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1. General Remarks.

All the solvents were purchased from commercial source and dried prior to use. All the 
enantioselective Michael reactions were performed in an oven-dried Schlenk flask under an inert 
atmosphere of argon. All products were purified by column chromatography on silica gel 60-120 
mesh using a mixture of ethylacetate-hexane as eluents. Progress of the reaction was monitored 
by Thin Layer Chromatography. 1H NMR spectra were recorded in CDCl3 using 300 MHz or 
500 MHz spectrometers. 13C NMR spectra were recorded in CDCl3 using 75 MHz and 125 MHz 
NMR spectrometers. The chemical shifts (δ) were reported in parts per million (ppm) with 
respect to TMS as an internal standard. The coupling constants (J) are quoted in Hertz (Hz). 
Mass spectra were recorded on mass spectrometer by Electrospray ionization (ESI) technique. 
HPLC analysis was carried out in a Shimadzu LC-20 using chiral columns. A mixture of hexane-
isopropyl alcohol was used as eluent. Optical rotations of the products were recorded on Digipol-
781 M6U Polarimeter.  

2. X ray crystallographic data for 3i and 5c

X-ray data for the compounds were collected at room temperature using a Bruker Smart Apex 

CCD diffractometer with graphite monochromated MoK radiation (=0.71073Å) with ω-scan 

method [1]. Preliminary lattice parameters and orientation matrices were obtained from four sets 

of frames.

  

Integration and scaling of intensity data were accomplished using SAINT program [1]. The 

structure was solved by direct methods using SHELXS97 [2] and refinement was carried out by 

full-matrix least-squares technique using SHELXL97 [2]. Anisotropic displacement parameters 

were included for all non-hydrogen atoms. Atoms O4/O5/C21/C22 of the ester group of 3i are 

disordered over two positions and the site-occupancy factors were refined to 0.664(10) and 

0.336(10), respectively. The anisotropic displacement parameters of these disordered eater group 

were restrained to be similar (SIMU instruction in SHELXL97; Sheldrick, 2008). The O-bound 

H atom of 3i and 5c was located in difference Fourier maps and their positions and isotropic 

displacement parameters were refined.  All other H atoms were positioned geometrically and 

treated as riding on their parent C atoms [C-H = 0.93-0.97 Å and Uiso(H) = 1.5Ueq(C) for methyl 

H or 1.2Ueq(c) for other H atoms]. The methyl groups were allowed to rotate but not to tip.  .  In 

the absence of significant anomalous scattering efforts, Friedel pairs were merged in 3i. 
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However, the absolute configuration of the 5c was confirmed by unambiguous refinement of the 

absolute structure parameter (Flack & Bernardinelli, 2000).

3. Preparation of starting materials.

Ketoesters were prepared according to the reported literatures[3] .

a) General procedure for the preparation of 2-methyl-5-hydroxypyran-4-(1H)-one[4] (1)

Kojic acid (1 mmol) was dissolved in thionyl chloride (20 mmol) and the solution was stirred at 
room temperature for 30 minutes, precipitate was formed. The solid content was filtered and 
washed with hexane to give white solid (chlorokojic acid, 98% yield). The obtained white solid 
was added to 5 ml of distilled water and heated to 50°C with stirring. Zinc dust (3 mmol) was 
added followed by the dropwise addition of concentrated hydrochloric acid (56.1 mL) over 1 h 
with vigorous stirring maintaining the temperature between 70 and 80°C. The reaction mixture 
was stirred for a further 3h at 70°C. The excess zinc was removed by hot filtration, and the 
filtrate was extracted with CH2Cl2. The organic extracts were dried over anhydrous sodium 
sulfate, solvent was evaporated under reduced pressure and the residue was purified through 
column chromatography on silica gel (Hexane/EtOAc = 40/60) to give white solid (2-Methyl-5-
hydroxypyran-4(1H)-one, 74% of yield).

(b) General procedure for the preparation of 2-(tert-butyldimethylsilanyloxy- methyl)-5-
hydroxypyrane-4-one[5] (4a)

To a stirred solution of kojic acid (5 mmol) in 25 ml CH2Cl2, triethylamine (10 mmol) and 
DMAP (2 mg) were added. Then tert-butyl dimethylsilyl chloride (10 mmol) was added at 0°C, 
and the reaction mixture was stirred at the same temperature for 1 hr. The obtained reaction 
mixture was washed with water, extracted with ethyl acetate and the organic layer was dried over 
sodium sulfate. After removal of solvent the residue was used without further purification. To the 
above obtained residue was added 30% fomic acid/chloroform solution (25/25 ml) and the 
mixture was stirred for 1hour. After the completion of the reaction, Water (50ml) was added, 
extracted with chloroform and the obtained organic layer was dried with sodium sulfate. The 
solvent was evaporated under reduced pressure and the residue was purified through column 
chromatography on silica gel (Hexane/EtOAc = 80/20) to give 2-(tert-
butyldimethylsilanyloxymethyl)-5-hydroxypyrane-4-one (White solid, 94% of yield).

(c) General procedure for the preparation of 2-((4-chlorophenylthio)-methyl)-5-hydroxy-
4H-pyran-4-one[6] (4c)

To a stirred solution of chlorokojic acid (3 mmol) and triethylamine (4 mmol) in THF (10 mL) 
under N2 was added 4-chlorobenzenethiol (3.3 mmol). The reaction mixture was stirred for 10 h 
at room temperature, after which THF was evaporated in vacuo. The residue was extracted with 
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ethyl acetate and washed with water. The organic layer was dried over anhydrous sodium sulfate, 
solvent was evaporated under reduced pressure and the residue was purified through column 
chromatography on silica gel (Hexane/EtOAc = 3/7) to give white solid (2-((4-
chlorophenylthio)methyl)-5-hydroxy-4H-pyran-4-one, 75% yield).

4. Spectral data of thiourea catalysts.

 Ligand III

HN
H

S

NH

N

White solid, yield 85%, m.p. = 132-134 0C, [α]D
28 = -86.9 (c = 0.5, in CHCl3). 1H NMR (300 

MHz, CDCl3): δ 1.05 (s, 3H), 1.15-1.27 (m, 9H), 1.29-1.50 (m, 4H), 1.53-1.89 (m, 9H), 2.33 (d, 

J = 13.0 Hz, 1H ) 2.45-2.61 (m, 4H), 2.77-3.01 (m, 4H), 3.01- 3.21 (m, 1H), 3.50 (brs, 1H, NH), 

6..33 (brs, 1H, NH), 6.92 (s, 1H), 7.00 (d, J = 7.9 Hz, 1H), 7.16-7.30 (m, 5H), 7.38 (d, J = 6.9 

Hz, 1H). 13C NMR (125 MHz, CDCl3): δ 17.7, 18.4, 19.3, 23.9, 24.0, 25.2, 30.0, 33.4, 37.4, 38.2, 

38.4, 50.7, 73.2, 123.7, 124.3, 125.0, 126.8, 127.4, 129.1, 134.8, 145.6, 147.1, 182.9. IR (KBr): υ 

3273, 2928, 2857, 1545, 1453, 1376, 1269, 1114, 886, 752 cm-1; MS (ESI) m/z 544 [M+H]+; 

HRMS (ESI): Exact mass calcd for C35H50N3S  544.37200. Found: 544.37236

Ligand VIII

ON
H

AcO

OAc
OAcAcO

N
H

S

N

Off White solid, yield 86%, m.p. = 101-103 0C, [α]D
28 = -40.8 (c = 0.25, in CHCl3); 1H NMR 

(500 MHz, CDCl3): δ 1.53-1.90 (m, 6H), 2.01-2.11 (m, 12H), 2.56-2.75 (s, 4H), 2.93 (dd, J = 
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8.9, 15.9 Hz, 1H), 3.20 (dd, J = 7.9, 15.9 Hz, 1H), 3.52 (q, J = 7.9, 15.9 Hz, 1H) 3.93 (d, J = 8.9 

Hz, 1H), 4.14 (d, J = 10.9 Hz, 1H), 4.37 (dd, J = 3.9, 11.9 Hz, 1H), 5.00 (t, J = 4.9 Hz, 1H), 

5.07-5.17 (m, 2H), 5.37-5.44 (m, 1H), 6.10 (t, J = 8.9 Hz, 1H), 6.53 (d, J = 4.9 Hz, 1H), 7.20-

7.34 (m, 4H), 10.48 (d, J = 7.9 Hz, 1H). 13C NMR (125 MHz, CDCl3): δ 20.6, 20.7, 24.2, 25.8, 

26.3, 50.6, 61.7, 62.4, 68.2, 71.7, 72.9, 73.9, 74.6,  84.8, 123.7, 125.4, 127.5, 129.1, 138.0, 141.0, 

169.6, 169.8, 170.5. IR (KBr):  3354, 2937, 1752, 1541, 1373, 1373, 1225, 1038, 909, 752 cm-

1; MS (ESI) m/z 606 [M+H]+; HRMS (ESI): Exact mass calcd for C29H40O9N3S 606.24798. 

Found: 606.24919.

Ligand VI

N

NH

O O

N
H

CF3

CF3

White solid, yield 74%, m.p. = 290-292 0C, [α]D
28 = -73.5 (c = 0.5, in CHCl3). 1H NMR (300 

MHz, DMSO-d6): δ 1.40-1.76 (m, 6H), 2.56-2.80 (m, 4H), 3.43-3.28 (m, 3H), 5.83 (brs, 1H), 

7.37-7.08 (m, 4H), 7.41 (s, 1H), 8. 16-7.84 (m, 2H), 8.04 (m, 3H), 9.86 (brs, NH, 1H);  13C NMR 

(125 MHz, CDCl3): δ 23.2, 24.9, 30.3, 50.4, 59.2, 74.1, 113.7, 116.8, 122.9, 123.9, 125.0, 125.9, 

127.4, 130.9, 131.3, 138.8, 139.8, 140.1, 161.7, 168.4, 179.4, 183.2; IR (KBr): υ 3257, 2939, 

1793, 1686, 1606, 1560, 1442, 1379, 1279, 1177, 1133, 883, 745 cm-1; MS (ESI) m/z 524 

[M+H]+; HRMS (ESI): Exact mass calcd for C26H24F6N3O2 524.17672. Found: 524.17600.

Ligand VII

N

NH

O O

N
H

CF3
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White solid, yield 71%, m.p. = 270-272 0C, [α]D
28 = -71.2 (c = 0.5, in CHCl3). 1H NMR (300 

MHz, DMSO-D6): δ 1.37-1.77 (m, 6H), 2.48-2.77 (m, 4H), 2.91-2.38 (m, 3H), 5.75-5.91 (m, 

1H), 7.14-7.38 (m, 3H), 7.49-7.74 (m, 5H), 7.92 (d, J = 8.3 Hz, 1H), 9.51 (brs, NH, 1H); 13C 

NMR (75 MHz, CDCl3): δ 22.9, 24.6, 30.0, 50.0, 58.8, 73.8, 116.5, 122.7, 123.6, 125.0, 125.6, 

127.0, 138.5, 139.7, 141.1, 161.9, 167.9, 178.9, 182.9; IR (KBr): υ 3167, 2933, 1795, 1682, 1613 

1554, 1446, 1323, 1118, 1015, 840, 748, 671 cm-1; MS (ESI) m/z 456 [M+H]+; HRMS (ESI): 

Exact mass calcd for C25H25F3N3O2 456.18934. Found: 456.18833. 

4. Copy of 1H NMR and 13C NMR of ligands.

HN
H

S

NH

IV
N
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1H NMR and 13C NMR of 3a:  
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1H NMR and 13C NMR of 3b:  
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1H NMR and 13C NMR of 3c:  
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1H NMR and 13C NMR of 3d:  
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1H NMR and 13C NMR of 3f:  
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1H NMR and 13C NMR of 3g:  
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1H NMR and 13C NMR of 3h:  
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1H NMR and 13C NMR of 3i:  
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1H NMR and 13C NMR of 3j:  
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1H NMR and 13C NMR of 3k:  
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1H NMR and 13C NMR of 3l:  
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1H NMR and 13C NMR of 3m:  
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1H NMR and 13C NMR of 3n: 

O

O
O

OH
O

O

O

O
O

OH
O

O



S24

1H NMR and 13C NMR of 3o:  
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1H NMR  and 13C NMR of 5a:  

1H NMR  and 13C NMR of 5b:  
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1H NMR  and 13C NMR of 5c:  
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1H NMR  and 13C NMR of 5d: 
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3a: 
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3e:
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