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1. Optimization table: 

Table 1. Catalyst screening 

 

 

entrya catalyst 3a/4ab yield (3a)c dr (3a)d ee (3a)e 

1 I 2.2:1 59 >20:1 72 

2 II 1.9:1 58 >20:1 76 

3 III 1.5:1 54 >20:1 74 

4 IV 1.6:1 52 >20:1 94 

5 V 1.2:1 48 >20:1 96 

6 VI 1.7:1 57 >20:1 96 
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7 VII 1.2:1 52  >20:1 92 

8 VIII 0.2:1 12 >20:1 90 

9 IX 2.1:1 41 >20:1 92 

aReaction condition: Unless otherwise mentioned, 0.05 mmol of 1a and 0.1 mmol of 2a in 0.6 mL CH2Cl2 using 10 

mol% catalyst and 10% aq. NaHCO3 at room temperature for 3 days and then work up using 1 N HCl/CH2Cl2 and and 

then 100 mg silica (60-120 mesh) in 1 mL CH2Cl2 at room temperature for 2 days. bDetermined by 1H NMR. cIsolated 

yield of 3a after silica gel column chromatography. dDetermined by 1H NMR. eDetermined by HPLC using stationary 

phase chiral column.  

Table 2. Acidic condition and catalyst loading optimization 

 

entrya acidic conditions 3a/4ab yield (3a)c dr (3a)d ee (3a)e 

1 aq. work up then stirring 

with 100 mg silica 

0.8:1 46 >20:1 92 

2 1 N HCl work up then stirring 

with 100 mg silica 

1.7:1 57 >20:1 96 

3 1 N HCl work up then stirring 

with 300 mg silica 

0.8:1  25 >20:1 96 

4 1 N HCl work up then stirring 

with 500 mg silica 

0.6:1 21 >20:1 97 
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5 0.3 N HCl work up then 

stirring with 1 mL 0.3 N HCl 

1.3:1 56 >20:1 95 

6 0.5 N HCl work up then 

stirring with 1 mL 0.5 N HCl 

2.8:1 70 >20:1 98 

7 0.7 N HCl work up then 

stirring with 1 mL 0.7 N HCl 

3.9:1 78 >20:1 98 

8 1 N HCl work up then stirring 

with 1 mL 1 N HCl 

2.1:1 67 >20:1 97 

9 3 N HCl work up then stirring 

with 1 mL 3 N HCl 

2:1 63  >20:1 98 

10 6 N HCl work up then stirring 

with 1 mL 6 N HCl 

2:1 63 >20:1 92 

11 9 N HCl work up then stirring 

with 1 mL 9 N HCl 

1.9:1 61 >20:1 87 

12f 0.7 N HCl work up then 

stirring with 1 mL 0.7 N HCl 

2.7:1 69 >20:1 98 

aReaction condition: 0.05 mmol of 1a and 0.1 mmol of 2a in 0.6 mL CH2Cl2 using 10 mol% VI 

catalyst and 10% aq. NaHCO3 at room temperature for 3 days and then work up and then stirring 

under acidic conditions using 1 mL CH2Cl2 at room temperature for 2 days. bDetermined by 1H 

NMR. cIsolated yield of 3a. dDetermined by 1H NMR. eDetermined by HPLC using stationary 

phase chiral column. f5 mol% catalyst VI was used instead of 10 mol%. 

Table 3. Solvent screening 
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entrya solvent 3a/4ab yield (3a)c dr (3a)d ee (3a)e 

1 CH2Cl2 3.9:1 78 >20:1 98 

2 CHCl3 3.3:1 75 >20:1 98 

3 (CH2Cl)2 2.5:1 67 >20:1 86 

4 Et2O 0.2:1 17 >20:1 66 

5 toluene 2.3:1 64 >20:1 90 

6 PhCF3 4.3:1 80 >20:1 94 

aReaction condition: 0.05 mmol of 1a and 0.1 mmol of 2a in 0.6 mL solvent using 10 mol% VI 

catalyst and 10% aq. NaHCO3 at room temperature for 3 days and then acidic work up followed 

by stirring with 0.7 N HCl in 1 mL same solvent at room temperature for 2 days. bDetermined by 

1H NMR. cIsolated yield of 3a. dDetermined by 1H NMR. eDetermined by HPLC using stationary 

phase chiral column.  

Table 4. Inorganic base optimization 

 

entrya inorganic base [eq.] 3a/4ab yield (3a)c dr (3a)d ee (3a)e 

1 10% aq. NaHCO3 [50] 3.9:1 78 >20:1 98 

2 10% aq. Na2CO3 [50] 4.3:1 80 >20:1 89 
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3 10% aq. K2CO3 [50] 3.3:1 72 >20:1 70 

4 10% aq. NaHCO3 [25] 2.8:1 68 >20:1 97 

5 10% aq. NaHCO3 [10] 2.9:1 70 >20:1 96 

6 10% aq. NaHCO3 [2] 0.9:1 46 >20:1 99 

aReaction condition: 0.05 mmol of 1a and 0.1 mmol of 2a in 0.6 mL CH2Cl2 using 10 mol% VI catalyst and 10% aq. 

inorganic base at room temperature for 3 days and then acidic work up followed by stirring with 0.7 N HCl and 1 mL 

CH2Cl2 at room temperature for 2 days. bDetermined by 1H NMR. cIsolated yield of 3a. dDetermined by 1H NMR. 

eDetermined by HPLC using stationary phase chiral column. 

2. Crystal structure of products (3u) & (4j) for absolute stereochemistry determination: 

Single-crystal X-ray diffraction data were collected on a Bruker KAPPA APEX II DUO 

diffractometer using graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å). Data collection 

was carried out at 100 K. Temperature was controlled by an Oxford Cryostream cooling system 

(Oxford Cryostat). Cell refinement and data reduction were performed using the program SAINT. 

The structure was solved by direct methods and refined by full-matrix least-squares methods based 

on F2 using SHELXL-2013. 

a) Crystal Structure of Product (3u) 

Method for crystal growth: 

Dissolved 25mg of compound 3u in 1ml hexane+1ml dicholomethane, kept it for slow 

evaporation. 

Ellipsoid contour % probability levels in the caption for the image of the structure is 50. 

 

 

 

 

 



 

S7 
 

 

 

 

 

 

 

Table 5.  Crystal data and structure refinement for compound 3u 

Parameters   3u 

Moiety Formula   C22H15ClO3 

Sum Formula   C3.14 H2.14 Cl0.14 O0.43 

Fw   51.83 

Crystal system   orthorhombic 

Space group   P 21 21 21 

Hall group   P 2ac 2ab 

a/Å   5.5812(3) 

b/Å   16.1683(11) 

c/Å   19.0660(14) 

α/o   90 

β/o   90 

γ/o   90 

V/Å3   1720.5(2) 

Z   28 
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Dx, g cm-3   1.401 

Mu (mm-1)   0.241 

F000   752.0 

h, k, l max   7, 22, 26 

T/K   100 K 

Theta(max)   30.061 

Nref   5032 

Parameters refined   235 

R (reflections)   0.0366( 4394) 

wR2 (reflections)   0.0945( 5032) 

GOF (F2)   1.043 

CCDC No.    2047120 

 

b) Crystal Structure of Product (4j) 

Method for crystal growth: 

Dissolved 15mg of compound 3j in 1ml hexane+1ml dicholomethane, kept it for slow evaporation. 

Ellipsoid contour % probability levels in the caption for the image of the structure is 50. 
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Table 6.  Crystal data and structure refinement for compound 4j 

Parameters   4j 

Moiety Formula   C22H15Cl2NO2 

Sum Formula   C3.67 H2.50 Cl0.33 N0.17 O0.33 

Fw   66.04 

Crystal system   orthorhombic 

Space group   P 21 21 21 

Hall group   P 2ac 2ab 

a/Å   6.2728(4) 

b/Å   12.0399(8) 

c/Å   24.8487(18) 

α/o   90 

β/o   90 

γ/o   90 

V/Å3   1876.7(2) 

Z   24 
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Dx, g cm-3   1.402 

Mu (mm-1)   0.363 

F000   816.0 

h, k, l max   8, 16, 34 

T/K   100 K 

Theta(max)   30.042 

Nref   5475 

Parameters refined   245 

R (reflections)   0.0385( 4086) 

wR2 (reflections)   0.0858( 5475) 

GOF (F2)   0.939 

CCDC No.    2047123 
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3. NMR spectra of the products: 

1H NMR of 3a (600 MHz, CDCl3) 

 

13C{1H} NMR of 3a (150 MHz, CDCl3) 
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1H NMR of 4a (400 MHz, CDCl3) 

 

13C{1H} NMR of 4a (100 MHz, CDCl3) 

 

H2O 
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1H NMR of 3b (600 MHz, CDCl3) 

 

13C{1H} NMR of 3b (150 MHz, CDCl3) 
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1H NMR of 3c (600 MHz, CDCl3) 

 

13C{1H} NMR of 3c (150 MHz, CDCl3) 

 

 



 

S15 
 

1H NMR of 3d (400 MHz, CDCl3) 

 

13C{1H} NMR of 3d (100 MHz, CDCl3) 
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1H NMR of 4d (400 MHz, CDCl3) 

 

13C{1H} NMR of 4d (100 MHz, CDCl3) 
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1H NMR of 3e (400 MHz, CDCl3) 

 

13C{1H} NMR of 3e (100 MHz, CDCl3) 
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1H NMR of 4e (400 MHz, CDCl3) 

 

13C{1H} NMR of 4e (100 MHz, CDCl3) 
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1H NMR of 3f (600 MHz, CDCl3) 

 

13C{1H} NMR of 3f (150 MHz, CDCl3) 
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1H NMR of 4f (600 MHz, CDCl3) 

 

13C{1H} NMR of 4f (150 MHz, CDCl3) 
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1H NMR of 3g (400 MHz, CDCl3) 

 

13C{1H} NMR of 3g (150 MHz, CDCl3) 
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1H NMR of 3h (400 MHz, CDCl3) 

 

13C{1H} NMR of 3h (100 MHz, CDCl3) 
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1H NMR of 4h (400 MHz, CDCl3) 

 

13C{1H} NMR of 4h (100 MHz, CDCl3) 

 



 

S24 
 

1H NMR of 3i (400 MHz, CDCl3) 

 

13C{1H} NMR of 3i (100 MHz, CDCl3) 
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1H NMR of 3j (400 MHz, CDCl3) 

 

13C{1H} NMR of 3j (100 MHz, CDCl3) 
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1H NMR of 4j (400 MHz, CDCl3) 

 

13C{1H} NMR of 4j (100 MHz, CDCl3) 
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1H NMR of 3k (400 MHz, CDCl3) 

 

13C{1H} NMR of 3k (100 MHz, CDCl3) 
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 1H NMR of 4l (400 MHz, CDCl3) 

  

13C{1H} NMR of 4l (125 MHz, CDCl3) 
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1H NMR of 3m (400 MHz, CDCl3) 

 

13C{1H} NMR of 3m (100 MHz, CDCl3) 
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1H NMR of 4m (400 MHz, CDCl3) 

 

13C{1H} NMR of 4m (100 MHz, CDCl3) 
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1H NMR of 3n (600 MHz, CDCl3) 

 

13C{1H} NMR of 3n (150 MHz, CDCl3) 
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1H NMR of 3o (600 MHz, CDCl3) 

 

13C{1H} NMR of 3o (150 MHz, CDCl3) 
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1H NMR of 3p (600 MHz, CDCl3) 

 

13C{1H} NMR of 3p (150 MHz, CDCl3) 
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1H NMR of 4p (600 MHz, CDCl3) 

 

13C{1H} NMR of 4p (150 MHz, CDCl3) 
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1H NMR of 3q (600 MHz, CDCl3) 

 

13C{1H} NMR of 3q (150 MHz, CDCl3) 
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1H NMR of 3r (600 MHz, CDCl3) 

 

13C{1H} NMR of 3r (150 MHz, CDCl3) 
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1H NMR of 3s (600 MHz, CDCl3) 

 

13C{1H} NMR of 3s (150 MHz, CDCl3) 
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1H NMR of 3t (600 MHz, CDCl3) 

 

13C{1H} NMR of 3t (150 MHz, CDCl3) 
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1H NMR of 3u (600 MHz, CDCl3) 

 

13C{1H} NMR of 3u (150 MHz, CDCl3) 
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1H NMR of 3v (600 MHz, CDCl3) 

 

13C{1H} NMR of 3v (150 MHz, CDCl3) 
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1H NMR of 4v (400 MHz, CDCl3) 

 

13C{1H} NMR of 4v (100 MHz, CDCl3) 
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1H NMR of 3w (600 MHz, CDCl3) 

 

13C{1H} NMR of 3w (150 MHz, CDCl3) 
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1H NMR of 4w (600 MHz, CDCl3) 

 

13C{1H} NMR of 4w (150 MHz, CDCl3) 
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1H NMR of 3x (600 MHz, CDCl3) 

 

13C{1H} NMR of 3x (150 MHz, CDCl3) 
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1H NMR of 3y (600 MHz, CDCl3) 

 

13C{1H} NMR of 3y (150 MHz, CDCl3) 
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1H NMR of 3z (600 MHz, CDCl3) 

 

13C{1H} NMR of 3z (150 MHz, CDCl3) 
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1H NMR of 3pa (400 MHz, CDCl3) 

 

13C{1H} NMR of 3pa (100 MHz, CDCl3) 
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1H NMR of 3qa (600 MHz, CDCl3) 

 

13C{1H} NMR of 3qa (150 MHz, CDCl3) 
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1H NMR of 5a (400 MHz, CDCl3) 

 

13C{1H} NMR of 5a (100 MHz, CDCl3) 
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1H NMR of 5f (400 MHz, CDCl3) 

 

13C{1H} NMR of 5f (100 MHz, CDCl3) 
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4. HPLC chromatogram of the products: 
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