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1. General information and starting materials  

Commercially available compounds were used without further purification. Solvents were dried 

according to standard procedures. Column chromatography was performed with silica gel (200-

300 mesh). Melting points were determined with an XT-4 melting-point apparatus and are 

uncorrected. 1H NMR spectra were measured with Bruker Ascend 400 MHz spectrometer in 

acetone-d6, CDCl3 or DMSO-d6, chemical shifts were reported in δ (ppm) units relative to 

tetramethylsilane (TMS) as the internal standard. 13C NMR spectra were measured at 100 MHz 

(Bruker Ascend 400 MHz spectrometer), chemical shifts were reported in ppm relative to TMS 

with the solvent resonance as internal standard (acetone-d6 at 2.05 ppm). 19F NMR spectra were 

measured at 377 MHz (Bruker Ascend 400 MHz spectrometer). Proton coupling patterns are 

described as broad (br) singlet (s), doublet (d), triplet (t), quartet (q) and multiplet (m). High 

resolution mass spectra were measured with an Agilent 6520 Accurate-Mass-Q-TOF MS 

system equipped with an electrospray ionization (ESI) source. Enantiomeric excesses were 

determined by chiral HPLC analysis using an Agilent 1200 LC instrument with a Daicel 

Chiralpak IA, IC or AD-H column. 

   

2. General procedures for the preparation of substrates. 

The 2-hydroxyaryl-substituted -amido sulfones 1a−1k were prepared according to the 

reported literature procedures.1 

 

The 2-isothiocyanato-1-indanones 2a–2g were prepared according to the reported literature 

procedures.2  
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3. General procedure for the enantioselective synthesis and characterization of 

compounds 3 

2-Hydroxyaryl-substituted -amido aulfones 1 (0.15 mmol), 2-isothiocyanato-1-indanones 2 

(0.1 mmol), C7 (6.0 mg, 10% mol) and K3PO4ꞏ3H2O (26.6 mg, 0.1 mmol) were dissolved in 

xylene (1.0 mL), and the mixture was stirred at room temperature for 15 h. After completion of 

the reaction, the reaction mixture was concentrated and directly purified by flash column 

chromatography on silica gel (petroleum ether/ethyl acetate = 5:1 to 3:1) to afford the pure 

products 3 as solid. 

 

tert-Butyl ((4bR,10R,10aR)-13-thioxo-10H,11H-4b,10a-(epoxymethanoimino)indeno[1,2-

b]chromen-10-yl)carbamate (3aa). From 56.6 mg (0.15 mmol) 1a and 18.9 mg (0.15 mmol) 

2a, purified by silica gel (200-300 mesh) column chromatography using petroleum ether/ethyl 

acetate (5:1 to 3:1 v/v ) as eluent to obtain 3aa as a white solid (34.8 mg, 85% yield), mp 224–

226 C. HPLC (Daicel Chiralpak AD-H, n-hexane/2-propanol = 85:15, flow rate 1.0 mL/min, 

detection at 254 nm): for major diastereomer: tR = 7.7 min (minor), tR = 6.4 min (major); 97% 

ee. [α]D
20 = +72.2 (c = 0.50, CH2Cl2). 1H NMR (400 MHz, DMSO-d6): δ 10.09 (s, 1H, NH), 

7.73 (d, J = 7.6 Hz, 1H, ArH), 7.60–7.56 (m, 1H, ArH), 7.52–7.47 (m, 2H, ArH), 7.40–7.37 (m, 

2H, ArH), 7.29–7.23 (m, 3H, ArH + NH), 4.83 (d, J = 9.6 Hz, 1H, CH), 3.57 (d, J = 17.6 Hz, 

1H, CH2), 3.45 (d, J = 17.6 Hz, 1H, CH2), 1.50 (s, 9H, CH3). 13C{1H} NMR (100 MHz, DMSO-

d6): δ 185.9, 155.8, 150.8, 140.1, 135.7, 131.8, 129.1, 128.3, 126.3, 126.1, 125.1, 124.6, 123.9, 

120.1, 118.5, 79.3, 74.1, 52.2, 42.4, 28.0 ppm. HRMS (ESI): m/z calcd. for C22H23N2O4S [M + 

H]+ 411.1373, found 411.1374. 

 

tert-Butyl ((4bR,10R,10aR)-8-chloro-13-thioxo-10H,11H-4b,10a-(epoxymethanoimino)-

indeno[1,2-b]chromen-10-yl)carbamate (3ba). From 61.6 mg (0.15 mmol) 1b and 18.9 mg 

(0.10 mmol) 2a, purified by silica gel (200-300 mesh) column chromatography using petroleum 

ether/ethyl acetate (5:1 to 3:1 v/v ) as eluent to obtain 3ba as a light white solid (36.0 mg, 81% 

yield), mp 185–188 C. HPLC (Daicel Chiralpak IC, n-hexane/2-propanol = 85:15, flow rate 
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1.0 mL/min, detection at 254 nm): for major diastereomer: tR = 6.2 min (minor), tR = 6.9 min 

(major); 95% ee. [α]D
20 = +85.6 (c = 0.70, CH2Cl2). 1H NMR (400 MHz, acetone-d6): δ 9.16 (s, 

1H, NH), 7.76 (d, J = 7.2 Hz, 1H, ArH), 7.60–7.56 (m, 1H, ArH), 7.53–7.46 (m, 2H, ArH), 

7.44–7.41 (m, 1H, ArH), 7.34 (s, 1H, ArH), 7.26 (d, J = 8.4 Hz, 1H, ArH), 6.93 (d, J = 9.6 Hz, 

1H, NH), 5.10 (d, J = 10.4 Hz, 1H, CH), 3.82 (d, J = 17.6 Hz, 1H, CH2), 3.55 (d, J = 17.2 Hz, 

1H, CH2), 1.53 (s, 9H, CH3) ppm. 13C{1H} NMR (100 MHz, acetone-d6)：δ 189.1, 157.9, 152.3, 

142.3, 138.2, 133.9, 131.2, 131.0, 130.7, 130.3, 128.1, 127.4, 126.1, 122.7, 122.5, 81.7, 76.4, 

54.6, 44.7, 29.5 ppm. HRMS (ESI): m/z calcd. for C22H22ClN2O4S [M + H]+ 445.0983, found 

445.0964. 

 

tert-Butyl ((4bR,10R,10aR)-8-fluoro-13-thioxo-10H,11H-4b,10a-(epoxymethanoimino)-

indeno[1,2-b]chromen-10-yl)carbamate (3ca). From 59.2 mg (0.15 mmol) 1c and 18.9 mg 

(0.10 mmol) 2a, purified by silica gel (200-300 mesh) column chromatography using petroleum 

ether/ethyl acetate (5:1 to 3:1 v/v ) as eluent to obtain 3ca as a light white solid (36.4 mg, 85% 

yield), mp 198–200 C. HPLC (Daicel Chiralpak IC, n-hexane/2-propanol = 80:20, flow rate 

1.0 mL/min, detection at 254 nm): for major diastereomer: tR = 5.4 min (minor), tR = 6.2 min 

(major); 95% ee. [α]D
20 = +102.0 (c = 0.75, CH2Cl2). 1H NMR (400 MHz, acetone-d6) δ 9.15 

(s, 1H, NH), 7.75 (d, J = 7.2 Hz,1H, ArH), 7.59–7.46 (m, 3H, ArH), 7.27 (dd, J1 = 4.0 Hz, J2= 

8.8 Hz, 1H, ArH), 7.18–7.10 (m, 2H, ArH), 6.91 (d, J = 10.0 Hz, 1H, NH), 5.09 (d, J = 10.4 

Hz, 1H, CH), 3.80 (d, J = 17.2 Hz, 1H, CH2), 3.54 (d, J = 17.2 Hz, 1H, CH2), 1.53 (s, 9H, CH3) 

ppm. 13C{1H} NMR (100 MHz, acetone-d6): δ 189.2, 161.4 (1JC–F = 239.9 Hz), 157.9, 149.5, 

142.3, 138.3, 133.8, 130.8 (d, 3JC–F = 7.7), 130.3, 128.1, 126.1, 122.9, 122.3 (d, 3JC–F = 8.5 Hz), 

117.3 (d, 2JC–F = 23.6 Hz), 114.3 (d, 2JC–F = 25.5 Hz), 81.6, 76.4, 54.8, 44.6, 29.5 ppm. HRMS 

(ESI): m/z calcd. for C22H22FN2O4S [M + H]+ 429.1279, found 429.1276. 

 

tert-Butyl ((4bR,10R,10aR)-8-methyl-13-thioxo-10H,11H-4b,10a-(epoxymethanoimino)- 

indeno[1,2-b]chromen-10-yl)carbamate (3da). From 58.65 mg (0.15 mmol) 1d and 18.9 mg 

(0.10 mmol) 2a, purified by silica gel (200-300 mesh) column chromatography using petroleum 

ether/ethyl acetate (5:1 to 3:1 v/v ) as eluent to obtain 3da as a white solid (38.6 mg, 91% yield), 
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mp 225–228 C. HPLC (Daicel Chiralpak AD-H, n-hexane/2-propanol = 90:10, flow rate 1.0 

mL/min, detection at 254 nm): for major diastereomer: tR = 8.2 min (minor), tR = 6.5 min 

(major); 96% ee. [α]D
20 = +26.2 (c = 1.75, CH2Cl2). 1H NMR (400 MHz, acetone-d6): δ 9.07 (s, 

1H, NH), 7.75 (d, J = 7.6 Hz, 1H, ArH), 7.58–7.54 (m, 1H, ArH), 7.52–7.45 (m, 2H, ArH), 

7.18–7.15 (m, 2H, ArH), 7.09 (d, J = 8.0 Hz, 1H, ArH), 6.77 (d, J = 10.0 Hz, 1H, NH), 5.06 (d, 

J = 10.4 Hz, 1H, CH), 3.80 (d, J = 17.6 Hz, 1H, CH2), 3.52 (d, J = 18.0 Hz, 1H, CH2), 2.33 (s, 

3H, CH3), 1.53 (s, 9H, CH3) ppm. 13C{1H} NMR (100 MHz, acetone-d6): δ 189.3, 158.1, 151.4, 

142.3, 138.7, 135.9, 133.7, 131.4, 130.2, 128.1, 127.9, 127.6, 126.1, 122.7, 120.4, 81.4, 76.5, 

54.7, 44.8, 29.6, 22.1 ppm. HRMS (ESI): m/z calcd. for C23H25N2O4S [M + H]+ 425.1530, found 

425.1526. 

 

tert-Butyl ((4bR,10R,10aR)-8-methoxy-13-thioxo-10H,11H-4b,10a-(epoxymethanoimino)- 

indeno[1,2-b]chromen-10-yl)carbamate (3ea). From 61.1 mg (0.15 mmol) 1e and 18.9 mg 

(0.10 mmol) 2a, purified by silica gel (200-300 mesh) column chromatography using petroleum 

ether/ethyl acetate (5:1 to 3:1 v/v ) as eluent to obtain 3ea as a white solid (33.0 mg, 75% yield), 

mp 230–232 C. HPLC (Daicel Chiralpak IC, n-hexane/2-propanol = 70:30, flow rate 1.0 

mL/min, detection at 254 nm): for major diastereomer: tR = 6.2 min (minor), tR = 7.9 min 

(major); 98% ee. [α]D
20 = +94.8 (c = 0.55, CH2Cl2). 1H NMR (400 MHz, acetone-d6): δ 9.07 (s, 

1H, NH), 7.74 (d, J = 7.2 Hz, 1H, NH), 7.58–7.44 (m, 3H, ArH), 7.15 (d, J = 8.4 Hz, 1H, ArH), 

6.93–6.87 (m, 2H, ArH), 6.82 (d, J = 10.4 Hz, 1H, NH), 5.05 (d, J = 10.4 Hz, 1H, CH), 3.78 (d, 

J = 17.2 Hz, 1H, CH2), 3.79 (s, 3H, OCH3), 3.52 (d, J = 17.6 Hz, 1H, CH2), 1.53 (s, 9H, CH3) 

ppm. 13C{1H} (100 MHz, acetone-d6) δ 189.3, 158.6, 158.0, 146.8, 142.2, 138.6, 133.7, 130.2, 

129.5, 128.1, 126.1, 123.0, 121.4, 114.9, 113.4, 81.5, 76.3, 56.9, 54.9, 44.7, 29.5 ppm. HRMS 

(ESI): m/z calcd. for C23H25N2O5S [M + H]+ 441.1479, found 441.1470. 

 

tert-Butyl ((4bR,10R,10aR)-8-bromo-13-thioxo-10H,11H-4b,10a-(epoxymethanoimino)- 

indeno[1,2-b]chromen-10-yl)carbamate (3fa). From 68.40 mg (0.15 mmol) 1f and 18.90 mg 

(0.10 mmol) 2a, purified by silica gel (200-300 mesh) column chromatography using petroleum 

ether/ethyl acetate (5:1 to 3:1 v/v ) as eluent to obtain 3fa as a light white solid (39.0 mg, 80% 
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yield), mp 265–267 C. HPLC (Daicel Chiralpak IA, n-hexane/2-propanol = 95:5, flow rate 1.0 

mL/min, detection at 254 nm): for major diastereomer: tR = 7.8 min (minor), tR = 8.9 min 

(major); 95% ee. [α]D
20 = +57.5 (c = 0.67, CH2Cl2). 1H NMR (400 MHz, acetone-d6): δ 9.17 (s, 

1H, NH), 7.75 (d, J =7.6Hz, 1H, NH), 7.60–7.56 (m, 2H, ArH), 7.53–7.46 (m, 3H, ArH), 7.21 

(d, J = 8.4 Hz, 1H, ArH), 6.93 (d, J = 10.0 Hz, 1H, NH), 5.11 (d, J = 10.0 Hz, 1H, CH), 3.82 

(d, J = 17.2 Hz, 1H, CH2), 3.55 (d, J = 17.6 Hz, 1H, CH2), 1.53 (s, 9H, CH3) ppm. 13C{1H} 

NMR (100 MHz, acetone-d6): δ 189.1, 157.9, 152.9, 142.3, 138.2, 134.0, 133.9, 131.6, 131.0, 

130.3, 128.1, 126.1, 122.8, 122.6, 118.7, 81.7, 76.5, 54.5, 44.7, 29.5 ppm. HRMS (ESI): m/z 

calcd. for C22H22BrN2O4S [M + H]+ 489.0478, found 489.0446; calcd. for C22H22
81BrN2O4S 

[M + H]+ 491.0458, found 491.0446. 

 

 

tert-Butyl ((4bR,10R,10aR)-6-methoxy-13-thioxo-10H,11H-4b,10a-(epoxymethanoimino)- 

indeno[1,2-b]chromen-10-yl)carbamate (3ga). From 61.1 mg (0.15 mmol) 1g and 18.9 mg 

(0.10 mmol) 2a, purified by silica gel (200-300 mesh) column chromatography using petroleum 

ether/ethyl acetate (5:1 to 3:1 v/v ) as eluent to obtain 3ga as a white solid (38.3 mg, 87% yield), 

mp 213–215 C. HPLC (Daicel Chiralpak IA, n-hexane/2-propanol = 80:20, flow rate 1.0 

mL/min, detection at 254 nm): for major diastereomer: tR = 6.2 min (minor), tR = 10.2 min 

(major); 96% ee. [α]D
20 = +51.0 (c = 0.65, CH2Cl2). 1H NMR (400 MHz, acetone-d6): δ 9.10 (s, 

1H, NH), 7.77 (d, J = 7.2Hz, 1H, ArH), 7.59–7.45 (m, 3H, ArH), 7.17–7.06 (m, 2H, ArH), 6.92 

(d, J = 7.6Hz, 1H, ArH), 6.78 (d, J = 10.0 Hz, 1H, NH), 5.05 (d, J = 10.4 Hz, 1H, CH), 3.93 (s, 

3H, OCH3), 3.78 (d, J = 17.2 Hz, 1H, CH2), 3.53 (d, J = 17.6 Hz, 1H, CH2), 1.52 (s, 9H, CH3) 

ppm. 13C{1H} NMR (100 MHz, acetone-d6): δ 189.3, 158.0, 152.1, 142.4, 142.3, 138.6, 133.7, 

131.6, 130.2, 129.7, 128.1, 126.4, 126.2, 122.8, 118.6, 115.3, 81.4, 76.6, 58.0, 54.7, 44.8, 29.5 

ppm. HRMS (ESI): m/z calcd. for C23H25N2O5S [M + H]+ 441.1479, found 441.1470. 

 
tert-Butyl ((4bR,10R,10aR)-6-bromo-13-thioxo-10H,11H-4b,10a-(epoxymethanoimino)- 

indeno[1,2-b]chromen-10-yl)carbamate (3ha). From 68.4 mg (0.15 mmol) 1h and 18.9 mg 

(0.10 mmol) 2a, purified by silica gel (200-300 mesh) column chromatography using petroleum 
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ether/ethyl acetate (5:1 to 3:1 v/v) as eluent to obtain 3ha as a white solid (40.0 mg, 82% yield), 

mp 256–258 C. HPLC (Daicel Chiralpak IC, n-hexane/2-propanol = 90:10, flow rate 1.0 

mL/min, detection at 254 nm): for major diastereomer: tR = 10.8 min (minor), tR = 8.7 min 

(major); 93% ee. [α]D
20 = +30.9 (c = 0.85, CH2Cl2). 1H NMR (400 MHz, acetone-d6): δ 9.14 (s, 

1H, NH), 7.80 (d, J = 7.2Hz, 1H, ArH), 7.63 (d, J = 8.0 Hz, 1H, ArH), 7.61–7.52 (m, 2H, ArH), 

7.48 (d, J = 7.2 Hz, 1H, ArH), 7.37 (d, J = 7.6 Hz, 1H, ArH), 7.18 (t, J = 7.8 Hz, 1H, ArH), 6.90 

(d, J = 10.0 Hz, 1H, NH), 5.11 (d, J = 10.0 Hz, 1H, CH), 3.81 (d, J = 17.6 Hz, 1H, CH2), 3.57 

(d, J = 17.6 Hz, 1H, CH2), 1.52 (s, 9H, CH3) ppm. 13C{1H} NMR (100 MHz, acetone-d6) δ 

189.0, 157.9, 150.4, 142.4, 138.1, 134.5, 134.0, 130.6, 130.3, 128.2, 127.5, 126.7, 126.2, 122.8, 

114.7, 81.6, 76.6, 55.1, 44.7, 29.5 ppm. HRMS (ESI): m/z calcd. for C22H22
79BrN2O4S [M + 

H]+ 489.0478, found 489.0483; calcd. for C22H22
81BrN2O4S [M + H]+ 491.0458, found 

491.0456. 

 

tert-Butyl ((4bR,10R,10aR)-7-bromo-13-thioxo-10H,11H-4b,10a-(epoxymethanoimino)-

indeno[1,2-b]chromen-10-yl)carbamate (3ia). From 68.4 mg (0.15 mmol) 1i and 18.9 mg 

(0.10 mmol) 2a, purified by silica gel (200-300 mesh) column chromatography using petroleum 

ether/ethyl acetate (5:1 to 3:1 v/v ) as eluent to obtain 3ia as a white solid (38.6 mg, 79% yield), 

mp 179–182 C. HPLC (Daicel Chiralpak IC, n-hexane/2-propanol = 85:15, flow rate 1.0 

mL/min, detection at 254 nm): for major diastereomer: tR = 7.9 min (minor), tR = 6.7 min 

(major); 95% ee. [α]D
20 = +28.1 (c = 0.50, CH2Cl2). 1H NMR (400 MHz, acetone-d6): δ 9.15 (s, 

1H, NH), 7.76 (d, J = 7.6 Hz, 1H, ArH), 7.59–7.50 (m, 2H, ArH), 7.47–7.41 (m, 3H, ArH), 7.12 

(d, J = 8.0 Hz, 1H, ArH), 6.90 (d, J = 10.0 Hz, 1H, NH), 5.06 (d, J = 10.0 Hz, 1H, CH), 3.80 

(d, J = 17.6 Hz, 1H, CH2), 3.55 (d, J = 17.6 Hz, 1H, CH2), 1.52 (s, 9H, CH3) ppm. 13C{1H} 

NMR (100 MHz, CDCl3): δ 187.5, 157.6, 155.8, 151.9, 139.7, 135.6, 132.1, 128.5, 127.9, 126.3, 

125.9, 124.6, 124.4, 122.7, 122.5, 121.3, 81.3, 74.8, 52.4, 42.9, 28.3 ppm. HRMS (ESI): m/z 

calcd. for C22H22
79BrN2O4S [M + H]+ 489.0478, found 489.0478; calcd. for C22H22

81BrN2O4S 

[M + H]+ 491.0458, found 491.0460. 
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tert-Butyl ((4bR,10R,10aR)-7-chloro-13-thioxo-10H,11H-4b,10a-(epoxymethanoimino)- 

indeno[1,2-b]chromen-10-yl)carbamate (3ja). From 61.7 mg (0.15 mmol) 1j and 18.9 mg 

(0.10 mmol) 2a, purified by silica gel (200-300 mesh) column chromatography using petroleum 

ether/ethyl acetate (5/1 to 3/1 v/v ) as eluent to obtain 3ja as a white solid (35.5 mg, 80% yield), 

mp 187–190 C. HPLC (Daicel Chiralpak IC, n-hexane/2-propanol = 85:15, flow rate 1.0 

mL/min, detection at 254 nm): for major diastereomer: tR = 7.4 min (minor), tR = 6.4 min 

(major); 92% ee. [α]D
20 = +68.8 (c = 0.60, CH2Cl2). 1H NMR (400 MHz, Acetone-d6): δ 9.15 

(s, 1H, NH), 7.76 (d, J =7.6 Hz, 1H, ArH), 7.60–7.46 (m, 3H, ArH), 7.38 (d, J = 8.0 Hz, 1H, 

ArH), 7.31–7.26 (m, 2H, ArH), 6.89 (d, J = 10.0 Hz, 1H, NH), 5.07 (d, J = 10.0 Hz, 1H, CH), 

3.81 (d, J = 17.6 Hz, 1H, CH2), 3.55 (d, J = 17.6 Hz, 1H, CH2), 1.52 (s, 9H, CH3) ppm. 13C{1H} 

NMR (100 MHz, acetone-d6): δ 189.1, 157.9, 154.3, 142.3, 138.2, 135.7, 133.9, 131.6, 130.3, 

128.7, 128.2, 127.5, 126.6, 126.1, 122.7, 121.0, 81.6, 76.6, 54.5, 44.7, 29.5 ppm. HRMS (ESI): 

m/z calcd. for C22H22ClN2O4S [M + H]+ 445.0983, found 445.0972.  

 

tert-Butyl ((4bR,10R,10aR)-7-methyl-13-thioxo-10H,11H-4b,10a-(epoxymethanoimino)- 

indeno[1,2-b]chromen-10-yl)carbamate (3ka). From 58.7 mg (0.15 mmol) 1k and 18.9 mg 

(0.10 mmol) 2a, purified by silica gel (200-300 mesh) column chromatography using petroleum 

ether/ethyl acetate (5:1 to 3:1 v/v ) as eluent to obtain 3ka as a white solid (34.8 mg, 82% yield), 

mp 205–208 C. HPLC (Daicel Chiralpak IC, n-hexane/2-propanol = 90:10, flow rate 1.0 

mL/min, detection at 254 nm): for major diastereomer: tR = 13.6 min (minor), tR = 11.4 min 

(major); 99% ee. [α]D
20 = +66.5 (c = 0.90, CH2Cl2). 1H NMR (400 MHz, acetone-d6): δ 9.07 (s, 

1H, NH), 7.75 (d, J = 7.6Hz, 1H, ArH), 7.58–7.44 (m, 3H, ArH), 7.21 (d, J = 7.2 Hz, 1H, ArH), 

7.04 (s, 1H, ArH), 7.03 (d, J = 8.4Hz, 1H, ArH), 6.76 (d, J = 10.0 Hz, 1H, NH), 5.04 (d, J = 

10.0 Hz, 1H, CH), 3.79 (d, J = 17.6 Hz, 1H, CH2), 3.52 (d, J = 17.6 Hz, 1H, CH2), 2.35 (s, 1H, 

CH3) 1.52 (s, 9H, CH3) ppm. 13C{1H} NMR (100 MHz, acetone-d6):  189.3, 158.0, 153.4, 

142.2, 141.3, 138.7, 133.7, 130.2, 128.1, 127.0, 126.8, 126.0, 125.1, 122.6, 121.1, 81.4, 76.5, 

54.5, 44.8, 29.5, 22.1 ppm. HRMS (ESI): m/z calcd. for C23H25N2O4S [M + H]+ 425.1530, found 

425.1514.  
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tert-Butyl ((4bR,10R,10aR)-3-methyl-13-thioxo-10H,11H-4b,10a-(epoxymethanoimino)-

indeno[1,2-b]chromen-10-yl)carbamate  (3ab). From 56.6 mg (0.15 mmol) 1a and 20.3 mg 

(0.10 mmol) 2b, purified by silica gel (200-300 mesh) column chromatography using petroleum 

ether/ethyl acetate (5:1 to 3:1 v/v ) as eluent to obtain 3ab as a white solid (36.1 mg, 85% yield), 

mp 224–226 C. HPLC (Daicel Chiralpak AD-H, n-hexane/2-propanol = 70:30, flow rate 1.0 

mL/min, detection at 254 nm): for major diastereomer: tR = 4.9 min (minor), tR = 4.1 min 

(major); 97% ee. [α]D
20 = +72.2 (c = 0.5, CH2Cl2). 1H NMR (400 MHz, DMSO-d6): δ 10.06 (s, 

1H, NH), 7.53 (s, 1H, ArH), 7.39–7.34 (m, 4H, ArH), 7.28–7.21 (m, 3H, ArH + NH), 4.81 (d, 

J = 9.6 Hz, 1H, CH), 3.51 (d, J = 17.2 Hz, 1H, CH2), 3.38 (d, J = 17.2 Hz, 1H, CH2), 2.41 (s, 

3H, CH3), 1.50 (s, 9H, CH3) ppm. 13C{1H} NMR (100 MHz, DMSO-d6):  185.9, 155.8, 150.8, 

137.9, 137.0, 135.8, 132.8, 129.1, 126.1, 126.0, 125.1, 124.6, 124.0, 120.1, 118.5, 79.3, 74.4, 

52.2, 42.1, 28.0, 20.6 ppm. HRMS (ESI): m/z calcd. for C23H25N2O4S [M + H]+ 425.1530, 

found 425.1515. 

 

tert-Butyl ((4bR,10R,10aR)-3-fluoro-13-thioxo-10H,11H-4b,10a-(epoxymethanoimino)-

indeno[1,2-b]chromen-10-yl)carbamate (3ac). From 56.6 mg (0.15 mmol) 1a and 20.7 mg 

(0.10 mmol) 2c, purified by silica gel (200-300 mesh) column chromatography using petroleum 

ether/ethyl acetate (5:1 to 3:1 v/v ) as eluent to obtain 3ac as a white solid (38.1 mg, 89% yield), 

mp 204–207 C. HPLC (Daicel Chiralpak IA, n-hexane/2-propanol = 75:25, flow rate 1.0 

mL/min, detection at 254 nm): for major diastereomer: tR = 5.0 min (minor), tR = 4.3 min 

(major); 95% ee. [α]D
20 = +78.8 (c = 0.89, CH2Cl2). 1H NMR (400 MHz, acetone-d6):  9.15 (s, 

1H, NH), 7.54–7.48 (m, 2H, ArH), 7.41–7.33 (m, 3H, ArH), 7.25–7.22 (m, 2H, ArH), 6.83 (d, 

J = 10.0 Hz, 1H, NH), 5.10 (d, J = 10.0 Hz, CH), 3.78 (d, J = 17.6 Hz, 1H, CH2), 3.52 (d, J 

=17.2 Hz, 1H, CH2), 1.53 (s, 9H, CH3) ppm. 13C{1H} NMR (100 MHz, acetone-d6):  189.1, 

164.6 (d, 1JC-F = 243.6 Hz), 158.0, 153.3, 140.4 (d, 3JC-F = 8.2 Hz), 138.1, 131.1, 130.1 (d, 3JC–

F = 8.6 Hz), 128.1, 127.1, 126.6, 121.8 (d, 4JC–F = 1.6 Hz), 121.2 (d, 2JC–F = 22.9 Hz), 120.6, 

112.4 (d, 2JC–F = 23.4 Hz), 81.5, 77.2, 54.6, 44.2, 29.5 ppm. HRMS (ESI): m/z calcd. for 

C22H22FN2O4S [M + H]+ 429.1279, found 429.1276. 
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tert-Butyl ((4bR,10R,10aR)-3-methoxy-13-thioxo-10H,11H-4b,10a-(epoxymethanoimino)-

indeno[1,2-b]chromen-10-yl)carbamate (3ad). From 56.6 mg (0.15 mmol) 1a and 21.9 mg 

(0.10 mmol) 2d, purified by silica gel (200-300 mesh) column chromatography using petroleum 

ether/ethyl acetate (5:1 to 3:1 v/v ) as eluent to obtain 3ad as a white solid (34.3 mg, 78% yield), 

mp 210–214 C. HPLC (Daicel Chiralpak AD-H, n-hexane/2-propanol = 70:30, flow rate 1.0 

mL/min, detection at 254 nm): for major diastereomer: tR = 5.9 min (minor), tR = 4.7 min 

(major); 90% ee. [α]D
20 = +88.7 (c = 0.55, CH2Cl2). 1H NMR (400 MHz, acetone-d6): δ 9.09 (s, 

1H, NH), 7.40–7.33 (m, 3H, ArH), 7.26–7.21 (m, 3H, ArH), 7.12 (dd, J1 = 8.6 Hz, J2 = 2.6 Hz, 

1H, ArH), 6.80 (d, J = 10.4 Hz, 1H, NH), 5.07 (d, J = 10.0 Hz, 1H, CH), 3.91 (s, 3H, OCH3), 

3.70 (d, J = 17.2 Hz, 1H, CH2), 3.42 (d, J = 17.2 Hz, 1H, CH2), 1.52 (s, 9H, CH3) ppm. 13C{1H} 

NMR (100 MHz, acetone-d6):  189.2, 162.1, 158.0, 153.5, 139.6, 133.7, 131.0, 128.9, 128.3, 

127.1, 126.4, 122.5, 121.6, 120.6, 109.2, 81.4, 77.2, 57.0, 54.7, 44.1, 29.5 ppm. HRMS (ESI): 

m/z calcd. for C23H25N2O5S [M + H]+ 441.1479, found 441.1465. 

 

tert-Butyl ((4bR,10R,10aR)-2-methoxy-13-thioxo-10H,11H-4b,10a-(epoxymethanoimino)-

indeno[1,2-b]chromen-10-yl)carbamate (3ae). From 56.6 mg (0.15 mmol) 1a and 21.9 mg 

(0.10 mmol) 2e, purified by silica gel (200-300 mesh) column chromatography using petroleum 

ether/ethyl acetate (5:1 to 3:1 v/v ) as eluent to obtain 3ae as a white solid (39.6 mg, 90% yield), 

mp 238–241 C. HPLC (Daicel Chiralpak AD-H, n-hexane/2-propanol = 70:30, flow rate 1.0 

mL/min, detection at 254 nm): for major diastereomer: tR = 6.3 min (minor), tR = 4.8 min 

(major); 96% ee. [α]D
20 = +73.8 (c =0.68, CH2Cl2). 1H NMR (400 MHz, acetone-d6):  9.08 (s, 

1H, NH), 7.40–7.33 (m, 3H, ArH), 7.26–7.21 (m, 3H, ArH), 7.12 (dd, J1 = 8.6 Hz, J2 = 2.6 Hz, 

1H, ArH), 6.80 (d, J = 10.0 Hz, 1H, NH), 5.07 (d, J = 10.4 Hz, 1H, CH), 3.91 (s, 3H, OCH3), 

3.70 (d, J = 17.2 Hz, 1H, CH2), 3.42 (d, J = 17.2 Hz, 1H, CH2), 1.52 (s, 9H, CH3) ppm. 13C{1H} 

NMR (100 MHz, acetone-d6):  189.2, 162.1, 158.0, 153.5, 139.6, 133.7, 131.0, 128.9, 128.3, 

127.1, 126.4, 122.5, 121.6, 120.6, 109.2, 81.4, 77.1, 57.0, 54.7, 44.1, 29.5 ppm. HRMS (ESI): 

m/z calcd. for C23H25N2O5S [M + H]+ 441.1479, found 441.1471. 
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tert-Butyl ((4bR,10R,10aR)-2-fluoro-13-thioxo-5,10-dihydro-11H-4b,10a-(epoxymethano-

imino)benzo[b]fluoren-10-yl)carbamate (3af). From 56.6 mg (0.15 mmol) 1a and 20.7 mg 

(0.10 mmol) 2f, purified by silica gel (200-300 mesh) column chromatography using petroleum 

ether/ethyl acetate (5:1 to 3:1 v/v ) as eluent to obtain 3ad as a white solid (34.2 mg, 80% yield), 

mp 228–230 C. HPLC (Daicel Chiralpak AD-H, n-hexane/2-propanol = 85:15, flow rate 1.0 

mL/min, detection at 254 nm): for major diastereomer: tR = 8.2 min (minor), tR = 5.4 min 

(major); 96% ee. [α]D
20 = +50.0 (c = 0.25, CH2Cl2). 1H NMR (400 MHz, acetone-d6):  9.11 (s, 

1H, NH), 7.83–7.79 (m, 1H, ArH), 7.41–7.35 (m, 2H, ArH), 7.32–7.21 (m, 4H, ArH), 6.84 (d, 

J = 10.0 Hz, 1H, NH), 5.10 (d, J = 10.4 Hz, 1H, CH), 3.82 (d, J = 17.6 Hz, 1H, CH2), 3.57 (d, 

1H, CH2), 1.53 (m, 9H, CH3) ppm. 13C{1H} NMR (100 MHz, DMSO-d6):  197.8, 175.5 (d, 
1JC-F = 246.9 Hz), 166.6, 162.0, 153.9 (d, 3JC–F = 9.3 Hz), 143.5, 139.7, 136.8, 136.77 (d, 3JC–F 

= 9.9 Hz), 135.7, 135.1, 130.3, 129.2, 126.5 (d, 2JC–F = 23.7 Hz), 123.4 (d, 2JC–F = 22.8 Hz), 

90.1, 85.5, 63.3, 53.3, 38.2 ppm. HRMS (ESI): m/z calcd. for C22H22FN2O4S [M + H]+ 429.1279, 

found 429.1266. 

 

tert-Butyl ((4bR,10R,10aR)-2-bromo-13-thioxo-10H,11H-4b,10a-(epoxymethanoimino)-
indeno[1,2-b]chromen-10-yl)carbamate (3ag). From 36.6 mg (0.15 mmol) 1a and 26.8 mg 
(0.10 mmol) 2g, purified by silica gel (200-300 mesh) column chromatography using 
petroleum ether/ethyl acetate (5:1 to 3:1 v/v) as eluent to obtain 3ag as a light yellow brown 
solid (38.6 mg, 79% yield), mp 212–214 C. HPLC (Daicel Chiralpak AD-H, n-hexane/2-
propanol = 80:20, flow rate 1.0 mL/min, detection at 254 nm): for major diastereomer: tR = 
5.8 min (minor), tR =4.9 min (major); 95% ee. [α]D

20 = +85 (c = 0.6, CH2Cl2). 1H NMR (400 
MHz, acetone-d6):  9.12 (s, 1H, NH), 7.73–7.70 (m, 3H, ArH), 7.40–7.35 (m, 2H, ArH), 
7.23(t, J = 8.4 Hz, 2H, ArH), 6.83 (d, J = 10.0 Hz, 1H, NH), 5.10 (d, J = 10.0 Hz, 1H, CH), 
3.82 (d, J = 18.0 Hz, 1H, CH2), 3.57 (d, J = 18.0 Hz, 1H, CH2), 1.53 (s, 9H, CH3) ppm. 
13C{1H} NMR (100 MHz, acetone-d6):  189.1, 158.0, 153.3, 144.9, 137.8, 133.5, 131.3, 
131.1, 128.1, 127.8, 127.4, 127.1, 126.5, 121.9, 120.6, 81.5, 76.7, 54.6, 44.5, 29.5 ppm. 
HRMS (ESI): m/z calcd. for C22H22BrN2O4S [M + H]+ 489.0478, found 489.0471; calcd. for 
C22H22

81BrN2O4S [M + H]+ 491.0458, found 491.0456. 
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tert-Butyl ((4bR,10R,10aR)-2-chloro-13-thioxo-10H,11H-4b,10a-(epoxymethanoimino)- 

indeno[1,2-b]chromen-10-yl)carbamate (3ah). From 56.6 mg (0.15 mmol) 1a and 22.3 mg 

(0.10 mmol) 2h, purified by silica gel (200-300 mesh) column chromatography using petroleum 

ether/ethyl acetate (5:1 to 3:1 v/v) as eluent to obtain 3ah as a light yellow brown solid (42.2 

mg, 95% yield), mp 213–215 C. HPLC (Daicel Chiralpak AD-H, n-hexane/2-propanol = 85:15, 

flow rate 1.0 mL/min, detection at 254 nm): for major diastereomer: tR = 7.2 min (minor), tR = 

5.5 min (major); 95% ee. [α]D
20 = +82.0 (c = 1.00, CH2Cl2). 1H NMR (400 MHz, acetone-d6): 

 9.13 (s, 1H, NH), 7.77 (d, J = 8.4 Hz, 1H, ArH), 7.55–7.53 (m, 2H, ArH), 7.40–7.34 (m, 2H, 

ArH), 7.25–7.20 (m, 2H, ArH), 6.82 (d, J = 10.0 Hz, 1H, NH), 5.10 (d, J = 10.0 Hz, 1H, CH), 

3.81 (d, J = 18.0 Hz, 1H, CH2), 3.56 (d, J = 17.6 Hz, 1H, CH2), 1.53 (s, 9H, CH3) ppm. 13C{1H} 

NMR (100 MHz, acetone-d6):  189.1, 158.0, 153.4, 144.7, 139.1, 137.4, 131.1, 130.7, 128.3, 

128.1, 127.6, 127.1, 126.6, 121.8, 120.6, 81.5, 76.8, 54.6, 44.6, 29.5 ppm. HRMS (ESI): m/z 

calcd. for C22H22ClN2O4S [M + H]+ 445.0983, found 445.0967. 

 

7. X-ray crystallographic analysis 

Single crystals suitable for X-ray diffraction experiment were obtained by diffusion method 

of n-hexane/CH2Cl2 containing the corresponding compound 3ka. 

 
                      

Figure S1. X-ray structure of 3ka 
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Table S1.  Crystal data and structure refinement for 3ka. 

Identification code  1 

Empirical formula  C23.50 H24 Cl N2 O4 S 

Formula weight  465.96 

Temperature  100.00(10) K 

Wavelength  1.54184 Å 

Crystal system  Orthorhombic 

Space group  P212121 

Unit cell dimensions a = 11.9485(5) Å = 90°. 

 b = 15.6227(6) Å = 90°. 

 c = 25.4354(11) Å  = 90°. 

Volume 4748.0(3) Å3 

Z 8 

Density (calculated) 1.304 Mg/m3 

Absorption coefficient 2.511 mm-1 

F(000) 1952 

Crystal size 0.14 x 0.11 x 0.09 mm3 

Theta range for data collection 3.475 to 66.991°. 

Index ranges -14<=h<=13, -18<=k<=18, -30<=l<=30 

Reflections collected 35839 

Independent reflections 8428 [R(int) = 0.0863] 

Completeness to theta = 66.991° 99.6 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.84567 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 8428 / 2 / 576 

Goodness-of-fit on F2 1.051 

Final R indices [I>2sigma(I)] R1 = 0.0721, wR2 = 0.1955 

R indices (all data) R1 = 0.0752, wR2 = 0.1986 

Absolute structure parameter 0.030(15) 

Extinction coefficient n/a 

Largest diff. peak and hole 1.014 and -1.135 e.Å-3 
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5. Copies of 1H and 13C NMR spectra of new products 
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6. Copies of HPLC chromatograms of new products 
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