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1. General methods 

Flash chromatography (FC) was carried out using silica gel (200-300 mesh). 

Monitoring of reactions was performed by TLC on silica gel precoated on glass plates, 

and spots were visualized with UV light at 254nm. 
1
H and 

13
C NMR were recorded in 

CDCl3 on Bruker AVANCE III (500 MHz for 
1
H NMR and 125 MHz for 

13
C NMR). 

TMS served as internal standard (δ = 0 ppm) for 
1
H NMR and CDCl3 was used as 

internal standard (δ = 77.0 ppm) for 
13

C NMR;
 1
H NMR data are reported as follows: 

chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, m = multiplet), 

coupling constants (Hz) and integration. HPLC experiments were carried out using a 

JASCO LC-2000 Plus system with MD-2010 HPLC diode array detector.  

All experiments were carried out under air. Reactions in the ball mill were conducted 

using a Fritsch Planetary Micro Mill model “Pulverisette 7”. The milling instrument 

consists of a main disk which can rotate at a speed of 100-800 rpm and accommodates 

two grinding bowls (45 mL). Both bowls and balls (2 mm diameter) are made of 

stainless steel. 

Catalysts I-III
1
, compounds 2

2
 were synthesized according to the reported procedures. 

Commercially available compound 1 and solvents were used without further 

purification or drying. All reactions were carried out in oven-dried glassware. 

 

1. J. P. Malerich, K. Hagihara and V. H. Rawal, J. Am. Chem. Soc., 2008, 130, 14416-14417. 

2. J. T. Liu and C. F. Yao, Tetrahedron Lett., 2001, 42, 6147-6150. 
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2. General procedure:  

 

 

A clean, dry ball milling vessel was charged with 80 stainless steel grinding balls (2 

mm diameter), the catalyst IIIg (0.04 mmol, 0.5 mol %), nitroolefins 2 (8.00 mmol), 

1,3-dicarbonyl compounds 1  (2.0 equiv.) sequentially. The vessel was closed, and 

the milling was started (milling cycle: 5 min milling at 400 rpm, followed by a 2 min 

pause). As the reactions were proceeding, the yellowish nitroolefins disappeared, and 

the reaction mixture turned colorless. During the pause, the mixture was sampled and 

dissolved in CH2Cl2, followed by the TLC analysis immediately. Upon consumption 

of nitroolefin substrate (monitored by TLC), the mixture was obtained by washing the 

vessel and the balls with 3 × 35 mL EtOAc. The EtOAc solution was concentrated 

and purified by Flash chromatography to afford the conjugate addition product. The 

enantiomeric excess was determined by chiral-phase HPLC analyses.  

The two equivalents of the 1,3-dicarbonyl compound is necessary for the 

completion of the reaction. If 1:1 reagent ratios are used (other conditions was same 

with Table 3, entry 1), the yield was low and couldn’t consume the nitroolefin entirely 

even with longer milling time (58% yield, 30min), but the high enantioselectivity was 

maintained (93% ee). The excess of 1,3-dicarbonyl compound was removed by Flash 

chromatography. 

 

3. Characterization results 

3a 

NO2

O O

 

1
H NMR (500 MHz, CDCl3): δ = 7.36-7.26 (m, 3H), 7.21-7.15 (m, 2H), 4.69-4.57 (m, 2H), 4.37 

(d, J = 10.8 Hz, 1H), 4.24 (ddd, J = 10.8, 7.9, 4.8 Hz, 1H), 2.29 (s, 3H), 1.94 (s, 3H);
 13

C NMR 

(126 MHz, CDCl3): δ = 201.75, 200.97, 136.08, 129.34, 128.55, 127.96, 78.19, 70.76, 42.83, 

30.40, 29.54; HPLC (AS-H, 15% iPrOH in hexane, flow rate 1.0 ml/min): tR major 
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isomer = 17.4 min, tR minor isomer = 27.8 min. 

 

3b 

NO2

O O

 

1
H NMR (500 MHz, CDCl3): δ = 7.12 (d, J = 8.0 Hz, 2H), 7.06 (d, J = 8.1 Hz, 2H), 4.66-4.55 (m, 

2H), 4.35 (d, J = 10.8 Hz, 1H), 4.20 (ddd, J = 10.9, 7.7, 5.0 Hz, 1H), 2.30 (s, 3H), 2.29 (s, 3H), 

1.94 (s, 3H);
 13

C NMR (126 MHz, CDCl3): δ = 201.86, 201.09, 138.34, 132.89, 129.98, 127.79, 

78.35, 70.84, 42.48, 30.36, 29.45, 21.02; HPLC (AD-H, 10% iPrOH in hexane, flow rate 1.0 

ml/min): tR major isomer = 13.0 min, tR minor isomer = 20.3 min. 

 

3c 

NO2

O O

O  

1
H NMR (500 MHz, CDCl3): δ = 7.28-7.08 (m, 1H), 7.08 (d, J = 7.7 Hz, 1H), 6.95-6.79 (m, 2H), 

4.78 (dd, J = 12.1, 7.9 Hz, 1H), 4.67-4.54 (m, 2H), 4.49 (ddd, J = 10.9, 7.9, 4.4 Hz, 1H), 3.88 (s, 

3H), 2.28 (s, 3H), 1.94 (s, 3H);
 13

C NMR (126 MHz, CDCl3): δ = 202.22, 201.52, 157.03, 130.22, 

129.70, 123.58, 121.12, 111.25, 76.52, 68.95, 55.40, 38.97, 30.36, 28.76; HPLC (AD-H, 1% 

iPrOH in hexane, flow rate 1.0 ml/min): tR major isomer = 47.2 min, tR minor isomer 

=55.3 min. 

 

3d 

NO2

O O

O  
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1
H NMR (500 MHz, CDCl3): δ = 7.10 (d, J = 8.6 Hz, 2H), 6.84 (d, J = 8.6 Hz, 2H), 4.66-4.49 (m, 

2H), 4.33 (d, J = 10.9 Hz, 1H), 4.20-4.19 (m, 1H), 3.77 (s, 3H), 2.29 (s, 3H), 1.94 (s, 3H);
 13

C 

NMR (126 MHz, CDCl3): δ = 201.84, 201.14, 159.53, 129.07, 127.70, 114.68, 78.43, 70.91, 55.21, 

42.13, 30.32, 29.45; HPLC (AD-H, 10% iPrOH in hexane, flow rate 1.0 ml/min): tR major 

isomer = 20.4 min, tR minor isomer = 30.9 min. 

 

3e 

NO2

O O

F  

1
H NMR (500 MHz, CDCl3): δ = 7.21-7.14 (m, 2H), 7.07-6.99 (m, 2H), 4.61 (d, J = 6.3 Hz, 2H), 

4.33 (d, J = 10.8 Hz, 1H), 4.25 (dt, J = 10.8, 6.3 Hz, 1H), 2.29 (s, 3H), 1.97 (s, 3H);
 13

C NMR 

(126 MHz, CDCl3): δ = 201.47, 200.75, 163.46, 161.49, 131.87, 131.84, 129.75, 129.68, 116.40, 

116.23, 78.11, 70.66, 42.06, 30.37, 29.63; HPLC (OD-H, 5% iPrOH in hexane, flow rate 1.0 

ml/min): tR major isomer = 44.7 min, tR minor isomer = 52.2 min. 

 

3f 

NO2

O O

Cl  

1
H NMR (500 MHz, CDCl3): δ = 7.47-7.39 (m, 1H), 7.30-7.21 (m, 2H), 7.19-7.12 (m, 1H), 4.84 

(dd, J = 12.4, 6.8 Hz, 1H), 4.78-4.72 (m, 1H), 4.67 (dd, J = 12.4, 4.0 Hz, 1H), 4.60 (d, J = 9.9 Hz, 

1H), 2.29 (s, 3H), 2.04 (s, 3H);
 13

C NMR (126 MHz, CDCl3): δ = 201.84, 200.83, 133.77, 133.52, 

130.64, 129.68, 129.03, 127.63, 76.19, 68.90, 38.88, 30.85, 28.60; HPLC (AD-H, 1% iPrOH in 

hexane, flow rate 1.0 ml/min): tR major isomer = 36.3 min, tR minor isomer = 42.5 

min. 

 

3g 
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NO2

O O

Cl  
1
H NMR (500 MHz, CDCl3): δ = 7.39-7.24 (m, 2H), 7.20 (s, 1H), 7.12-7.04 (m, 1H), 4.73-4.54 (m, 

2H), 4.34 (d, J = 10.6 Hz, 1H), 4.22 (ddd, J = 10.6, 7.8, 4.8 Hz, 1H), 2.30 (s, 3H), 2.00 (s, 3H);
 13

C 

NMR (126 MHz, CDCl3): δ = 201.32, 200.45, 138.28, 135.20, 130.58, 128.85, 128.19, 126.15, 

77.74, 70.37, 42.37, 30.46, 29.76; HPLC (AS-H, 15% iPrOH in hexane, flow rate 1.0 

ml/min): tR major isomer = 19.4 min, tR minor isomer =40.5min. 

 

3h 

NO2

O O

Cl  

1
H NMR (500 MHz, CDCl3): δ = 7.31 (d, J = 5.4 Hz, 2H), 7.13 (d, J = 8.5 Hz, 2H), 4.68-4.51 (m, 

2H), 4.33 (d, J = 10.7 Hz, 1H), 4.23 (ddd, J = 10.7, 7.5, 5.1 Hz, 1H), 2.30 (s, 3H), 1.98 (s, 3H);
 13

C 

NMR (126 MHz, CDCl3): δ = 201.38, 200.56, 134.61, 134.58, 129.57, 129.34, 77.92, 70.55, 42.16, 

30.42, 29.66; HPLC (AS-H, 15% iPrOH in hexane, flow rate 1.0 ml/min): tR major 

isomer = 17.0 min, tR minor isomer = 33.9 min. 

 

3i 

NO2

O O

Br  

1
H NMR (500 MHz, CDCl3): δ = 7.63 (dd, J = 8.0, 1.0 Hz, 1H), 7.29 (td, J = 7.6, 1.0 Hz, 1H), 

7.21-7.04 (m, 2H), 4.84 (dd, J = 12.4, 6.4 Hz, 1H), 4.77-4.71 (m, 1H), 4.67 (dd, J = 12.4, 4.1 Hz, 

1H), 4.60 (d, J = 9.7 Hz, 1H), 2.29 (s, 3H), 2.05 (s, 3H);
 13

C NMR (126 MHz, CDCl3): δ = 201.91, 
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200.83, 135.11, 134.00, 129.94, 128.82, 128.24, 124.55, 76.25, 69.08, 41.08, 30.95, 28.43; HPLC 

(OD-H, 5% iPrOH in hexane, flow rate 0.8 ml/min): tR major isomer = 40.9 min, tR 

minor isomer = 52.6 min. 

 

3j 

NO2

O O

Br  

1
H NMR (500 MHz, CDCl3): δ = 7.43 (d, J = 7.9 Hz, 1H), 7.36 (t, J = 1.5 Hz, 1H), 7.21 (t, J = 7.8 

Hz, 1H), 7.13 (d, J = 7.8 Hz, 1H), 4.66-4.59 (m, 2H), 4.35 (d, J = 10.6 Hz, 1H), 4.22 (ddd, J = 

10.6, 7.7, 5.0 Hz, 1H), 2.30 (s, 3H), 2.01 (s, 3H);
 13

C NMR (126 MHz, CDCl3): δ = 201.32, 200.52, 

138.57, 131.73, 131.06, 130.82, 126.65, 123.24, 77.72, 70.25, 42.30, 30.50, 29.84; HPLC (AS-H, 

15% iPrOH in hexane, flow rate 1.0 ml/min): tR major isomer = 19.5 min, tR minor 

isomer = 40.5 min. 

 

3k 

NO2

O O

Br  

1
H NMR (500 MHz, CDCl3): δ = 7.46 (d, J = 8.4 Hz, 2H), 7.08 (d, J = 8.4 Hz, 2H), 4.62 (d, J = 

6.4 Hz, 2H), 4.33 (d, J = 10.7 Hz, 1H), 4.22 (dt, J = 10.7, 6.4 Hz, 1H), 2.29 (s, 3H), 1.98 (s, 3H);
 

13
C NMR (126 MHz, CDCl3): δ = 201.35, 200.60, 135.21, 132.46, 129.67, 122.58, 77.82, 70.35, 

42.21, 30.44, 29.77; HPLC (OD-H, 10% iPrOH in hexane, flow rate 0.8 ml/min): tR major 

isomer = 40.5 min, tR minor isomer = 44.5 min. 

 

3l 
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NO2

O O

NO2  

1
H NMR (500 MHz, CDCl3): δ = 7.93 (dd, J = 8.1, 0.8 Hz, 1H), 7.62-7.55 (m, 1H), 7.53-7.43 (m, 

1H), 7.36 (d, J = 7.8 Hz, 1H), 4.98 (dd, J = 13.3, 7.1 Hz, 1H), 4.84 (dd, J = 13.3, 3.7 Hz, 1H), 

4.78-4.70 (m, 1H), 4.67 (d, J = 8.8 Hz, 1H), 2.31 (s, 3H), 2.13 (s, 3H);
 13

C NMR (126 MHz, 

CDCl3): δ = 201.55, 200.50, 149.82, 138.63, 133.45, 131.25, 129.34, 129.23, 125.51, 76.54, 69.06, 

37.14, 31.21, 29.31; HPLC (OD-H, 10% iPrOH in hexane, flow rate 1.0 ml/min): tR major 

isomer = 42.6 min, tR minor isomer = 77.9 min. 

 

3m 

NO2

O O

ClCl  

1
H NMR (500 MHz, CDCl3): δ = 7.46 (d, J = 2.1 Hz, 1H), 7.23 (dd, J = 8.4, 2.1 Hz, 1H), 7.11 (d, 

J = 8.4 Hz, 1H), 4.83 (dd, J = 12.4, 6.7 Hz, 1H), 4.72-4.67 (m, 1H), 4.64 (dd, J = 12.4, 4.1 Hz, 

1H), 4.55 (d, J = 9.8 Hz, 1H), 2.30 (s, 3H), 2.07 (s, 3H); 13
C NMR (126 MHz, CDCl3): δ = 201.54, 

200.50, 135.06, 134.52, 132.17, 130.46, 127.97, 75.96, 68.80, 38.46, 30.84, 28.63; HPLC (AD-H, 

10% iPrOH in hexane, flow rate 1.0 ml/min): tR major isomer = 11.7 min, tR minor 

isomer = 14.7 min. 

 

3n 

NO2

O O

 

1
H NMR (500 MHz, CDCl3): δ = 7.84-7.77 (m, 3H), 7.65 (s, 1H), 7.52-7.45 (m, 2H), 7.30 (dd, J = 
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8.5, 1.6 Hz, 1H), 4.72 (qd, J = 12.5, 6.2 Hz, 2H), 4.49 (d, J = 10.7 Hz, 1H), 4.45-4.36 (m, 1H), 

2.31 (s, 3H), 1.94 (s, 3H);
 13

C NMR (126 MHz, CDCl3): δ = 201.76, 200.92, 133.40, 133.30, 

133.01, 129.36, 127.94, 127.71, 127.51, 126.74, 126.66, 125.04, 78.14, 70.71, 42.92, 30.46, 29.61; 

HPLC (AD-H, 10% iPrOH in hexane, flow rate 1.0 ml/min): tR major isomer = 21.0 

min, tR minor isomer = 26.9 min. 

 

3o 

O
NO2

O O

 
1
H NMR (500 MHz, CDCl3): δ = 7.36 (d, J = 1.2 Hz, 1H), 6.30 (dd, J = 3.2, 1.9 Hz, 1H), 6.18 (d, 

J = 3.3 Hz, 1H), 4.67 (d, J = 5.7 Hz, 2H), 4.39 (d, J = 9.8 Hz, 1H), 4.36-4.32 (m, 1H), 2.28 (s, 3H), 

2.08 (s, 3H);
 13

C NMR (126 MHz, CDCl3): δ = 201.47, 200.82, 149.50, 142.86, 110.79, 108.79, 

75.81, 67.82, 36.56, 30.59, 29.32; HPLC (AD-H, 10% iPrOH in hexane, flow rate 1.0 

ml/min): tR major isomer = 13.8 min, tR minor isomer = 16.3 min. 

 

3p 

S

NO2

O
O

 

1
H NMR (500 MHz, CDCl3): δ = 7.24 (s, 1H), 6.91 (d, J = 18.1 Hz, 2H), 4.66 (d, J = 3.9 Hz, 2H), 

4.54 (d, J = 4.0 Hz, 1H), 4.41 (d, J = 9.6 Hz, 1H), 2.29 (s, 3H), 2.07 (s, 3H);
 13

C NMR (126 MHz, 

CDCl3): δ = 201.44, 200.64, 138.52, 127.35, 126.98, 125.70, 78.49, 71.00, 38.23, 30.51, 29.64; 

HPLC (AD-H, 10% iPrOH in hexane, flow rate 1.0 ml/min): tR major isomer = 16.4 

min, tR minor isomer = 22.1 min. 

 

4a 
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NO2

O

O O

 

1
H NMR (500 MHz, CDCl3): δ = 7.34-7.25 (m, 3H), 7.22-7.18 (m, 2H), 4.87-4.80 (m, 0.32H), 

4.79-4.75 (m, 1.73H), 4.26-4.18 (m, 1H), 4.14 (d, J = 9.6 Hz, 0.8H), 4.05 (d, J = 9.8 Hz, 0.15H), 

3.77 (s, 0.44H), 3.52 (s, 2.58H), 2.29 (s, 2.58H), 2.05 (s, 0.45H); 
13

C NMR (126 MHz, CDCl3): δ 

= 201.05, 200.24, 167.95, 167.33, 136.40, 136.27, 129.09, 128.90, 128.30, 128.20, 127.82, 127.79, 

77.71, 77.59, 61.76, 61.34, 52.85, 52.65, 42.55, 42.25, 30.26, 30.12; HPLC (AD-H, 5% iPrOH 

in hexane, flow rate 1.0 ml/min): dr=1.6:1, major diastereomer: tR major isomer = 

20.3 min, tR minor isomer = 38.6 min, minor diastereomer: tR major isomer = 36.4 

min, tR minor isomer = 31.1 min. 

 

4b 

NO2

O

O O

 

1
H NMR (500 MHz, CDCl3): δ = 7.33-7.25 (m, 3.48H), 7.23-7.18 (m, 2.24H), 4.88-4.79 (m, 

0.93H), 4.75 (d, J = 6.5 Hz, 1.32H), 4.26-4.17 (m, 2H), 4.15-4.01 (m, 1.47H), 3.97 (q, J = 7.2 Hz, 

1.32H), 2.30 (s, 2H), 2.04 (d, J = 10.0 Hz, 1.83H), 1.27 (dt, J = 10.5, 7.1 Hz, 1.89H), 1.0 (t, J = 

7.1 Hz, 2H); 
13

C NMR (126 MHz, CDCl3): δ = 201.12, 200.43, 167.53, 166.87, 136.50, 136.48, 

129.08, 128.86, 128.28, 128.20, 128.03, 127.92, 77.89, 77.80, 62.15, 62.00, 61.88, 61.60, 42.57, 

42.32, 30.24, 29.95, 13.91, 13.60; HPLC (AD-H, 1% iPrOH in hexane, flow rate 0.8 

ml/min): dr=1.5:1, major diastereomer: tR major isomer = 48.2 min, tR minor isomer = 

82.1 min, minor diastereomer: tR major isomer = 145.1 min, tR minor isomer = 99.7 

min. 

 

4c 
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NO2

tBu O

O O

 

1
H NMR (500 MHz, CDCl3): δ = 7.27-7.31 (m, 3H), 7.21-7.22 (m, 2H), 4.77-4.65 (m, 2H), 4.14 

(m, 1H), 4.02 (d, J = 10.3 Hz, 1H), 2.30 (s, 3H), 1.16 (s, 9H); 
13

C NMR (126 MHz, CDCl3): δ = 

201.34, 165.86, 136.65, 128.82, 128.25, 128.18, 82.91, 78.35, 63.05, 42.35, 29.66, 27.34; HPLC 

(AD-H, 5% iPrOH in hexane, flow rate 1.0 ml/min): dr=1.4:1, major diastereomer: tR 

major isomer = 25.4 min, tR minor isomer = 18.9 min, minor diastereomer: tR major 

isomer = 10.5 min, tR minor isomer = 15.9 min. 

 

4d 

NO2

OO

O O

 

1
H NMR (500 MHz, CDCl3): δ = 7.34-7.26 (m, 3H), 7.23 (dd, J = 5.3, 3.1 Hz, 2H), 4.90 (qd, J = 

13.2, 7.0 Hz, 2H), 4.25 (td, J = 9.0, 5.1 Hz, 1H), 3.87 (d, J = 9.1 Hz, 1H), 3.76 (s, 3H), 3.56 (s, 

3H);
 13

C NMR (126 MHz, CDCl3): δ = 167.83, 167.23, 136.18, 129.00, 128.40, 127.86, 77.39, 

54.76, 52.96, 52.77, 42.94; HPLC (OD-H, 10% iPrOH in hexane, flow rate 1.0 ml/min): tR 

major isomer = 24.0 min, tR minor isomer = 26.5 min. 

 

4e 

Ph
NO2

PhEtO

O O

 

1
H NMR (500 MHz, CDCl3): δ = 8.05 (d, J = 7.1 Hz, 2H), 7.61 (d, J = 6.7 Hz, 1H), 7.49 (t, J = 6.8 

Hz, 2H), 7.30 (s, 5H), 4.93 (d, J = 9.7 Hz, 1H), 4.77 (q, J = 12.4 Hz, 2H), 4.49 (s, 1H), 3.86 (d, J = 

3.8 Hz, 2H), 0.89 (t, J = 6.6 Hz, 3H); 
13

C NMR (126 MHz, CDCl3): δ = 192.77, 166.98, 136.28, 

Electronic Supplementary Material (ESI) for Green Chemistry
This journal is © The Royal Society of Chemistry 2012



135.85, 134.23, 128.89, 128.30, 77.98, 61.93, 57.04, 43.13, 13.57; HPLC (OD-H, 10% iPrOH 

in hexane, flow rate 1.0 ml/min): dr=1.7:1, major diastereomer: tR major isomer = 

19.6 min, tR minor isomer = 17.0 min, minor diastereomer: tR major isomer = 21.9 

min, tR minor isomer = 38.1 min. 

 

4f 

O

O

COMe

Ph

NO2

 

1
H NMR (500 MHz, DMSO): δ = 7.47 (d, J = 7.0 Hz, 1H), 7.35 (dd, J = 14.2, 6.7 Hz, 4H), 5.22 (t, 

J = 12.4 Hz, 1H), 5.00-4.89 (m, 1H), 4.41-4.31 (m, 1H), 4.10 (dd, J = 15.9, 8.2 Hz, 0.5H), 4.01 

(dd, J = 16.5, 8.1 Hz, 0.5H), 3.73 (dt, J = 8.6, 5.0 Hz, 1H), 2.80 (ddd, J = 13.5, 8.1, 5.1 Hz, 0.5H), 

2.64-2.57 (m, 0.5H), 2.56-2.46 (m, 1H), 2.38 (s, 2H), 2.34 (s, 2H);
 13

C NMR (126 MHz, DMSO): 

δ = 201.64, 201.55, 174.52, 173.33, 134.85, 134.64, 129.26, 128.86, 128.74, 128.57, 128.47, 

128.32, 76.63, 75.13, 66.15, 66.07, 64.01, 63.71, 45.44, 45.14, 28.08, 26.08, 26.01, 25.45; HPLC 

(OD-H, 20% EtOH in hexane, flow rate 1.0 ml/min): dr=5.3:1, major diastereomer: tR 

major isomer = 13.2 min, tR minor isomer = 19.9 min, minor diastereomer: tR major 

isomer = 17.6 min, tR minor isomer = 44.7 min. 
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