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General Methods 

Unless otherwise stated, all commercial reagents were used as received and solvents were used 

from solvent drying system, all reactions were carried out directly under open air. Merrifield 

resin (1% DVB, f = 0.53 mmol Cl g–1 resin) was obtained from Novabiochem. All flash 

chromatography was carried out using 60 mesh silica gel and dry-packed columns. The 1H and 
13C NMR spectra were recorded at 400 MHz and 500 MHz for 1H or at 100 MHz and 125 MHz 

for 13C, respectively. TMS was used as internal standard for 1H NMR and CDCl3 for 13C NMR. 

Chemical shifts are reported in ppm referred to TMS. FT-IR measurements carried out on a 

FTIR spectrometer equipped with a DTGS detector, KBr beamsplitter at 4 cm-1 resolution. 

Elemental analyses were performed on a CHNS 932 micro-analyzer. Specific optical rotation 

measurement was carried out on a polarimeter equipped with a PMT detector using the Sodium 

line at 589 nm. High performance liquid chromatography (HPLC) was performed by using 

Chiralpak IA, and IC columns and guard columns. Racemic standard products were prepared 

using DABCO (20 mol%) as catalyst in order to establish HPLC conditions. Catalyst PS-SQ 

was synthesized according to the reported procedures.1 

 

General procedure for the Michael reaction 

To a solution of squaramide organocatalyst PS-SQ (11.5 mg, 0.004 mmol, 2 mol%, f = 0.38 

mmol·g-1) in CH2Cl2 (0.5 mL) was added nitroolefin (0.2 mmol) and 2-hydroxy-1,4-

naphthoquinone (0.2 mmol). Reactions were monitored by TLC until the consumption of 

starting compounds, and then the reaction mixture was directly purified by column 

chromatography on silica gel to afford the Michael product. 

 

General procedure for the recycling reactions in batch conditions  

To a solution of squaramide organocatalyst PS-SQ (23.0 mg, 0.008 mmol, 4 mol%, f = 0.38 

mmol·g-1) in CH2Cl2 (0.5 mL) was added nitroolefin (0.2 mmol) and 2-hydroxy-1,4-

naphthoquinone (0.2 mmol). Reactions were monitored by TLC until the consumption of 

starting compounds. Then the reaction mixture was filtered, and washed with 15 ml of CH2Cl2. 

After that the filtrate was concentrated at reduced pressure and purified by column 

chromatography on silica gel to afford the Michael product. 

 

Description of the experimental setup for the continuous flow process 

The packed bed reactor consisted of a vertically mounted and fritted low-pressure glass 

chromatography column (10 mm bore size and up to maximal 70 mm of adjustable bed height) 
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loaded with PS-SQ (0.25 g, 0.095 mmol, f = 0.38 mmol·g-1). At the start, CH2Cl2/THF (10:1) 

was flushed for half an hour at 0.2 ml·min-1 flow rate to swell the resin. After that, the solvent 

channel was switched to a solution of 2-hydroxy-1,4-naphthoquinone (27.0 mmol, 4.79 g) and 

trans-β-nitrostyrene (32.4 mmol, 4.83 g) in 270 ml CH2Cl2/THF (10:1) of this solution were 

pumped to the reactor with a flow rate 0.2 ml·min-1. The reactor outlet was connected to a 

receiving flask where the product was collected. After 22 h flow was stopped and PS-SQ 

washed with CH2Cl2/THF (10:1) solvent system for an hour. Conversion and enantioselectivity 

of the formed product were determined by 1H NMR and HPLC analysis of periodically 

collected samples. In the end, collected solution was concentrated at reduced pressure and 

purified by flash chromatography on silica gel. 

 

Description of the experimental setup for the continuous flow process with different 

substrates 

The packed bed reactor was loaded with swollen resin PS-SQ (0.50 g, 0.19 mmol, f = 0.38 

mmol·g-1) in CH2Cl2/THF (10:1) and flushed half an hour with the same solvent mixture at 0.2 

ml·min-1 flow rate. After the resin was conditioned, the solvent channel was switched to a 

solution of 2-hydroxy-1,4-naphthoquinone (1.80 mmol) and the corresponding nitroalkene (1.80 

mmol) in 18 ml CH2Cl2/THF (10:1) and pumped through the reactor with a flow rate of 0.2 

ml·min-1. The reactor outlet was connected to a receiving flask where the product was collected. 

After 1 h, the flow was switched to a washing solvent CH2Cl2/THF (10:1) to clean the resin for 

half an hour. This process was repeated for each nitroalkene. Conversion and enantioselectivity 

of the product were determined by 1H NMR and HPLC analysis of periodically collected 

samples. In the end, collected solutions were concentrated at reduced pressure and purified by 

flash chromatography on silica gel. 
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Physical and spectroscopical data of Michael adducts 3a-m 

 

 (S)-2-Hydroxy-3-(2-nitro-1-phenylethyl)naphthalene-1,4-dione (3a)2  

1H NMR (500 MHz, CDCl3): δ 5.14 (dd, J = 6.9, 13.4 Hz, 1H), 5.31 (dd, J 

= 6.8, 9.1 Hz, 1H), 5.47 (dd, J = 9.1, 13.4 Hz, 1H), 7.24-7.32 (m, 3H), 

7.46 (d, J = 7.2 Hz, 2H), 7.68 (dt, J = 1.3, 7.5 Hz, 1H), 7.76 (dt, J = 1.3, 

7.5 Hz, 1H), 8.05 (d, J = 7.6 Hz, 1H), 8.11 (d, J = 7.6 Hz, 1H) ppm. 

13C NMR (100 MHz, CDCl3): 39.7, 76.4, 120.8, 126.3, 127.2, 127.8, 128.3 (×2), 129.0 (×3), 

132.6, 133.3, 135.4, 137.5, 153.2, 181.1, 183.7. 

HPLC analysis: Chiralpak IA Column, Hexane (0.1% TFA)/Dichloromethane/Ethanol (90:5:5), 

flow rate = 1.0 mL/min, wavelength = 254 nm, rt = 17.8 (major), 23.9 min (minor). 

 

(S)-2-(1-(4-Fluorophenyl)-2-nitroethyl)-3-hydroxynaphthalene-1,4-

dione (3b)2 

1H NMR (400 MHz, DMSO-d6): δ 5.17 (t, J = 7.7 Hz, 1H), 5.33-5.28 (m, 

1H), 5.45 (dd, J = 8.3, 13.7 Hz, 1H), 7.34(d, J = 8.5Hz, 2H), 7.48 (d, J = 

8.5 Hz, 2H), 7.76 (t, J = 7.4 Hz, 1H), 7.82 (t, J = 7.4 Hz, 1H), 7.97-7.94 

(m, 2H) ppm. 

13C NMR (100 MHz, DMSO-d6): 38.5, 76.9, 120.1, 120.6, 126.2, 126.4, 130.3, 130.5, 131.8, 

132.5, 133.6, 135.2, 138.8, 158.6, 181.8, 183.6. 

HPLC analysis: Chiralpak IA Column, Hexane (0.1% TFA)/Dichloromethane/Ethanol 

(85:14:1), flow rate = 1.0 mL/min, wavelength = 254 nm, rt = 25.6 (major), 26.6 min (minor). 

 

 (S)-2-Hydroxy-3-(1-(4-methoxyphenyl)-2-nitroethyl)naphthalene-1,4-

dione (3c)2 

1H NMR (500 MHz, CDCl3): δ 3.76 (s, 3H), 5.11 (dd, J = 6.9, 13.3 Hz, 

1H), 5.25 (dd, J = 7.0, 9.0 Hz, 1H), 5.43 (dd, J = 9.0, 13.3 Hz, 1H), 6.84 

(d, J = 8.9 Hz, 2H), 7.39 (d, J = 8.8 Hz, 2H), 7.69 (dt, J = 1.3, 7.6 Hz, 

1H), 7.77 (dt, J = 1.3, 7.6 Hz, 1H), 8.06 (d, J = 7.6 Hz, 1H), 8.11 (d, J = 7.6 Hz, 1H) ppm. 
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13C NMR (100 MHz, CDCl3): 39.0, 55.3, 76.6, 114.3, 121.1, 126.3, 127.3, 129.0, 129.4, 129.5, 

132.7, 133.3, 135.4, 152.9, 159.2, 181.2, 183.3. 

HPLC analysis: Chiralpak IA Column, Hexane (0.1% TFA)/Dichloromethane/Ethanol (92:4:4), 

flow rate = 0.6 mL/min, wavelength = 254 nm, rt = 68.4 (major), 70.4 min (minor). 

 

 (R)-2-(1-(2-Bromophenyl)-2-nitroethyl)-3-hydroxynaphthalene-1,4-

dione (3d)3 

1H NMR (400 MHz, CDCl3): δ 4.91 (dd, J = 5.8, 13.7 Hz, 1H), 5.42 (dd, J 

= 10.4, 13.9 Hz, 1H), 5.70 (dd, J = 5.7, 10.4 Hz, 1H), 7.13 (dt, J = 1.5, 7.8 

Hz, 1H), 7.27-7.23 (m, 1H), 7.41 (dd, J = 1.6, 7.8 Hz, 1H), 7.60 (dd, J = 1.2, 7.9 Hz, 1H), 7.80-

7.69 (m, 2H), 8.13-8.09 (m, 2H) ppm. 

13C NMR (100 MHz, CDCl3): 39.9, 74.9, 119.6, 124.6, 126.4, 127.3, 127.9, 129.0, 129.4, 129.6, 

132.7, 133.3, 133.6, 135.6, 136.2, 154.0, 181.0, 183.8. 

HPLC analysis: Chiralpak IA Column, Hexane (0.1% TFA)/Dichloromethane/Ethanol (90:9:1), 

flow rate = 1.0 mL/min, wavelength = 254 nm, rt = 23.2 (major), 24.1 min (minor). 

 

(S)-2-(1-(Benzo[d][1,3]dioxol-5-yl)-2-nitroethyl)-3hydroxy-

naphthalene-1,4-dione (3e) 

1H NMR (400 MHz, CDCl3): δ 5.13 (dd, J = 7.1, 13.1 Hz, 1H), 5.22 (t, J = 

7.1, 15.6 Hz, 1H), 5.38 (dd, J = 8.4, 13.1 Hz, 1H), 5.90 (dd, J = 1.2, 4.0 

Hz, 2H), 6.72 (d, J = 8.1 Hz, 1H). 6.93 (dd, J = 2.1, 7.8 Hz, 1H), 6.97 (d, J 

= 1.7 Hz, 1H), 7.67 (dt, J = 1.3, 7.5 Hz, 1H), 7.79-7.75 (m, 2H), 8.05 (dd, J = 1.4, 7.6 Hz, 1H), 

8.10 (dd, J = 1.4, 7.8 Hz, 1H) ppm. 

13C NMR (100 MHz, CDCl3): 39.5, 76.6, 101.2, 108.6, 108.7, 120.9, 121.8, 126.3, 127.2, 129.0, 

131.1, 132.6, 133.3, 135.4, 147.2, 148.0, 153.0, 181.1, 183.7. 

HRMS (ESI): m/z calcd. for C19H12NO7 [M – H]– 366.0621, found 366.0619. 

[α]D
26 = +2.29 (c 7.40, CHCl3) 

m.p. 136-138 °C. 

IR (ATR): ν = 3229, 2891, 1673, 1635, 1546, 1271, 1235, 1038, 790.  
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HPLC analysis: Chiralpak IA Column, Hexane (0.1% TFA)/Dichloromethane/Ethanol (88:6:6), 

flow rate = 1.0 mL/min, wavelength = 254 nm, rt = 29.9 (major), 49.8 min (minor). 

(S)-2-Hydroxy-3-(1-(2-methoxyphenyl)-2-nitroethyl)naphthalene-1,4-

dione (3f)3 

1H NMR (400 MHz, CDCl3): δ 3.87 (s, 3H), 4.96 (dd, J = 5.6, 13.6 Hz, 

1H), 5.41 (dd, J = 10.2, 13.6 Hz, 1H), 5.65 (dd, J = 5.6, 10.2 Hz, 1H), 

6.90-6.86 (m, 2H), 7.26-7.22 (m, 2H), 7.68 (dt, J = 1.3, 6.2 Hz, 1H), 7.71 (s, 1H), 7.76 (dt, J = 

1.4, 6.2 Hz, 1H), 8.11- 8.07 (m, 2H) ppm. 

13C NMR (100 MHz, CDCl3): 34.2, 55.6, 75.4, 110.9, 120.5, 120.7, 124.9, 126.3, 127.2, 128.8, 

129.0, 129.1, 132.9, 133.1, 135.3, 154.0, 156.9, 181.2, 183.8. 

HPLC analysis: Chiralpak IC Column, Hexane (0.1% TFA)/Dichloromethane/Ethanol 

(75:23:2), flow rate = 0.7 mL/min, wavelength = 254 nm, rt = 13.7 (major), 14.4 min (minor). 

 

(S)-2-Hydroxy-3-(2-nitro-1-(thiophen-2-yl)ethyl)naphthalene-1,4-

dione (3g)2 

1H NMR (400 MHz, CDCl3): δ 5.13 (dd, J = 6.8, 13.5 Hz, 1H), 5.43 (dd, J 

= 8.9, 13.5 Hz, 1H), 5.61 (dd, J = 6.6, 9.0 Hz, 1H), 6.93 (dd, J = 3.5, 5.1 

Hz, 1H), 7.10-7.11 (m, 1H), 7.20 (dd, J = 1.2, 5.1 Hz, 1H), 7.71 (dt, J = 1.3, 7.6 Hz, 1H), 7.81-

7.77 (m, 2H), 8.08 (d, J = 7.5 Hz, 1H), 8.14 (d, J = 7.5 Hz, 1H) ppm. 

13C NMR (100 MHz, CDCl3): 34.8, 76.7, 119.9, 125.4, 126.4, 126.6, 127.0, 127.2, 129.0, 132.6, 

133.4, 135.6, 139.0, 153.1, 181.0, 183.3. 

HPLC analysis: Chiralpak IA Column, Hexane (0.1% TFA)/Dichloromethane/Ethanol (90:5:5), 

flow rate = 1.0 mL/min, wavelength = 254 nm, rt = 21.2 (major), 22.9 min (minor). 

 

	  (S)-2-(1-(Furan-2-yl)-2-nitroethyl)-3-hydroxynaphthalene-1,4-dione 

(3h)2 

1H NMR (500 MHz, CDCl3): δ 5.19 (dd, J = 6.9, 13.5 Hz, 1H), 5.27 (dd, J 

= 8.6, 13.5 Hz, 1H), 5.47 (t, J = 8.7 Hz, 1H), 6.23 (d, J = 3.3 Hz, 1H), 

6.30 (dd, J = 1.8, 3.3 Hz, 1H), 7.32 (dd, J = 0.7, 1.8 Hz, 1H), 7.71 (dt, J =1.2, 7.6 Hz, 1H), 

7.81-7.78 (m, 2H), 8.09 (dd, J = 1.4, 7.7 Hz, 1H), 8.14 (dd, J = 1.4, 7.7 Hz, 1H) ppm. 
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13C NMR (100 MHz, CDCl3): 33.4, 74.7, 107.4, 110.7, 118.0, 126.4, 127.3, 129.0, 132.6, 133.4, 

135.6, 142.3, 149.8, 153.9, 181.0, 183.2. 

HPLC analysis: Chiralpak IA Column, Hexane (0.1% TFA)/Dichloromethane/Ethanol (92:4:4), 

flow rate = 1.0 mL/min, wavelength = 254 nm, rt = 24.1 (major), 27.5 min (minor). 

 

	  (S)-2-Hydroxy-3-(2-nitro-1-(p-tolyl)ethyl)naphthalene-1,4-dione (3i)2 

1H NMR (400 MHz, CDCl3): δ 2.29 (s, 3H), 5.12 (dd, J = 6.8, 13.3 Hz, 

1H), 5.28 (dd, J = 6.8, 10.4 Hz, 1H), 5.46 (dd, J = 9.0, 13.3 Hz, 1H), 7.12 

(d, J = 8.0 Hz, 2H), 7.34 (d, J = 8.0 Hz, 2H), 7.66-7.78 (m, 3H), 8.06 (d, J 

= 7.6 Hz, 1H), 8.11 (d, J = 7.6 Hz, 1H) ppm. 

13C NMR (100 MHz, CDCl3): 21.0, 39.3, 76.4, 121.0, 126.3, 127.2, 128.1, 129.0, 129.7, 132.7, 

133.2, 134.5, 135.4, 137.7, 153.1, 181.2, 183.7. 

HPLC analysis: Chiralpak IA Column, Hexane (0.1% TFA)/Dichloromethane/Ethanol (90:5:5), 

flow rate = 1.0 mL/min, wavelength = 254 nm, rt = 20.9 (major), 25.8 min (minor). 

 

(S)-2-(1-(4-Fluorophenyl)-2-nitroethyl)-3-hydroxynaphthalene-1,4-

dione (3j)2 

1H NMR (500 MHz, CDCl3): δ 5.15 (dd, J = 6.8, 12.7 Hz, 1H), 5.29 (t, J 

= 15.2 Hz, 1H), 5.40 (dd, J = 8.4, 12.7 Hz, 1H), 6.99 (t, J = 8.7 Hz, 2H), 

7.45 (dd, J = 5.2, 8.8 Hz, 2H), 7.70 (dt, J = 1.4, 7.6 Hz, 1H), 7.78 (dt, J = 

1.4, 7.6 Hz, 1H), 8.07 (d, J = 7.6 Hz, 1H), 8.11 (d, J = 7.7 Hz, 1H) ppm. 

13C NMR (100 MHz, CDCl3): 39.0, 76.4, 115.9 (d, J = 21.3 Hz), 120.6, 126.4, 127.2, 128.9, 

130.0 (d, J = 8.3 Hz), 130.1, 132.6, 133.3, 133.4, 135.6, 153.3, 162.2 (d, J = 246.9 Hz), 181.1, 

183.7. 

HPLC analysis: Chiralpak IA Column, Hexane (0.1% TFA)/Dichloromethane/Ethanol (90:5:5), 

flow rate = 1.0 mL/min, wavelength = 254 nm, rt = 20.5 (major), 23.4 min (minor). 

 

	  (S)-2-(1-(4-Chlorophenyl)-2-nitroethyl)-3-hydroxynaphthalene-1,4-

dione (3k)2	  
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1H NMR (400 MHz, DMSO-d6): δ 5.19 (t, J = 7.8 Hz, 1H), 5.32 (dd, J = 7.5, 13.9 Hz, 1H), 

5.43 (dd, J = 8.2, 13.8 Hz, 1H), 7.41-7.35 (m, 4H), 7.79 (dt, J = 1.4, 7.4 Hz, 1H), 7.85 (dt, J = 

1.4, 7.4 Hz, 1H), 8.00-7.97 (m, 2H) ppm. 

13C NMR (100 MHz, DMSO-d6): 38.3, 76.9, 120.8, 126.3, 126.4, 129.0 (×2), 130.2 (×3), 130.4, 

132.2, 133.9, 135.3, 138.0, 157.1, 181.3, 184.2. 

HPLC analysis: Chiralpak IA Column, Hexane (0.1% TFA)/Dichloromethane/Ethanol (90:5:5), 

flow rate = 1.0 mL/min, wavelength = 254 nm, rt = 20.4 (major), 21.8 min (minor). 

 

	  (S)-2-Hydroxy-3-(1-nitro-4-phenylbutan-2-yl)naphthalene-1,4-dione 

(3l)2 

1H NMR (500 MHz, CDCl3): δ 2.04-1.97 (m, 1H), 2.33-2.25 (m, 1H), 

2.61-2.55 (m, 1H), 2.72-2.66 (m, 1H), 4.13-4.07 (m, 1H), 4.71 (dd, J = 

12.6, 6.2 Hz, 1H), 4.96 (dd, J = 12.7, 9.1 Hz, 1H), 7.10-7.04 (m, 3H), 7.17-7.14 (m, 2H), 7.70 

(t, J = 7.5 Hz, 1H), 7.78 (t, J = 7.5 Hz, 1H), 8.06 (d, J = 7.6 Hz, 1H), 8.11 (d, J = 7.6 Hz, 1H) 

ppm. 

13C NMR (100 MHz, CDCl3): 31.7, 33.8, 34.8, 77.1, 120.4, 126.1, 126.3, 127.1, 128.2, 128.3, 

129.1, 132.8, 133.2, 135.3, 140.9, 153.9, 180.7, 183.9. 

HPLC analysis: Chiralpak IA Column, Hexane (0.1% TFA)/Dichloromethane/Ethanol (90:9:1), 

flow rate = 1.0 mL/min, wavelength = 254 nm, rt = 23.8 (major), 25.4 min (minor). 

 

 2-Hydroxy-3-((1S)-2-nitro-1-phenylpropyl)naphthalene-1,4-dione 

(3m)3 

1H NMR (500 MHz, CDCl3): δ 1.53 (d, J = 6.7 Hz, 3H), 4.93 (d, J = 11.6 

Hz, 1H), 6.05-6.12 (m, 1H), 7.24-7.33 (m, 3H), 7.52-7.54 (m, 2H), 7.64 

(dt, J = 1.2, 7.5 Hz, 1H), 7.73 (dt, J = 1.3, 7.5 Hz, 1H), 7.78 (s, 1H), 8.01 (dd, J = 1.3, 7.6 Hz, 

1H), 8.10 (dd, J = 1.0, 7.6 Hz, 1H) ppm. 

13C NMR (100 MHz, CDCl3): 19.7, 46.6, 83.4, 121.2, 126.2, 127.2, 127.9, 129.1, 129.2, 129.9, 

132.7, 133.1, 135.3, 137.3, 152.8, 181.1, 183.6. 

HPLC analysis: Chiralpak IA Column, Hexane (0.1% TFA)/Dichloromethane/Ethanol (90:5:5), 

flow rate = 1.0 mL/min, wavelength = 254 nm, rt = 15.2 (major), 23.9 min (minor). 
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1H and 13C NMR spectra of 3a-m  
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HPLC chromatograms of 3a-m 

Racemic 3a 

 

 

Enantioenriched 3a 
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Racemic 3b 

 

 

Enantioenriched 3b 
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Racemic 3c 4 

 

 

 

Enantioenriched 3c 
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Racemic 3d 

 

 

 

Enantioenriched 3d 

 

 

 



S26	  
	  

Racemic 3e 

 

 

 

Enantioenriched 3e 
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Racemic 3f 

 

 

 

Enantioenriched 3f 
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Racemic 3g 

 

 

Enantioenriched 3g 
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Racemic 3h 

 

 

Enantioenriched 3h 
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Racemic 3i 

 

 

Enantioenriched 3i 

 

 

 



S31	  
	  

Racemic 3j 

 

 

Enantioenriched 3j 
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Racemic 3k 

 

 

Enantioenriched 3k 
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Racemic 3l 

 

 

Enantioenriched 3l 
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Racemic 3m 

 

 

Enantioenriched 3m 
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