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1. General information 

Chemicals and solvents were purchased from commercial suppliers and used as received. 1H and 13C NMR 

spectra were recorded on a Bruker ACF300 (300 MHz) or AMX500 (500 MHz) spectrometer. Chemical 

shifts were reported in parts per million (ppm), and the residual solvent peak was used as an internal 

reference: proton (chloroform δ 7.26), carbon (chloroform δ 77.0) or tetramethylsilane (TMS δ 0.00) was 

used as a reference. Multiplicity was indicated as follows: s (singlet), d (doublet), t (triplet), q (quartet), m 

(multiplet), dd (doublet of doublet), bs (broad singlet). Coupling constants were reported in Hertz (Hz). 

Low resolution mass spectra were obtained on a Finnigan/MAT LCQ spectrometer in ESI mode, and a 

Finnigan/MAT 95XL-T mass spectrometer in EI mode. All high resolution mass spectra were obtained on a 

Finnigan/MAT 95XL-T mass spectrometer. For thin layer chromatography (TLC), Merck pre-coated TLC 

plates (Merck 60 F254) were used, and compounds were visualized with a UV light at 254 nm. Further 

visualization was achieved by staining with KMnO4 solution, or ninhydrin followed by heating using a heat 

gun. Flash chromatography separations were performed on Merck 60 (0.040-0.063 mm) mesh silica gel. 

The enantiomeric excesses of products were determined by chiral phase HPLC analysis. Optical rotations 

were recorded on Jasco DIP-1000 polarimeter. 
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2. Catalyst synthesis and representative reaction procedure for Michael addition reaction 

a) Synthesis of Catalyst II-c: Please check the Supporting Information of our published paper: Y. J. Gao, 

Q. Ren, H. Wu, M. G. Li, J. Wang, Chem. Commun. 2010, DOI: 10.1039/c0cc03489d. 

 

 

b) General procedure: To a solution of 2-hydroxynaphthalene-1,4-dione 5 (17.5 mg, 0.1 mmol) in 0.45 

mL of DCE was added (E)-Ethyl 2-oxo-4-phenylbut-3-enoate 6a (23 mg, 0.11 mmol) at –20 oC, followed 

by adding of 50 µL of pre-cooled catalyst II-c solution (4.2 mg in 50 µL of DCE, 0.01 mmol). The mixture 

was stirred at –20 oC for 24 h. The crude product was purified by column chromatography on silica gel, 

eluted by hexane/EtOAc= 2:1 to afford 36.7 mg (97% yield) of the desired product 7a as yellow solid.  

 

3. Analytical data of Michael addition reaction products  

 
O

O

O COOEt
OH

 
 
(4R)-Ethyl 2-hydroxy-5,10-dioxo-4-phenyl-3,4,5,10-tetrahydro-2H-benzo[g]chromene-2-

carboxylate (7a) (Table 3, entry 1). 1H NMR (500 MHz, CDCl3) δ 8.15-8.08 (m, 1H), 8.03-8.0 (m, 0.44 

H), 7.90 (dt, J = 6.6, 3.0 Hz, 0.48 H), 7.75-7.63 (m, 2.3H), 7.47 (d, J = 7.3 Hz, 0.6 H), 7.33-7.18 (m, 4.4 H), 

5.01-4.95 (m, 0.74 H), 4.72 (s, 0.16 H), 4.45 (dd, J = 7.6, 3.5 Hz, 0.19 H), 4.38-4.25 (m, 2.5 H), 4.15 (dd, J 

= 19.2, 9.8 Hz, 0.32 H), 3.67 (dd, J = 19.2, 5.7 Hz, 0.30 H), 2.74 (dd, J = 14.3, 7.7 Hz, 0.19 H), 2.46-2.36 

(m, 1.27 H), 1.32 (dd, J = 9.0, 5.5 Hz, 3 H); 13C NMR (125 MHz, CDCl3) δ 192.66, 183.97, 183.24, 183.12, 

181.50, 179.30, 178.98, 168.19, 160.68, 153.56, 153.06, 152.57, 142.84, 141.94, 140.99, 135.11, 134.22, 
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134.15, 133.34, 133.17, 132.96, 132.76, 132.07, 131.89, 130.94, 130.83, 129.07, 128.76, 128.57, 128.33, 

128.16, 127.57, 127.22, 127.07, 126.93, 126.68, 126.58, 126.49, 126.43, 126.39, 126.21, 126.05, 125.10, 

123.73, 122.98, 95.96, 95.23, 63.54, 63.44, 62.48, 42.24, 37.83, 35.74, 35.28, 34.74, 33.54, 13.93, 13.89; 

HRMS (ESI) calcd for C22H18NaO6 (M + Na+) 401.1001, found 401.0999; HPLC (Chiralpak IC, i-

propanol/hexane = 20/80, flow rate 1.0 mL/min, λ = 254 nm): tmajor = 15.37 min, tminor = 20.34 min, ee = 

96%; [α]25
D = +26.7 (c =1.13 in CHCl3). 

 

O

O

O COOEt
OH

F  
 
(4R)-Ethyl 4-(4-fluorophenyl)-2-hydroxy-5,10-dioxo-3,4,5,10-tetrahydro-2H-benzo[g]chromene -

2-carboxylate (7b) (Table 3, entry 2). 1H NMR (500 MHz, CDCl3) δ 8.00 (d, J = 94.9 Hz, 2H), 7.69 (d, J 

= 22.1 Hz, 2H), 7.44 (bs, 0.67 H), 7.24 (d, J = 23.6 Hz, 1.21 H), 6.98 (bs, 2H), 4.92 (d, J = 49.2 Hz, 0.73 

H), 4.69 (bs, 0.19 H), 4.32 (t, J = 25.7 Hz, 2.63 H), 4.11-4.07 (m, 0.36 H), 3.67 (d, J = 14.8 Hz, 0.33 H), 

2.72 (bs, 0.19 H), 2.38 (bs, 1 H), 1.34 (t, J = 7.1 Hz, 3 H); 13C NMR (125 MHz, CDCl3) δ 183.15, 183.13, 

181.41, 179.21, 168.11, 162.52, 160.75, 160.70, 160.57, 153.06, 138.47, 135.18, 134.24, 133.25, 132.07, 

130.85, 129.77, 129.18, 128.74, 126.39, 126.25, 115.74, 115.57, 115.27, 95.21, 63.62, 62.53, 42.31, 37.82, 

35.07, 34.09, 29.67, 13.93; HRMS (ESI) calcd for C22H17FNaO6 (M + Na+) 419.0907, found 419.0895; 

HPLC (Chiralpak IC, i-propanol/hexane = 20/80, flow rate 1.0 mL/min, λ = 254 nm): tmajor = 10.88 min, 

tminor = 15.99 min, ee = 96%; [α]25
D = +27.7 (c = 1.37 in CHCl3). 
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(4R)-Ethyl 4-(4-chlorophenyl)-2-hydroxy-5,10-dioxo-3,4,5,10-tetrahydro-2H-benzo[g]chromene-2-

carboxylate (7c) (Table 3, entry 3). 1H NMR (500 MHz, CDCl3) δ 8.15-8.01 (m, 1.5 H), 7.92-7.90 (m, 

0.48 H), 7.75-7.67 (m, 2 H), 7.40 (t, J = 8.2 Hz, 0.69 H), 7.24 (ddd, J = 29.3, 18.3, 8.0 Hz, 3.58 H), 4.86 (d, 

J = 109.7 Hz, 1 H), 4.40-4.24 (m, 2.74 H), 4.07 (dd, J = 19.5, 9.5 Hz, 0.32 H), 3.68 (dd, J = 18.9, 5.7 Hz, 

0.31 H), 2.72 (dd, J = 14.0, 7.7 Hz, 0.22 H), 2.42-2.30 (m, 1.22 H), 1.34 (t, J = 7.1 Hz, 3 H); 13C NMR (75 

MHz, CDCl3) δ 183.37, 179.74, 153.11, 140.67, 134.58, 133.28, 132.49, 132.19, 130.37, 129.01, 128.77, 

126.64, 126.30, 123.78, 63.31, 34.29, 13.92; HRMS (ESI) calcd for C22H17ClNaO6 (M + Na+) 435.0611, 

found 435.0598; HPLC (Chiralpak IC, i-propanol/hexane = 20/80, flow rate 1.0 mL/min, λ = 254 nm): tmajor 

= 10.77 min, tminor = 15.66 min, ee = 97%; [α]25
D = +18.7 (c =1.37 in CHCl3). 

 
 
 

O

O

O COOEt
OH

Cl  
 
(4R)-Ethyl 4-(3-chlorophenyl)-2-hydroxy-5,10-dioxo-3,4,5,10-tetrahydro-2H-benzo[g]chromene-2-

carboxylate (7d) (Table 3, entry 3). 1H NMR (500 MHz, CDCl3) δ 8.14-7.91 (m, 2 H), 7.70 (d, J = 23.3 

Hz, 2 H), 7.40 (d, J = 51.7 Hz, 0.68 H), 7.22-7.14 (m, 3.22 H), 4.99 (d, J = 20.5 Hz, 0.77 H), 4.79 (s, 0.18 

H), 4.40-4.23 (m, 2.69 H), 4.13-4.05 (m, 0.35 H), 3.67 (d, J = 14.5 Hz, 0.31H), 2.71 (d, J = 6.9 Hz, 0.19 H), 

2.37 (dt, J = 25.9, 10.2 Hz, 1.16 H), 1.34 (t, J = 7.1 Hz, 3 H); 13C NMR (125 MHz, CDCl3) δ 192.28, 

182.98, 179.11, 168.02, 153.24, 144.93, 135.19, 134.23, 133.29, 131.99, 130.84, 130.00, 128.28, 127.28, 

127.13, 126.95, 126.43, 126.29, 125.61, 124.28, 95.19, 63.62, 62.55, 41.95, 37.60, 35.43, 35.41, 34.90, 

34.56, 13.91; HRMS (ESI) calcd for C22H17ClNaO6 (M + Na+) 435.0611, found 435.0601; HPLC 
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(Chiralpak IC, i-propanol/hexane = 20/80, flow rate 1.0 mL/min, λ = 254 nm): tmajor = 11.07 min, tminor = 

13.40 min, ee = 97%; [α]25
D = +7.1 (c = 1.47 in CHCl3). 

 
 

 
 
(4S)-Ethyl 4-(2-chlorophenyl)-2-hydroxy-5,10-dioxo-3,4,5,10-tetrahydro-2H-benzo[g]chromene-2-

carboxylate (7e) (Table 3, entry 3). 1H NMR (500 MHz, CDCl3) δ 8.11-7.92 (m, 2 H), 7.68 (s, 2 H), 7.40 

(d, J = 6.0 Hz, 1 H), 7.13 (d, J = 32.8 Hz, 3 H), 4.94-4.74 (m, 2 H), 4.36-4.33 (m, 2 H), 2.69 (s, 0.35 H), 

2.42 (d, J = 65.3 Hz, 1.39 H), 1.34 (t, J = 6.6 Hz, 3 H); 13C NMR (75 MHz, CDCl3) δ 182.89, 179.14, 

168.07, 154.00, 153.33, 140.21, 138.83, 134.23, 133.27, 131.89, 130.90, 129.90, 129.60, 127.96, 127.25, 

126.44, 126.32, 124.75, 95.91, 95.31, 63.58, 35.11, 32.50, 30.86, 29.66, 13.92; HRMS (ESI) calcd for 

C22H17ClNaO6 (M + Na+) 435.0611, found 435.0611; HPLC (Chiralpak IC, i-propanol/hexane = 20/80, 

flow rate 1.0 mL/min, λ = 254 nm): tmajor = 13.36 min, tminor = 16.31 min, ee = 95%; [α]25
D = +29.6 (c = 1.33 

in CHCl3). 

 
 

 
 
(4S)-Ethyl 4-(2-bromophenyl)-2-hydroxy-5,10-dioxo-3,4,5,10-tetrahydro-2H-benzo[g]chromene-2-

carboxylate (7f) (Table 3, entry 6). 1H NMR (500 MHz, CDCl3) δ 8.04 (dd, J = 85.6, 26.6 Hz, 2 H), 7.70-

7.58 (m, 3 H), 7.19-7.07 (m, 3 H), 4.87-4.72 (m, 2H), 4.34 (dd, J = 15.9, 7.4 Hz, 2 H), 2.55 (dt, J = 212.8, 

59.1 Hz, 2 H), 1.34 (t, J = 6.3 Hz, 3 H); 13C NMR (125 MHz, CDCl3) δ 182.81, 179.10, 168.03, 154.00, 

140.46, 134.19, 133.40, 133.26, 132.91, 131.95, 130.91, 129.72, 128.26, 128.18, 127.92, 126.97, 126.43, 

126.30, 124.86, 123.79, 122.63, 95.96, 95.31, 63.61, 60.37, 33.46, 32.76, 21.00, 13.93; HRMS (ESI) calcd 
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for C22H17BrNaO6 (M + Na+) 479.0106, found 479.0101; HPLC (Chiralpak IC, i-propanol/hexane = 20/80, 

flow rate 1.0 mL/min, λ = 254 nm): tmajor = 14.23 min, tminor = 16.53 min, ee = 94%; [α]25
D = +13.3 (c = 0.87 

in CHCl3). 

 

 
 
(4R)-Ethyl 2-hydroxy-4-(4-methoxyphenyl)-5,10-dioxo-3,4,5,10-tetrahydro-2H-benzo[g]chromene-2-

carboxylate (7g) (Table 3, entry 7). 1H NMR (500 MHz, CDCl3) δ 8.14-7.90 (m, 2 H), 7.68 (d, J = 24.9 

Hz, 2 H), 7.39 (d, J = 7.6 Hz, 0.69 H), 7.16 (d, J = 7.9 Hz, 1.26 H), 6.85-6.82 (m, 2 H), 4.86 (d, J = 88.3 Hz, 

0.85 H), 4.39-4.23 (m, 2.59 H), 4.09 (dd, J = 18.8, 9.3 Hz, 0.35 H), 3.76 (d, J = 10.7 Hz, 3 H), 3.65 (d, J = 

19.2 Hz, 0.41 H), 2.69 (d, J = 7.3 Hz, 0.18 H), 2.39 (d, J = 7.9 Hz, 1 H), 1.33 (t, J = 6.9 Hz, 3 H); 13C NMR 

(125 MHz, CDCl3) δ 192.78, 184.03, 183.21, 181.56, 179.33, 168.21, 160.77, 158.47, 158.23, 152.89, 

152.40, 135.05, 134.72, 134.10, 133.29, 133.11, 132.92, 132.80, 132.14, 130.85, 129.22, 128.61, 128.22, 

127.03, 126.36, 126.17, 126.00, 125.32, 124.03, 123.27, 114.19, 113.95, 113.79, 96.02, 95.34, 63.45, 63.37, 

62.42, 55.16, 42.44, 37.92, 35.37, 35.00, 33.92, 32.81, 13.91; HRMS (ESI) calcd for C23H20NaO7 (M + Na+) 

431.1107, found 431.1101; HPLC (Chiralpak IC, i-propanol/hexane = 20/80, flow rate 1.0 mL/min, λ = 254 

nm): tmajor = 23.49 min, tminor = 44.30 min, ee = 90%; [α]25
D = +58.7 (c = 1.37 in CHCl3). 

 

 
O

O

O COOEt
OH

S  
 
(4R)-Ethyl 2-hydroxy-4-(4-(methylthio)phenyl)-5,10-dioxo-3,4,5,10-tetrahydro-2H-benzo[g]chromene 
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-2-carboxylate (7h) (Table 3, entry 8). 1H NMR (500 MHz, CDCl3) δ 8.03 (dd, J = 74.2, 37.4 Hz, 2 H), 

7.68 (d, J = 23.0 Hz, 2 H), 7.39-7.17 (m, 4 H), 5.04 (d, J = 83.9 Hz, 1 H), 4.38-4.09 (m, 3 H), 3.67 (d, J = 

17.0 Hz, 0.27 H), 2.71 (bs, 0.19 H), 2.45-2.36 (m, 4 H), 1.32 (bs, 3 H). 13C NMR (125 MHz, CDCl3) δ 

183.11, 179.26, 168.09, 153.04, 139.68, 136.51, 134.19, 133.15, 130.79, 127.74, 127.05, 126.35, 126.17, 

124.89, 95.26, 63.47, 42.07, 37.73, 35.14, 34.21, 15.85, 13.88; HRMS (ESI) calcd for C23H20NaO6S (M + 

Na+) 447.0878, found 447.0873; HPLC (Chiralpak IC, i-propanol/hexane = 20/80, flow rate 1.0 mL/min, λ 

= 254 nm): tmajor = 19.14 min, tminor = 31.89 min, ee = 93%; [α]25
D = +52.9 (c = 1.43 in CHCl3). 

 

 

 
 
 
(4R)-ethyl 4-(4-(allyloxy)phenyl)-2-hydroxy-5,10-dioxo-3,4,5,10-tetrahydro-2H-benzo[g]chromene-2-

carboxylate (7i) (Table 3, entry 9). 1H NMR (500 MHz, CDCl3) δ 8.16-7.90 (m, 1.66 H), 7.92-7.91 (m, 

0.42 H), 7.75-7.58 (m, 2.34 H), 7.38 (d, J = 8.5 Hz, 0.73 H), 7.16 (d, J = 8.2 Hz, 1 H), 6.87-6.82 (m, 2 H), 

6.03 (dt, J = 24.3, 9.6 Hz, 1 H), 5.32 (ddd, J = 27.4, 24.3, 10.7 Hz, 2 H), 4.94 (dd, J = 9.6, 5.8 Hz, 0.29 H), 

4.74 (s, 0.35 H), 4.45-4.22 (m, 4.56 H), 4.10 (dd, J = 19.1, 9.6 Hz, 0.34 H), 3.64 (dd, J = 19.2, 6.0 Hz, 0.35 

H), 2.38 (d, J = 9.5 Hz, 1 H), 1.34 (t, J = 7.1 Hz, 3 H); 13C NMR (75 MHz, CDCl3) δ 192.79, 184.06, 

183.24, 181.60, 179.36, 168.27, 157.55, 157.35, 152.89, 152.35, 135.11, 134.91, 134.15, 133.36, 133.28, 

133.17, 132.98, 132.16, 131.72, 130.87, 130.70, 129.25, 128.63, 128.24, 127.09, 126.40, 126.23, 126.06, 

125.40, 124.06, 118.04, 117.62, 115.01, 114.79, 114.58, 114.45, 95.91, 95.25, 68.81, 63.60, 63.48, 62.47, 

42.47, 37.89, 35.20, 35.03, 33.94, 32.69, 29.68, 13.95; HRMS (ESI) calcd for C25H22NaO7 (M + Na+) 

457.1263, found 457.1251; HPLC (Chiralpak IC, i-propanol/hexane = 20/80, flow rate 1.0 mL/min, λ = 254 

nm): tmajor = 20.60 min, tminor = 39.69 min, ee = 90%; [α]25
D = +53.9 (c = 1.5 in CHCl3). 
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O

O

O COOEt
OH

OPh  
 
(4R)-Ethyl 4-(4-(benzyloxy)phenyl)-2-hydroxy-5,10-dioxo-3,4,5,10-tetrahydro-2H-benzo[g]chromene-

2-carboxylate (7j) (Table 3, entry 10). 1H NMR (500 MHz, CDCl3) δ 8.15-7.90 (m, 2 H), 7.74-7.63 (m, 

2.59 H), 7.43-7.28 (m, 6.20 H), 7.17-7.15 (m, 1.62 H), 6.93-6.88 (m, 2 H), 5.02-4.93 (m, 3 H), 4.41-4.23 

(m, 2.76 H), 4.10 (dd, J = 19.1, 9.6 Hz, 0.35 H), 3.64 (dd, J = 19.2, 6.0 Hz, 0.32 H), 2.73-2.68 (m, 0.19 H), 

2.43-2.37 (m, 1 H), 1.35-1.31(m, 3 H); 13C NMR (125 MHz, CDCl3) δ 192.78, 184.04, 183.22, 181.57, 

179.32, 168.23, 160.77, 157.76, 157.56, 152.91, 152.39, 137.05, 135.07, 135.02, 134.19, 134.12, 133.35, 

133.31, 133.14, 132.94, 132.83, 132.16, 130.87, 129.28, 129.12, 128.90, 128.66, 128.54, 128.52, 128.38, 

128.27, 128.11, 127.92, 127.88, 127.48, 127.40, 127.24, 127.06, 126.49, 126.38, 126.20, 126.03, 125.32, 

124.01, 115.09, 114.90, 114.67, 95.98, 95.31, 70.01, 63.51, 63.42, 62.43, 42.46, 37.91, 35.29, 35.04, 33.95, 

32.78, 13.93, 13.91;  HRMS (ESI) calcd for C29H24NaO7 (M + Na+) 507.1420, found 507.1414; HPLC 

(Chiralpak IC, i-propanol/hexane = 20/80, flow rate 1.0 mL/min, λ = 254 nm): tmajor = 24.43 min, tminor = 

41.02 min, ee = 90%; [α]25
D = +42.2 (c = 1.53 in CHCl3). 

 
O

O

O COOEt
OH

O

Ph  
 
(4R)-Ethyl 2-hydroxy-5,10-dioxo-4-(3-phenoxyphenyl)-3,4,5,10-tetrahydro-2H-benzo[g]chromene-2-

carboxylate (7k) (Table 3, entry 11). 1H NMR (500 MHz, CDCl3) δ 8.01 (ddd, J = 47.3, 11.5, 7.4 Hz, 2 

H), 7.73-7.66 (m, 2 H), 7.31-7.18 (m, 3.55 H), 7.08-6.80 (m, 5.3 H), 4.96 (t, J = 64.9 Hz, 1 H), 4.41-4.07 

(m, 2.7 H), 4.10 (dd, J = 18.8, 9.3 Hz, 0.28 H), 3.66 (dd, J = 19.2, 5.0 Hz, 0.27 H), 2.72 (dd, J = 13.9, 7.6 
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Hz, 0.19 H), 2.45-2.33 (m, 1.26 H), 1.33 (t, J = 7.1 Hz, 3 H); 13C NMR (125 MHz, CDCl3) δ 183.19, 179.16, 

168.10, 157.01, 153.01, 144.89, 134.16, 133.15, 129.63, 126.22, 123.16, 118.75, 116.90, 95.24, 63.45, 

42.08, 37.67, 34.63, 29.64, 13.90; HRMS (ESI) calcd for C28H22NaO7 (M + Na+) 493.1263, found 493.1258; 

HPLC (Chiralpak IC, i-propanol/hexane = 20/80, flow rate 1.0 mL/min, λ = 254 nm): tmajor = 14.18 min, 

tminor = 17.62 min, ee = 96%; [α]25
D = +11.7 (c = 1.73 in CHCl3). 

 

O

O

O COOEt
OH

 
 
(4R)-Ethyl 2-hydroxy-4-(4-isopropylphenyl)-5,10-dioxo-3,4,5,10-tetrahydro-2H-benzo[g]chromene-2-

carboxylate (7l) (Table 3, entry 12). 1H NMR (500 MHz, CDCl3) δ 8.09-7.91 (m, 2 H), 7.68 (d, J = 20.8 

Hz, 2 H), 7.38 (s, 1 H), 7.15 (bs, 3 H), 4.81 (d, J = 154.8 Hz, 1 H), 4.42-4.14 (m, 2.89 H), 3.64 (d, J = 15.8 

Hz, 0.31 H), 2.78 (d, J = 72.2 Hz, 1 H), 2.40 (d, J = 8.2 Hz, 1 H), 1.32 (bs, 3 H), 1.22 (bs, 6 H); 13C NMR 

(125 MHz, CDCl3) δ 192.81, 184.01, 183.14, 181.59, 179.35, 168.25, 160.76, 152.98, 147.47, 147.00, 

139.96, 138.28, 135.05, 134.09, 133.11, 132.91, 132.17, 130.89, 129.13, 128.08, 127.40, 127.11, 126.79, 

126.62, 126.40, 126.19, 126.02, 125.35, 123.95, 104.97, 95.34, 63.46, 62.42, 42.41, 37.94, 35.44, 34.32, 

33.61, 23.87, 13.91; HRMS (ESI) calcd for C25H24NaO6 (M + Na+) 443.1471, found 443.1465; HPLC 

(Chiralpak IC, i-propanol/hexane = 20/80, flow rate 1.0 mL/min, λ = 254 nm): tmajor = 14.02 min, tminor = 

18.78 min, ee = 94%; [α]25
D = +39.6 (c = 1.0 in CHCl3). 

 

 
 
(4R)-Ethyl 2-hydroxy-4-(naphthalen-1-yl)-5,10-dioxo-3,4,5,10-tetrahydro-2H-benzo[g]chromene-2-

carboxylate (7m) (Table 3, entry 13). 1H NMR (500 MHz, CDCl3) δ 8.28-7.07 (m, 11 H), 5.71 (s, 0.13 H), 
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5.02 (d, J = 96.2 Hz, 1 H), 4.54 (bs, 0.20 H), 4.23-4.13 (m, 2 H), 3.63 (d, J = 16.7 Hz, 0.14 H), 2.80 (dd, J 

= 13.7, 8.0 Hz, 0.23 H), 2.53-2.39 (m, 1 H), 1.21 (ddd, J = 14.5, 10.6, 6.3 Hz, 3 H). 13C NMR (125 MHz, 

CDCl3) δ 192.63, 183.10, 183.00, 179.25, 178.94, 168.15, 154.00, 139.31, 136.93, 135.14, 134.23, 134.15, 

133.36, 133.21, 132.97, 132.08, 131.95, 131.00, 130.92, 130.53, 129.41, 129.13, 127.72, 127.53, 127.22, 

126.47, 126.42, 126.29, 126.09, 125.73, 125.52, 125.42, 125.28, 125.07, 123.40, 122.58, 95.96, 95.53, 

63.44, 62.49, 60.38, 42.95, 36.94, 33.40, 31.95, 29.65, 21.00, 14.15, 13.92, 13.80; HRMS (ESI) calcd for 

C26H20NaO6 (M + Na+) 451.1158, found 451.1152; HPLC (Chiralpak IC, i-propanol/hexane = 20/80, flow 

rate 1.0 mL/min, λ = 254 nm): tmajor = 21.03 min, tminor = 29.86 min, ee = 91%; [α]25
D = +45.2 (c = 1.5 in 

CHCl3). 

 

 
 
(4S)-Ethyl 2-hydroxy-5,10-dioxo-4-(thiophen-2-yl)-3,4,5,10-tetrahydro-2H-benzo[g]chromene-2-

carboxylate (7n) (Table 3, entry 14). 1H NMR (500 MHz, CDCl3) δ 8.18-8.04 (m, 1.62 H), 7.97-7.95 (m, 

0.27 H), 7.71 (ddd, J = 29.0, 15.3, 6.9 Hz, 2.42 H), 7.14 (d, J = 5.0 Hz, 0.81 H), 7.06 (d, J = 3.5 Hz, 0.53 

H), 6.94-6.88 (m, 1.25 H), 5.29 (dd, J = 9.5, 6.0 Hz, 0.46 H), 4.86-4.62 (m, 0.77 H), 4.33 (ddd, J = 21.4, 

10.6, 5.2 Hz, 2 H), 4.12 (dd, J = 19.1, 9.3 Hz, 0.55 H), 3.77 (dd, J = 19.2, 6.0 Hz, 0.51 H), 2.73 (dd, J = 

14.5, 7.3 Hz, 0.16 H), 2.59-2.48 (m, 0.73 H), 1.34 (t, J = 7.1 Hz, 3 H); 13C NMR (75 MHz, CDCl3) δ 

192.16, 183.61, 183.08, 181.45, 160.53, 152.46, 143.49, 135.22, 134.25, 133.43, 133.23, 133.07, 132.73, 

130.79, 129.12, 128.77, 127.15, 126.81, 126.64, 126.56, 126.43, 126.28, 126.16, 125.40, 125.14, 124.89, 

124.46, 124.25, 123.78, 123.54, 122.97, 95.64, 95.26, 63.64, 62.56, 43.43, 38.24, 34.94, 30.94, 29.88, 

28.36, 13.93; HRMS (ESI) calcd for C20H16NaO6S (M + Na+) 407.0565, found 407.0560; HPLC (Chiralpak 

IC, i-propanol/hexane = 20/80, flow rate 1.0 mL/min, λ = 254 nm): tmajor = 19.84 min, tminor = 26.87 min, ee 

= 95%; [α]25
D = +52.6 (c =1.17 in CHCl3). 
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(4S)-Ethyl 4-ethyl-2-hydroxy-5,10-dioxo-3,4,5,10-tetrahydro-2H-benzo[g]chromene-2-carboxylate (7o) 

(Table 3, entry 15). 1H NMR (500 MHz, CDCl3) δ 8.09 (dd, J = 20.8, 9.8 Hz, 2 H), 7.76-7.66 (m, 2 H), 

4.68 (d, J = 84.2 Hz, 0.55 H), 4.40-4.26 (m, 2H), 3.63 (bs, 0.47 H), 3.50 (dd, J = 18.0, 8.8 Hz, 0.49 H), 3.30 

(dd, J = 18.1, 5.5 Hz, 0.50 H), 3.10-2.98 (m, 0.57 H), 2.33-2.15 (m, 1.39 H), 1.90-1.61 (m, 4.47 H), 1.35 

(ddd, J = 46.0, 25.4, 18.3 Hz, 3.83 H), 1.05 (t, J = 7.4 Hz, 1.17 H), 0.96-0.84 (m, 2.52 H); 13C NMR (75 

MHz, CDCl3) δ 193.49, 184.26, 183.85, 181.27, 179.19, 169.00, 160.91, 153.19, 151.68, 135.03, 134.02, 

133.18, 133.09, 132.90, 132.08, 130.91, 129.23, 127.03, 126.57, 126.29, 126.23, 126.07, 125.74, 124.34, 

95.96, 63.47, 62.38, 42.30, 32.97, 32.21, 29.21, 28.79, 27.73, 25.79, 25.23, 24.97, 13.94, 12.13, 11.94, 

10.65; HRMS (ESI) calcd for C18H18NaO6 (M + Na+) 353.1001, found 353.0996; HPLC (Chiralpak IC, i-

propanol/hexane = 20/80, flow rate 1.0 mL/min, λ = 254 nm): tmajor = 10.50 min, tminor = 12.10 min, ee = 

98%; [α]25
D = +18.5 (c = 1.17 in CHCl3). 

 

 
 
(4R)-Methyl 2-hydroxy-5,10-dioxo-4-phenyl-3,4,5,10-tetrahydro-2H-benzo[g]chromene-2-carboxylate 

(7p) (Table 3, entry 16). 1H NMR (500 MHz, CDCl3) δ 8.03 (dd, J = 77.6, 37.5 Hz, 2 H), 7.68 (d, J = 23.6 

Hz, 2 H), 7.46 (bs, 0.67 H), 7.30-7.22 (m, 4.4 H), 4.89 (d, J = 117.6 Hz, 1 H), 4.43-4.11 (m, 1 H), 3.86 (d, J 

= 15.1 Hz, 3 H), 3.67 (d, J = 16.4 Hz, 0.28 H), 2.72 (bs, 0.18 H), 2.46-2.37 (m, 1.22 H); 13C NMR (75 MHz, 

CDCl3) δ 192.20, 183.98, 183.09, 181.46, 179.31, 168.60, 152.94, 142.65, 140.95, 135.09, 134.17, 133.33, 

133.16, 132.95, 132.73, 132.05, 130.78, 129.05, 128.72, 128.56, 128.34, 128.12, 127.53, 127.20, 127.05, 

126.91, 126.67, 126.39, 126.21, 126.04, 125.02, 123.65, 95.39, 53.79, 52.94, 42.32, 37.86, 35.69, 35.46, 

34.64, 33.58, 29.62; HRMS (ESI) calcd for C21H16NaO6 (M + Na+) 387.0845, found 387.0839; HPLC 
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(Chiralpak IC, i-propanol/hexane = 20/80, flow rate 1.0 mL/min, λ = 254 nm): tmajor = 12.76 min, tminor = 

18.37 min, ee = 96%; [α]25
D = +28.7 (c = 1.17 in CHCl3). 

 
 
(R)-Ethyl 5,10-dioxo-4-phenyl-1,4,5,10-tetrahydrobenzo[g]quinoline-2-carboxylate (9). A solution of 

7a (38 mg, 0.1 mmol) and ammonium acetate (77 mg, 1.0 mmol) in ethanol (0.5 mL) was heated at 70 ℃ 

for 30 min. The solvent was evaporated and the mixture was purified by column chromatography on silica 

gel, eluted by hexane/EtOAc= 10:1 to provide 9 as a red solid (15 mg, 42% yield).  1H NMR (500 MHz, 

CDCl3) δ 8.07 (dd, J = 7.6, 0.9 Hz, 1 H), 8.00 (dd, J = 7.7, 1.1 Hz, 1 H), 7.70-7.61 (m, 3 H), 7.36 (dd, J = 

8.2, 0.9 Hz, 2 H), 7.31 (dd, J = 10.4, 5.0 Hz, 2 H), 7.21 (dd, J = 10.2, 4.3 Hz, 1 H), 6.18 (dd, J = 5.4, 1.9 Hz, 

1 H), 5.05 (d, J = 5.4 Hz, 1 H), 4.38-4.27 (m, 2 H), 1.34 (t, J = 7.1 Hz, 3 H); 13C NMR (125 MHz, CDCl3) δ 

182.48, 180.11, 162.13, 144.91, 138.86, 134.69, 132.96, 132.49, 130.36, 128.77, 128.25, 127.22, 126.49, 

126.30, 126.10, 115.44, 113.69, 62.04, 38.50, 14.13; HRMS (ESI) calcd for C22H17NNaO4 (M + Na+) 

382.1055, found 382.1050; HPLC (Chiralpak IC, i-propanol/hexane = 20/80, flow rate 1.0 mL/min, λ = 254 

nm): tminor = 20.62 min, tmajor = 26.70 min, ee = 75%; [α]25
D = +180.7 (c = 0.27 in CHCl3). 

 

 
 
(2R,4R)-Ethyl 2-chloro-5,10-dioxo-4-phenyl-3,4,5,10-tetrahydro-2H-benzo[g]chromene-2-carboxylate 

(10). To a solution of 7a (76 mg, 0.2 mmol) in DCM (1 mL) were added triethylamine (0.1 mL) and 

methanesulfonyl chloride (0.05 mL) at room temperature. After 12 h, the mixture was purified by column 

chromatography on silica gel, eluted by hexane/EtOAc= 7:1 to provide 10 as yellow oil (32 mg, 40 % 

yield).  1H NMR (500 MHz, CDCl3) δ 8.20-8.18 (m, 1 H), 7.80-7.98 (m, 1 H), 7.76-7.70 (m, 2 H), 7.31-

7.28 (m, 2 H), 7.23 (dd, J = 7.1, 5.2 Hz, 3 H), 4.38-4.30 (m, 3 H), 3.00 (dd, J = 14.7, 7.7 Hz, 1 H), 2.83 (dd, 
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J = 14.7, 6.1 Hz, 1 H), 1.34 (t, J = 7.3 Hz, 3 H); 13C NMR (126 MHz, CDCl3) δ 182.91, 177.67, 165.40, 

153.12, 141.28, 134.37, 133.69, 131.84, 130.85, 128.65, 127.51, 126.92, 126.64, 126.62, 123.77, 91.46, 

63.62, 40.77, 34.96, 13.89; HRMS (ESI) calcd for C22H17ClNaO5 (M + Na+) 419.0662, found 419.0659; 

HPLC (Chiralpak IC, i-propanol/hexane = 20/80, flow rate 1.0 mL/min, λ = 254 nm): tminor = 32.20 min, 

tmajor = 37.06 min, ee = 94%; [α]25
D = +149.7  (c = 0.33 in CHCl3). 
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