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1. General information 

Unless otherwise noted, all the reagents were obtained from Aladdin Chemicals 

Reagent Co., Ltd. (Shanghai, China) and used without further purification. 

Melting points were determined with an Optimelt MPA100 melting point apparatus, 

and uncorrected. NMR spectra were recorded on a Bruker AVANCE Ⅲ 400 spectrometer 

(400 MHz for 1H NMR, 100 MHz for 13C NMR) or Bruker AVANCE Ⅲ 500 spectrometer 

(500 MHz for 1H NMR, 126 MHz for 13C NMR) using CDCl3 with tetramethylsilane 

(TMS) as the internal standard. Mass spectra were measured by a Bruker micrOTOF-Q 

II spectrometer with ESI. 

2. L-cysteine catalyzed rapid synthesis of bicyclic -lactones under ball-

milling conditions 

A mixture of aromatic aldehyde (1 mmol), Meldrum's acid (1 mmol), dimedone (1 

mmol) or 1,3-cyclohexanedione (1 mmol), silica gel (600 mg) and L-cysteine (120 mg) 

was milled for 30 min at 30 Hz in a Retsch MM 400 Mixer Mill (MM 400, Retsch, 

Germany) using a 50 mL stainless steel grinding jar with three stainless steel grinding 

balls (diameter 10 mm). After the milling was stopped, the reaction mixture was diluted 

with CH2Cl2, filtered, the mixture of L-cysteine and silica gel was recovered and reused. 

The filtrate was concentrated in vacuo, and then purified by recrystallization from ethanol 

to afford the desired products (4a-4t). All title compounds were characterized by 1H NMR, 

13C NMR and ESI-MS. 

 

 

 

 

 

 

 



3. Data of the products 

 

7,7-Dimethyl-4-phenyl-4,6,7,8-tetrahydro-2H-chromene-2,5(3H)-dione (4a). White 

solid; mp 102-104 ℃. 1H NMR (500 MHz, CDCl3) δ 7.33 – 7.14 (m, 5H), 4.33 – 4.29 

(m, 1H), 2.96 – 2.92 (m, 2H), 2.55 (s, 2H), 2.33 (s, 2H), 1.16 (s, 3H), 1.11 (s, 3H). 13C 

NMR (126 MHz, CDCl3) δ 196.09, 165.94, 165.69, 140.58, 129.07, 127.46, 126.52, 

116.11, 50.63, 41.07, 36.32, 33.84, 32.53, 28.56, 28.15. MS (ESI): [M+H]+: 271.24. 

 

 

 



 

 

 

 

 



 

7,7-Dimethyl-4-(o-tolyl)-4,6,7,8-tetrahydro-2H-chromene-2,5(3H)-dione (4b). White 

solid, mp 101-103 ℃. 1H NMR (400 MHz, CDCl3) δ 7.23 – 7.05 (m, 3H), 6.89 – 6.82 (m, 

1H), 4.51 (d, J = 8.0 Hz, 1H), 2.94 (dd, J = 15.8, 8.2 Hz, 1H), 2.75 (dd, J = 15.8, 1.2 Hz, 

1H), 2.60 (d, J = 5.3 Hz, 2H), 2.48 (s, 3H), 2.33 (s, 2H), 1.18 (s, 3H), 1.17 (s, 3H). 13C 

NMR (100 MHz, CDCl3) δ 196.09, 166.27, 165.81, 138.31, 135.33, 131.26, 127.49, 

126.69, 124.79, 116.13, 50.56, 41.04, 35.82, 32.64, 30.14, 28.58, 28.32, 19.50. MS (ESI): 

[M+H+CH3OH]+: 317.02. 

 

 

 



 

 

 

 

 



 

7,7-Dimethyl-4-(m-tolyl)-4,6,7,8-tetrahydro-2H-chromene-2,5(3H)-dione (4c). White 

solid, mp 122-124 ℃. 1H NMR (400 MHz, CDCl3) δ 7.18 (t, J = 7.6 Hz, 1H), 7.05 (d, J 

= 7.6 Hz, 1H), 6.99 – 6.91 (m, 2H), 4.30 – 4.24 (m, 1H), 2.96 – 2.91 (m, 2H), 2.57 – 2.53 

(m, 2H), 2.34 (s, 2H), 2.32 (s, 3H), 1.17 (s, 3H), 1.13 (s, 3H). 13C NMR (100 MHz, CDCl3) 

δ 196.15, 166.05, 165.67, 140.47, 138.74, 128.96, 128.28, 127.36, 123.39, 116.12, 50.64, 

41.06, 36.45, 33.80, 32.59, 28.58, 28.19, 21.50. MS (ESI): [M+H+CH3OH]+: 317.01. 

 

 

 

 



 

 

 



 

7,7-Dimethyl-4-(p-tolyl)-4,6,7,8-tetrahydro-2H-chromene-2,5(3H)-dione (4d). White 

solid, mp 107-109 ℃. 1H NMR (400 MHz, CDCl3) δ 7.11 (d, J = 8.0 Hz, 2H), 7.05 (d, J 

= 8.2 Hz, 2H), 4.31 – 4.25 (m, 1H), 2.95 – 2.91 (m, 2H), 2.55 (s, 2H), 2.33 (s, 2H), 2.31 

(s, 3H), 1.16 (s, 3H), 1.12 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 196.15, 166.11, 165.56, 

137.56, 137.12, 129.74, 126.39, 116.28, 50.64, 41.06, 36.46, 33.47, 32.56, 28.59, 28.18, 

21.01. MS (ESI): [M+H+CH3OH]+: 316.97. 

 

 



 

 

 

 

 



 

4-(4-Methoxyphenyl)-7,7-dimethyl-4,6,7,8-tetrahydro-2H-chromene-2,5(3H)-dione (4e). 

Yellow solid, mp 134-137 ℃. 1H NMR (400 MHz, CDCl3) δ 7.09 (d, J = 8.7 Hz, 2H), 

6.83 (d, J = 8.7 Hz, 2H), 4.30 – 4.23 (m, 1H), 3.77 (s, 3H), 2.94 – 2.90 (m, 2H), 2.54 (s, 

2H), 2.33 (s, 2H), 1.16 (s, 3H), 1.11 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 196.19, 

166.16, 165.47, 158.82, 132.62, 127.60, 116.41, 114.42, 55.26, 50.64, 41.04, 36.55, 33.06, 

32.56, 28.59, 28.16. MS (ESI): [M+Na]+: 323.12. 

 

 

 



 

 

 

 

 



 

4-(2-Chlorophenyl)-7,7-dimethyl-4,6,7,8-tetrahydro-2H-chromene-2,5(3H)-dione (4f). 

White solid, mp 135-137 ℃. 1H NMR (400 MHz, CDCl3) δ 7.42 (dd, J = 7.6, 1.6 Hz, 

1H), 7.24 – 7.12 (m, 2H), 6.92 (dd, J = 7.2, 2.0 Hz, 1H), 4.76 (s, 1H), 2.97 – 2.93 (m, 

2H), 2.62 (s, 1H), 2.61 (d, J = 1.3 Hz, 1H), 2.36 (s, 2H), 1.20 (s, 3H), 1.19 (s, 3H). 13C 

NMR (100 MHz, CDCl3) δ 195.69, 167.06, 165.44, 136.96, 133.42, 130.53, 128.95, 

127.36, 126.69, 114.73, 50.54, 41.11, 35.22, 32.56, 31.23, 28.54, 28.45. MS (ESI): 

[M+H]+: 305.14. 

 

 

 



 

 

 

 

 



 

4-(3-Chlorophenyl)-7,7-dimethyl-4,6,7,8-tetrahydro-2H-chromene-2,5(3H)-dione (4g). 

White solid, mp 122-124 ℃. 1H NMR (400 MHz, CDCl3) δ 7.26 – 7.01 (m, 4H), 4.29 (d, 

J = 5.9 Hz, 1H), 2.95 (t, J = 5.1 Hz, 2H), 2.59 – 2.54 (m, 2H), 2.35 (s, 2H), 1.18 (s, 3H), 

1.14 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 196.01, 166.13, 165.45, 142.51, 134.90, 

130.39, 127.81, 126.97, 124.62, 115.44, 50.56, 41.06, 36.13, 33.62, 32.60, 28.56, 28.20. 

MS (ESI): [M+H]+: 305.19. 

 

 

 

 



 

 

 

 

 



 

4-(4-Chlorophenyl)-7,7-dimethyl-4,6,7,8-tetrahydro-2H-chromene-2,5(3H)-dione (4h). 

White solid, mp 166-168 ℃. 1H NMR (400 MHz, CDCl3) δ 7.27 (d, J = 8.5 Hz, 2H), 7.11 

(d, J = 8.5 Hz, 2H), 4.29 (d, J = 6.1 Hz, 1H), 3.00 – 2.90 (m, 2H), 2.54 (s, 2H), 2.33 (s, 

2H), 1.16 (s, 3H), 1.11 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 196.06, 165.91, 165.65, 

139.10, 133.32, 129.23, 127.97, 115.77, 50.56, 41.05, 36.10, 33.32, 32.56, 28.60, 28.10. 

MS (ESI): [M+H+CH3OH]+: 337.08. 

 

 

 



 

 

 

 

 



 

4-(4-Fluorophenyl)-7,7-dimethyl-4,6,7,8-tetrahydro-2H-chromene-2,5(3H)-dione (4i). 

White solid, mp 171-173 ℃. 1H NMR (400 MHz, CDCl3) δ 7.17 – 7.09 (m, 2H), 7.03 – 

6.94 (m, 2H), 4.30 (d, J = 5.6 Hz, 1H), 3.00 – 2.86 (m, 2H), 2.55 (s, 2H), 2.33 (s, 2H), 

1.16 (s, 3H), 1.11 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 196.11, 165.79, 163.23, 160.78, 

136.36, 136.33, 128.22, 128.14, 116.05, 115.84, 50.58, 41.04, 36.35, 33.18, 32.56, 28.58, 

28.12. MS (ESI): [M+H+CH3OH]+: 321.06. 

 

 

 



 

 

 

 

 



 

4-(4-Bromophenyl)-7,7-dimethyl-4,6,7,8-tetrahydro-2H-chromene-2,5(3H)-dione (4j). 

White solid, mp 157-159 ℃. 1H NMR (400 MHz, CDCl3) δ 7.42 (d, J = 8.5 Hz, 2H), 7.05 

(d, J = 8.4 Hz, 2H), 4.27 (d, J = 6.4 Hz, 1H), 3.00 – 2.85 (m, 2H), 2.54 (s, 2H), 2.33 (s, 

2H), 1.16 (s, 3H), 1.10 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 196.05, 165.93, 165.62, 

139.64, 132.19, 128.33, 121.40, 115.68, 50.56, 41.04, 36.01, 33.39, 32.56, 28.60, 28.10. 

MS (ESI): [M+H+CH3OH]+: 381.00. 

 

 



 

 

 

 

 



 

7,7-Dimethyl-4-(4-nitrophenyl)-4,6,7,8-tetrahydro-2H-chromene-2,5(3H)-dione (4k). 

Yellow solid, mp 141-143 ℃. 1H NMR (400 MHz, CDCl3) δ 8.18 (d, J = 8.8 Hz, 2H), 

7.36 (d, J = 8.7 Hz, 2H), 4.42 (d, J = 7.3 Hz, 1H), 3.09 – 2.91 (m, 2H), 2.58 (s, 2H), 2.37 

(d, J = 16.4 Hz, 1H), 2.33 (d, J = 16.5 Hz, 1H), 1.18 (s, 3H), 1.11 (s, 3H). 13C NMR (100 

MHz, CDCl3) δ 195.96, 166.48, 165.04, 147.96, 147.28, 127.68, 124.38, 115.02, 50.48, 

41.09, 35.56, 33.85, 32.60, 28.60, 28.06. MS (ESI): [M+H+CH3OH]+: 348.01.  

 

 

 



 

 

 

 

 



 

4-(2,3-Dichloropheny)-7,7-dimethyl-4,6,7,8-tetrahydro-2H-chromene-2,5(3H)-dione 

(4l). White solid, mp 190-192 ℃. 1H NMR (400 MHz, CDCl3) δ 7.39 (dd, J = 8.0, 1.4 

Hz, 1H), 7.12 (t, J = 7.9 Hz, 1H), 6.84 (dd, J = 7.8, 1.4 Hz, 1H), 4.79 (t, J = 4.8 Hz, 1H), 

2.96 (d, J = 5.3 Hz, 2H), 2.65 (d, J = 18.1 Hz, 1H), 2.62 (d, J = 1.3 Hz, 1H), 2.37 (s, 2H), 

1.20 (s, 3H), 1.20 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 195.57, 167.22, 165.09, 139.31, 

134.34, 131.79, 129.87, 127.64, 124.79, 114.56, 50.49, 41.11, 34.97, 32.58, 32.12, 28.52, 

28.48. MS (ESI): [M+H+CH3OH]+: 370.97.  

 

 

 



 

 

 

 

 



 

4-(o-Tolyl)-4,6,7,8-tetrahydro-2H-chromene-2,5(3H)-dione (4m): White solid, mp 151-

153 ℃. 1H NMR (400 MHz, CDCl3) δ 7.24 – 7.05 (m, 3H), 6.85 (d, J = 7.3 Hz, 1H), 4.52 

(d, J = 8.1 Hz, 1H), 2.94 (dd, J = 15.8, 8.1 Hz, 1H), 2.84 – 2.64 (m, 3H), 2.48 (s, 3H), 

2.46 (d, J = 6.9 Hz, 2H), 2.16 (p, J = 6.4 Hz, 2H). 13C NMR (100 MHz, CDCl3) δ 196.17, 

167.92, 165.63, 138.19, 135.36, 131.22, 127.50, 126.69, 124.74, 117.31, 36.71, 35.73, 

30.26, 27.37, 20.73, 19.48. MS (ESI): [M+H+CH3OH]+: 288.99. 

 

 

 



 

 

 

 

 



 

4-(m-Tolyl)-4,6,7,8-tetrahydro-2H-chromene-2,5(3H)-dione (4n): White solid, mp 116-

118 ℃. 1H NMR (400 MHz, CDCl3) δ 7.19 (t, J = 7.6 Hz, 1H), 7.05 (d, J = 7.5 Hz, 1H), 

6.99 – 6.91 (m, 2H), 4.35 – 4.16 (m, 1H), 2.96 – 2.91 (m, 2H), 2.78 – 2.61 (m, 2H), 2.51 

– 2.44 (m, 2H), 2.32 (s, 3H), 2.19 – 2.08 (m, 2H). 13C NMR (100 MHz, CDCl3) δ 196.39, 

167.36, 165.99, 140.44, 138.74, 128.94, 128.31, 127.37, 123.43, 117.27, 36.75, 36.33, 

33.75, 27.37, 21.53, 20.62. MS (ESI): [M+H+CH3OH]+: 288.99. 

 

 

 



 

 

 

 

 



 

4-(p-Tolyl)-4,6,7,8-tetrahydro-2H-chromene-2,5(3H)-dione (4o). White solid, mp 105-

106 ℃. 1H NMR (400 MHz, CDCl3) δ 7.09 (dd, J = 21.0, 8.1 Hz, 4H), 4.40 – 4.16 (m, 

1H), 2.96 – 2.91 (m, 2H), 2.76 – 2.62 (m, 2H), 2.51 – 2.42 (m, 2H), 2.31 (s, 3H), 2.17 – 

2.07 (m, 2H). 13C NMR (100 MHz, CDCl3) δ 196.38, 167.24, 166.04, 137.50, 137.17, 

129.73, 126.43, 117.45, 36.75, 36.35, 33.42, 27.36, 21.05, 20.63. MS (ESI): 

[M+H+CH3OH]+: 288.95. 

 

 

 

 



 

 

 

 



 

4-(4-Methoxypheny)-4,6,7,8-tetrahydro-2H-chromene-2,5(3H)-dione (4p): White solid, 

mp 134-136 ℃. 1H NMR (400 MHz, CDCl3) δ 7.09 (d, J = 8.7 Hz, 2H), 6.83 (d, J = 8.7 

Hz, 2H), 4.34 – 4.23 (m, 1H), 3.78 (s, 3H), 2.95 – 2.90 (m, 2H), 2.74 – 2.63 (m, 2H), 2.52 

– 2.42 (m, 2H), 2.19 – 2.06 (m, 2H). 13C NMR (100 MHz, CDCl3) δ 164.48, 147.56, 

143.58, 138.47, 132.05, 131.18, 130.83, 129.64, 128.48, 126.29, 124.71, 123.95, 122.75, 

84.22, 26.23, 21.48. MS (ESI): [M+H+CH3OH]+: 305.00. 

 

 

 



 

 

 

 

 



 

4-(2-Chlorophenyll)-4,6,7,8-tetrahydro-2H-chromene-2,5(3H)-dione (4q). White solid, 

mp 149-151 ℃. 1H NMR (400 MHz, CDCl3) δ 7.42 (dd, J = 7.6, 1.6 Hz, 1H), 7.25 – 7.12 

(m, 2H), 6.91 (dd, J = 7.3, 2.0 Hz, 1H), 4.76 (d, J = 6.8 Hz, 1H), 3.03 – 2.90 (m, 2H), 

2.85 – 2.66 (m, 2H), 2.55 – 2.44 (m, 2H), 2.25 – 2.13 (m, 2H). 13C NMR (100 MHz, 

CDCl3) δ 195.82, 168.79, 165.33, 136.72, 133.47, 130.51, 128.99, 127.38, 126.60, 115.85, 

36.68, 35.10, 31.26, 27.43, 20.71. MS (ESI): [M+H+CH3OH]+: 308.91. 

 

 

 



 

 

 

 

 



 

4-(3-Chlorophenyll)-4,6,7,8-tetrahydro-2H-chromene-2,5(3H)-dione (4r). White solid, 

mp 124-126 ℃. 1H NMR (400 MHz, CDCl3) δ 7.27 – 7.19 (m, 2H), 7.15 (s, 1H), 7.08 – 

7.01 (m, 1H), 4.31 (d, J = 6.9 Hz, 1H), 3.05 – 2.87 (m, 2H), 2.81 – 2.60 (m, 2H), 2.56 – 

2.40 (m, 2H), 2.21 – 2.07 (m, 2H). 13C NMR (100 MHz, CDCl3) δ 196.13, 167.80, 165.31, 

142.48, 134.87, 130.36, 127.80, 126.93, 124.69, 116.58, 36.66, 36.05, 33.60, 27.38, 20.57. 

MS (ESI): [M+H+CH3OH]+: 308.94. 

 

 

 

 



 

 

 

 



 

4-(4-Chlorophenyll)-4,6,7,8-tetrahydro-2H-chromene-2,5(3H)-dione (4s): White solid, 

mp 135-137 ℃. 1H NMR (400 MHz, CDCl3) δ 7.30 – 7.25 (m, 2H), 7.11 (d, J = 8.5 Hz, 

2H), 4.31 (d, J = 7.0 Hz, 1H), 3.05 – 2.84 (m, 2H), 2.79 – 2.61 (m, 2H), 2.48 (t, J = 6.7 

Hz, 2H), 2.21 – 2.03 (m, 2H). 13C NMR (100 MHz, CDCl3) δ 196.29, 167.63, 165.56, 

139.01, 133.33, 129.22, 128.01, 116.91, 36.68, 36.05, 33.29, 27.37, 20.58. MS (ESI): 

[M+H+CH3OH]+: 308.92. 

 

 

 

 



 

 

 

 

 



 

4-(4-Bromophenyl)-4,6,7,8-tetrahydro-2H-chromene-2,5(3H)-dione(4t). White solid, 

mp 144-146 ℃. 1H NMR (400 MHz, CDCl3) δ 7.50 – 7.33 (m, 2H), 7.05 (d, J = 8.4 Hz, 

2H), 4.29 (d, J = 7.0 Hz, 1H), 3.05 – 2.84 (m, 2H), 2.78 – 2.58 (m, 2H), 2.47 (t, J = 6.7 

Hz, 2H), 2.22 – 2.02 (m, 2H). 13C NMR (100 MHz, CDCl3) δ 196.25, 167.64, 165.53, 

139.55, 132.16, 128.37, 121.42, 116.83, 36.68, 35.96, 33.37, 27.37, 20.57. MS (ESI): 

[M+H+CH3OH]+: 352.92. 

 

 

 




