL/min, λ= 254 nm), tR (major) = 34.62 min, tR (minor) = 32.62 min. Minor diastereomer 

26% ee was determined by chiral HPLC column (AS-H, hexane/i-PrOH = 80:20, flow rate = 

0.5 mL/min, λ= 254 nm), tR (major) = 27.22 min, tR (minor) = 42.20 min.

(Catalyst 3l) 

The desired product ent-8 was obtained as liquid (75mg, 72% yield) (dr 64:36) Major 

diastereomer 17% ee was determined by chiral HPLC column (AS-H, hexane/i-PrOH = 80:20, 

flow rate = 0.5 mL/min, λ= 254 nm), tR (major) = 31.64 min, tR (minor) = 33.64 min. Minor 

diastereomer 26% ee was determined by chiral HPLC column (AS-H, hexane/i-PrOH = 80:20, 

flow rate = 0.5 mL/min, λ= 254 nm), tR (major) = 40.76 min, tR (minor) = 26.55 min.
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5. Crystal data and structure refinement for 4i(Major) and CCDC:1935062

Identification code N-5-Cl

Empirical formula C24 H18 Cl N O5

Formula weight 435.84

Temperature 296(2) K

Wavelength 1.54184 Å

Crystal system Orthorhombic

Space group P212121

Unit cell dimensions a = 10.857(3) Å = 90°.

b = 11.281(4) Å = 90°.

c = 17.580(4) Å  = 90°.
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Volume 2153.1(10) Å3

Z 4

Density (calculated) 1.345 Mg/m3

Absorption coefficient 1.877 mm-1

F(000) 904

Crystal size 0.150 x 0.150 x 0.100 mm3

Theta range for data collection 4.657 to 72.161°.

Index ranges -13<=h<=13, -12<=k<=13, -21<=l<=21

Reflections collected 28698

Independent reflections 4232 [R(int) = 0.0704]

Completeness to theta = 67.684° 99.7 % 

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.7436 and 0.5452

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 4232 / 0 / 281

Goodness-of-fit on F2 1.082

Final R indices [I>2sigma(I)] R1 = 0.0477, wR2 = 0.1149

R indices (all data) R1 = 0.0563, wR2 = 0.1218

Absolute structure parameter 0.084(10)

Extinction coefficient 0.0162(14)

Largest diff. peak and hole 0.176 and -0.194 e.Å-3

6. 6. ORTEP Diagram for compound 4i (Major) and CCDC:1935062 

7. 1873452 
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7. 1H and 13C NMR spectrum of compound 4a
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1H and 13C NMR spectrum of compound 4b
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1H and 13C NMR spectrum of compound 4c
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1H and 13C NMR spectrum of compound 4d
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1H and 13C NMR spectrum of compound 4e
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1H and 13C NMR spectrum of compound 4f
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1H and 13C NMR spectrum of compound 4g
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1H and 13C NMR spectrum of compound 4h
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1H and 13C NMR spectrum of compound 4i
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1H and 13C NMR spectrum of compound 4j
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1H and 13C NMR spectrum of compound 4k
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1H and 13C NMR spectrum of compound 4l
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1H and 13C NMR spectrum of compound 4m
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1H and 13C NMR spectrum of compound 4n
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1H and 13C NMR spectrum of compound 4o
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1H and 13C NMR spectrum of compound 4p
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1H and 13C NMR spectrum of compound 4q
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1H and 13C NMR spectrum of compound 4r
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1H and 13C NMR spectrum of compound 4s
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1H and 13C NMR spectrum of compound 4t
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8. HPLC chromatogram of compound 4a
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HPLC chromatogram of compound 4b
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HPLC chromatogram of compound 4c
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HPLC chromatogram of compound 4d 
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HPLC chromatogram of compound 4e 
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HPLC chromatogram of compound 4f 
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HPLC chromatogram of compound 4g 
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HPLC chromatogram of compound 4h 
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HPLC chromatogram of compound 4i 
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HPLC chromatogram of compound 4i (After single recrystallization)
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HPLC chromatogram of compound 4j (Major Diastereomer)
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4j (Minor Diastereomer)

HPLC chromatogram of compound 4j (Minor Diastereomer)
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HPLC chromatogram of compound 4k(Major Diastereomer)
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HPLC chromatogram of compound 4k(Minor Diastereomer)
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HPLC chromatogram of compound 4l 
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HPLC chromatogram of compound 4m
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HPLC chromatogram of compound 4n 
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HPLC chromatogram of compound 4o 
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HPLC chromatogram of compound 4p
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HPLC chromatogram of compound 4q 
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HPLC chromatogram of compound 4r 
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HPLC chromatogram of compound 4s 
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HPLC chromatogram of compound 4t 
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9.  HPLC chromatogram of compound ent-4a
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HPLC chromatogram of compound ent-4b
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HPLC chromatogram of compound ent-4e
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HPLC chromatogram of compound ent-4f



S67

HPLC chromatogram of compound ent-4g
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HPLC chromatogram of compound ent-4n
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10. Control Experiments
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1H and 13C NMR spectrum of compound 6

1H and 13C NMR spectrum of compound 8
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HPLC chromatogram of compound 6 (Catalyst 3k)
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HPLC chromatogram of compound 6 (Catalyst 3l)



S73

HPLC chromatogram of compound 8 (Catalyst 3k)
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HPLC chromatogram of compound 8 (Catalyst 3l)
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11. Catalyst Screening
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12. Solvent Screening
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