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General Information: Chemicals and solvents were all purchased from commercial suppliers and 

purified by standard techniques. NMR spectra were recorded on a Bruker-400 MHz spectrometer. 

High-resolution mass spectra were recorded on a Bruker BIO TOF Q mass spectrometer. Optical 

rotations were measured on a Perkin-Elmer 241 Polarimeter at λ = 589 nm. Infrared spectra were 

recorded on a Nicolet MX-1E FT-IR spectromter. HPLC analysis was performed on Waters-Breeze 

(2487 Dual Absorbance Detector and 1525 Binary HPLC Pump). Chiralpak IA and OD columns 

were purchased from Daicel Chemical Industries, LTD.  

Materials: Commercially available aldehydes and organocatalysts were used without further 

purification. The Nazarov reagent were synthesized according to literature procedures.[1] The 

catalysts 6a, 6b, 6f, 6h, 6i, 6j were synthesized according to literature procedures.[2]  

General procedure for the preparation of catalysts 6c-g: TMSOTf (8 mmol, 1.3 equiv) was 

added at 0 °C to a solution of the appropriate amino alcohol (6.1 mmol) and NEt3 (8 mmol 1.3 

equiv) in CH2Cl2 (50 mL). The reaction was then allowed to reach ambient temperature and was 

stirred for 1 h until full conversion of the starting material was confirmed by TLC analysis. The 

reaction was quenched with water. The product was extracted with CH2Cl2 and the combined 

organic solution was dried over anhydrous Na2SO4. The solvent was removed under the reduced 

pressure and the residue was purified through column chromatography on silica gel. 

(S)-2-(dibiphenyl-4-yl(trimethylsilyloxy)methyl)pyrrolidine (6c): Yield: 93%. 1H NMR (400 
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MHz, CDCl3) δ (ppm) 7.32-7.62 (m, 18H, ArH), 4.14 (t, J =7.2 Hz, 1H, 

NCH), 2.98-3.04 (m, 1H, NCH2) 2.84-2.92 (m, 1H, NCH2), 1.64-1.80 (m, 4H, 

CH2), -0.09 (s, 9H, Si(CH3)3); 13C NMR (100 MHz, CDCl3) δ (ppm) 140.8, 

139.5, 139.4, 130.8, 129.1, 128.9, 128.6, 127.2, 126.9, 126.3, 126.0, 83.0, 

65.6, 47.2, 27.7, 25.2, 2.2; IR (KBr) υ 3420, 2950, 1600, 1480, 1250, 1120, 

1080, 841, 696 cm-1; HRMS (EI-MS) exact mass calcd for (C32H35NOSi)+; requires 477.2488 m/z, 

found, 477.2487 m/z. 

(S)-2-(dip-tolyl(trimethylsilyloxy)methyl)pyrrolidine (6d): Yield: 93%. 1H NMR  (400 MHz, 

CDCl3) δ (ppm) 7.30-7.32 (m, 2H, ArH), 7.21-7.26 (m, 2H, Ar), 7.04-7.08 (m, 4H, 

Ar), 3.96 (t, J = 7.4 Hz, 1H, NCH), 2.76-2.81 (m, 2H, NCH2), 2.31 (s, 6H, 2CH3), 

1.54-1.64 (m, 5H, CH2), -0.10 (s, 9H, Si(CH3)3); 13C NMR (100 MHz, CDCl3) δ 

(ppm) 144.0, 143.0, 136.4, 136.3, 128.7, 128.3, 127.7, 125.8, 83.1, 65.6, 47.2, 27.7, 

25.2, 21.1, 2.3; IR (KBr) υ 3430, 2970, 1600, 1480, 1280, 1130, 695 cm-1; HRMS (ESI-MS) exact 

mass calcd for (C22H31NOSi+H)+; requires 354.2248 m/z, found, 354.2241 m/z. 

(S)-2-(bis(4-fluorophenyl)(trimethylsilyloxy)methyl)pyrrolidine (6e): Yield: 91%. 1H NMR (400 

MHz, CDCl3) δ (ppm) 7.34-7.36 (m, 2H, ArH), 7.26-7.28 (m, 6H, Ar), 4.03 (t, J 

=7.6 Hz, 1H, NCH), 2.82 (m, 1H, NCH2) 2.74-2.76 (m, 1H, NCH2), 1.57-1.59 (m, 

4H, CH2), 1.27 (s, 9H, 3CH3), 1.29 (s, 9H, 3CH3), -0.12 (s, 9H, Si(CH3)3); 13C 

NMR (100 MHz, CDCl3) δ (ppm) 149.7, 149.6, 143.5, 142.6, 128.1, 127.4, 124.4, 

124.4, 83.0, 65.7, 47.2, 31.5, 27.6, 25.2, 2.2; IR (KBr) υ 3430, 2970, 1400, 1270, 

1240, 1110, 887, 833, 569 cm-1; HRMS (EI-MS) exact mass calcd for (C28H43NOSi)+; requires 

437.3114 m/z, found, 437.3110 m/z. 

(S)-2-(dibenzo[d][1,3]dioxol-5-yl(trimethylsilyloxy)methyl)pyrrolidine (6g): Yield: 96%. 1H 

NMR (400 MHz, CDCl3) δ (ppm) 6.94-6.95 (m, 2H, ArH), 6.82-6.87 (m, 2H, ArH), 

6.99-6.73 (m, 2H, ArH), 5.92-5.93 (m, 4H, 2CH2), 3.87 (t, J= 6.9 Hz, 1H, NCH), 

2.81-2.85 (m, 2H, NCH2), 1.80-1.81 (brs, 1H, NH), 1.53-1.62 (m, 3H, CH2), 

1.40-1.46 (m, 1H, CH2), -0.05 (s, 9H, Si(CH3)3); 13C NMR (100 MHz, CDCl3) δ 

(ppm) 147.2, 146.5, 146.3, 141.1, 139.9, 121.5, 120.8, 109.5, 108.7, 107.3, 107.2, 101.0, 101.0, 

83.0, 65.8, 47.2, 27.6, 25.1, 2.3; IR (KBr) υ 2950, 1480, 1250, 1040, 800, 656 cm-1; HRMS (EI-MS) 

exact mass calcd for (C22H27NO5Si)+; requires 413.1659 m/z, found, 413.1651 m/z. 
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General procedure for the organocatalytic Asymmetric Formal [3+3] Cycloaddition of α, 

β-Unsaturated Aldehydes with Nazarov Reagents and oxidation to the corresponding 

6-vinyl-3,4-dihydropyranones: The catalyst 6 (0.02 mmol, 10 mol%), 4-nitrobenzoic acid (0.02 

mmol, 10 mol%) and the α, β-unsaturated aldehydes 4 (0.24 mmol, 1.2eq) were stirred at ambient 

temperature in CH2Cl2 (1.0 mL) for 30 min, then stirred at 0oC for 15 min before the addition of 

Nazarov Reagents 9 (0.2mmol). The reaction mixture was stirred for 6-36h. The solvent was 

removed under the reduced pressure and the residue was purified through column chromatography 

on silica gel. The products were stirred at ambient temperature in CH2Cl2 (3 mL) for 10 min, then 

oxidated using PCC (1.0 mmol, 5eq) for 4h. The solvent was removed under the reduced pressure 

and the residue was purified through column chromatography on silica gel.  

(S,E)-ethyl 4-(4-nitrophenyl)-2-oxo-6-styryl-3,4-dihydro-2H-pyran-5-carboxylate:  yield: 77%. 

[α]20
D= +208 (c= 0.036, CHCl3)；1H NMR (400 MHz, CDCl3) δ (ppm) 8.18 (d, J= 8.7 

Hz, 2H, ArH), 8.03 (d, J= 16.0 Hz, 1H, CH), 7.57 (d, J= 8.7 Hz, 2H, ArH), 7.51 (d, 

J= 16.0 Hz, 1H, CH), 7.36-7.41 (m, 5H, ArH), 4.51 (dd, J= 7.5 Hz, J= 1.9 Hz, 1H, 

CH), 4.17-4.25 (m, 2H, OCH2), 3.07 (dd, J= 16.0 Hz, J= 7.6 Hz, 1H, CH2), 2.88 (dd, 

J= 16.0 Hz, J= 2.0 Hz, 1H, CH2), 1.25 (t, 3H, CH3); 13C NMR (100 MHz, CDCl3) δ (ppm) 165.2, 

164.9, 158.2, 148.1, 147.5, 137.9, 135.6, 129.8, 129.0, 128.0, 127.9, 124.5, 117.8, 108.6, 61.4, 38.5, 

35.9, 14.2; IR (KBr) υ 2980, 1700, 1520, 1350, 1130, 694 cm-1; HRMS (EI-MS) exact mass calcd 

for (C22H19NO6)+; requires 393.1212 m/z, found, 393.1205 m/z; Enantiomeric excess: 95%, 

determined by HPLC (Daicel Chiralpak IA, i-PrOH/ Hexane= 6/ 94), UV 254 nm, flow rate 1.0 

mL/min, tRminor= 26.19 min; tRmajor= 30.08 min. 

(S,E)-ethyl 2-oxo-6-styryl-4-(4-(trifluoromethyl)phenyl)-3,4-dihydro-2H-pyran-5- 

carboxylate:  yield: 41%. [α]20
D= +138 (c= 0.072, CHCl3)；1H NMR (400 MHz, 

CDCl3) δ (ppm) 8.02 (d, J= 16.0 Hz, 1H, CH), 7.57-7.59 (m, 4H, ArH), 7.49 (d, J= 

16.0 Hz, 1H, CH), 7.30-7.41 (m, 5H, ArH), 4.46 (dd, J= 7.2 Hz, J= 1.7 Hz, 1H, CH), 

4.18-4.24 (m, 2H, OCH2), 3.03 (dd, J= 16.0 Hz, J= 7.4 Hz, 1H, CH2), 2.87 (dd, J= 

16.0 Hz, J= 2.2 Hz, 1H, CH2), 1.25 (t, 3H, CH3); 13C NMR (100 MHz, CDCl3) δ (ppm) 165.4, 

165.3, 157.9, 144.7, 137.5, 135.8, 130.2, 129.7, 129.1, 128.5, 128.2, 127.6, 127.3, 126.2, 118.0, 

109.2, 61.4, 38.5, 36.2, 14.2; IR (KBr) υ 2920, 1700, 1520, 1330, 1130, 696 cm-1; HRMS (EI-MS) 

exact mass calcd for (C23H19O4F3)+; requires 416.1235 m/z, found, 416.1234 m/z; Enantiomeric 

excess: 96%, determined by HPLC (Daicel Chiralpak IA, i-PrOH/ Hexane= 6/ 94), UV 254 nm, 
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flow rate 1.0 mL/min, tRminor= 9.05 min; tRmajor= 10.55 min. 

(S,E)-ethyl 4-(4-cyanophenyl)-2-oxo-6-styryl-3,4-dihydro-2H-pyran-5- 

 carboxylate: yield: 47%. [α]20
D= +263 (c= 0.024, CHCl3)；1H NMR (400 MHz, 

CDCl3) δ (ppm) 8.01 (d, J= 16.0 Hz, 1H, CH), 7.61 (d, J= 8.3 Hz, 2H, ArH), 7.56 (d, 

J= 8.2 Hz, 2H, ArH), 7.49 (d, J= 16.0 Hz, 1H, CH), 7.30-7.42 (m, 5H, ArH), 4.45 

(dd, J= 7.4 Hz, J= 1.9 Hz, 1H, CH), 4.18-4.24 (m, 2H, OCH2), 3.04 (dd, J= 16.0 Hz, 

J= 7.5 Hz, 1H, CH2), 2.86 (dd, J= 16.0 Hz, J= 2.0 Hz, 1H, CH2), 1.24 (t, 3H, CH3); 13C NMR (100 

MHz, CDCl3) δ (ppm) 165.3, 165.0, 158.2, 146.1, 137.9, 135.7, 133.1, 129.8, 129.0, 128.0, 127.7, 

118.5, 117.9, 111.8, 108.7, 61.4, 38.7, 36.0, 14.2; IR (KBr) υ 2980, 1700, 1530, 1330, 1120, 791 

cm-1; HRMS (EI-MS) exact mass calcd for (C23H19NO4)+; requires 373.1314 m/z, found, 373.1311 

m/z; Enantiomeric excess: 95%, determined by HPLC (Daicel Chiralpak IA, i-PrOH/ Hexane= 15/ 

85), UV 254 nm, flow rate 1.0 mL/min, tRminor= 13.00 min; tRmajor= 14.98 min. 

(S,E)-ethyl 4-(4-chlorophenyl)-2-oxo-6-styryl-3,4-dihydro-2H-pyran-5- 

 carboxylate:  yield: 44%. [α]20
D= +247 (c= 0.034, CHCl3)；1H NMR (400 MHz, 

CDCl3) δ (ppm) 8.00 (d, J= 16.0 Hz, 1H, CH), 7.56 (d, J= 8.2 Hz, 2H, ArH), 7.47 (d, 

J= 16.0 Hz, 1H, CH), 7.34-7.39 (m, 3H, ArH), 7.26-7.29 (m, 2H, ArH), 7.11 (d, J= 

8.4 Hz, 2H, ArH), 4.38 (dd, J= 7.3 Hz, J= 1.9 Hz, 1H, CH), 4.18-4.23 (m, 2H, OCH2), 

3.01 (dd, J= 15.9 Hz, J= 7.4 Hz, 1H, CH2), 2.84 (dd, J= 15.9 Hz, J= 2.2 Hz, 1H, CH2), 1.25 (t, 3H, 

CH3); 13C NMR (100 MHz, CDCl3) δ (ppm) 165.5, 165.5, 157.7, 139.2, 137.3, 135.9, 133.6, 129.6, 

129.4, 129.0, 128.2, 127.9, 118.1, 109.7, 61.3, 38.1, 36.4, 14.2; IR (KBr) υ 2980, 1770, 1690, 1490, 

1310, 1140, 1060, 825, 694 cm-1; HRMS (EI-MS) exact mass calcd for (C22H19O4Cl)+; requires 

382.0972 m/z, found, 382.0968 m/z; Enantiomeric excess: 90%, determined by HPLC (Daicel 

Chiralpak IA, i-PrOH/ Hexane= 6/ 94), UV 254 nm, flow rate 1.0 mL/min, tRminor= 9.78 min; 

tRmajor= 11.09 min. 

(S,E)-ethyl 4-(4-bromophenyl)-2-oxo-6-styryl-3,4-dihydro-2H-pyran-5- 

carboxylate:  yield: 58%. [α]20
D= +181 (c= 0.056, CHCl3)；1H NMR (400 MHz, 

CDCl3) δ (ppm) 8.01 (d, J= 16.0 Hz, 1H, CH), 7.56 (d, J= 8.5 Hz, 2H, ArH), 7.47 (d, 

J= 16.0 Hz, 1H, CH), 7.36-7.45 (m, 5H, ArH), 7.05 (d, J= 8.5 Hz, 2H, ArH), 4.36 

(dd, J= 7.4 Hz, J= 2.0 Hz, 1H, CH), 4.16-4.23 (m, 2H, OCH2), 2.98 (dd, J= 16.0 Hz, 

J= 7.4 Hz, 1H, CH2), 2.84 (dd, J= 15.9 Hz, J= 2.2 Hz, 1H, CH2), 1.25 (t, 3H, CH3); 13C NMR (100 

MHz, CDCl3) δ (ppm) 165.5, 165.5, 157.7, 139.7, 137.3, 135.8, 132.3, 129.6, 129.0, 128.6, 127.9, 
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121.6, 118.1, 109.6, 61.3, 38.1, 36.3, 14.2; IR (KBr) υ 2980, 1770, 1690, 1350, 1180, 1060, 694 

cm-1; HRMS (EI-MS) exact mass calcd for (C22H19O4Br)+; requires 426.0467 m/z, found, 426.0459 

m/z; Enantiomeric excess: 84%, determined by HPLC (Daicel Chiralpak IA, i-PrOH/ Hexane= 6/ 

94), UV 254 nm, flow rate 1.0 mL/min, tRminor= 10.12 min; tRmajor= 11.49 min. 

(S,E)-ethyl 2-oxo-6-styryl-4-p-tolyl-3,4-dihydro-2H-pyran-5-carboxylate:  

yield: 41%. [α]20
D= +83 (c= 0.406, CHCl3)；1H NMR (400 MHz, CDCl3) δ (ppm) 8.00 

(d, J= 16.0 Hz, 1H, CH), 7.50 (d, J= 8.5 Hz, 2H, ArH), 7.46 (d, J= 16.0 Hz, 1H, CH), 

7.33-7.39 (m, 3H, ArH), 7.05-7.12 (m, 4H, ArH), 4.36 (dd, J= 7.2 Hz, J= 2.1 Hz, 1H, 

CH), 4.17-4.23 (m, 2H, OCH2), 2.97 (dd, J= 15.9 Hz, J= 7.2 Hz, 1H, CH2), 2.86 (dd, 

J= 15.9 Hz, J= 2.3 Hz, 1H, CH2), 2.30(s, 3H, CH3), 1.25 (t, 3H, CH3); 13C NMR (100 

MHz, CDCl3) δ (ppm) 166.0, 165.8, 157.3, 137.6, 137.3, 136.7, 136.0, 129.9, 129.5, 128.8, 127.9, 

126.7, 118.4, 110.5, 61.2, 38.2, 36.6, 21.1, 14.2; IR (KBr) υ 2980, 1770, 1690, 1370, 1180, 1130, 

694 cm-1; HRMS (EI-MS) exact mass calcd for (C23H22O4)+; requires 362.1518 m/z, found, 

362.1516 m/z; Enantiomeric excess: 83%, determined by HPLC (Daicel Chiralpak IA, i-PrOH/ 

Hexane= 6/ 94), UV 254 nm, flow rate 1.0 mL/min, tRminor= 7.91 min; tRmajor= 8.90 min. 

(S,E)-ethyl 4-(3-nitrophenyl)-2-oxo-6-styryl-3,4-dihydro-2H-pyran-5-carboxylate:  yield: 71%. 

[α]20
D= +296 (c= 0.034, CHCl3)；1H NMR (400 MHz, CDCl3) δ (ppm) 8.10-8.14 (m, 

2H, ArH), 8.03 (d, J= 16.0 Hz, 1H, CH), 7.55-7.59 (m, 2H, ArH), 7.51-7.52 (m, 3H), 

7.36-7.41 (m, 3H, ArH), 4.52 (dd, J= 7.4 Hz, J= 1.6 Hz, 1H, CH), 4.20-4.25 (m, 2H, 

OCH2), 3.07 (dd, J= 16.0 Hz, J= 7.4 Hz, 1H, CH2), 2.92 (dd, J= 16.1 Hz, J= 1.9 Hz, 

1H, CH2), 1.26 (t, 3H, CH3); 13C NMR (100 MHz, CDCl3) δ (ppm) 165.2, 165.0, 158.3, 148.8, 

142.9, 138.0, 135.7, 132.6, 130.3, 129.8, 129.0, 128.0, 122.8, 122.3, 117.9, 108.6, 61.5, 38.3, 36.1, 

14.2; IR (KBr) υ 2980, 1690, 15230, 1350, 1060, 692 cm-1; HRMS (EI-MS) exact mass calcd for 

(C22H19NO6)+; requires 393.1212 m/z, found, 393.1219 m/z; Enantiomeric excess: 94%, determined 

by HPLC (Daicel Chiralpak IA, i-PrOH/ Hexane= 6/ 94), UV 254 nm, flow rate 1.0 mL/min, 

tRminor= 19.63 min; tRmajor= 29.65 min. 

(S,E)-ethyl 4-(2-nitrophenyl)-2-oxo-6-styryl-3,4-dihydro-2H-pyran-5-carboxylate:  yield: 58%. 

[α]20
D= +375 (c= 0.048, CHCl3)；1H NMR (400 MHz, CDCl3) δ (ppm) 8.09 (d, J= 

16.0 Hz, 1H, CH), 7.91 (m, 1H, ArH), 7.58-7.61 (m, 4H), 7.37-7.40 (m, 4H), 

7.26-7.28 (m, 1H, ArH), 4.92 (dd, J= 7.2 Hz, J= 2.8 Hz, 1H, CH), 4.04-4.12 (m, 
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2H, OCH2), 3.08-3.19 (m, 2H, CH2), 1.10 (t, 3H, CH3); 13C NMR (100 MHz, CDCl3) δ (ppm) 165.2, 

164.9, 158.9, 149.1, 137.9, 135.7, 135.6, 133.9, 129.8, 129.0, 128.7, 128.3, 128.0, 125.2, 117.8, 

108.7, 61.3, 35.3, 34.3, 13.9; IR (KBr) υ 2980, 1770, 1530, 1240, 1060, 791 cm-1; HRMS (EI-MS) 

exact mass calcd for (C22H19NO6)+; requires 393.1212 m/z, found, 393.1216 m/z; Enantiomeric 

excess: 91%, determined by HPLC (Daicel Chiralpak IA, i-PrOH/ Hexane= 6/ 94), UV 254 nm, 

flow rate 1.0 mL/min, tRminor= 11.90 min; tRmajor= 21.58 min. 

(S,E)-ethyl 2-oxo-4-phenyl-6-styryl-3,4-dihydro-2H-pyran-5-carboxylate: 

yield: 77%. [α]20
D= +229 (c= 0.016, CHCl3)；1H NMR (400 MHz, CDCl3) δ (ppm) 

8.01 (d, J= 16.0 Hz, 1H, CH), 7.56-7.58 (m, 2H, ArH), 7.47 (d, J= 16.0 Hz, 1H, CH), 

7.19-7.38 (m, 6H), 7.17-7.19(m, 2H, ArH), 4.40 (dd, J= 7.3 Hz, J= 2.2 Hz, 1H, CH), 

4.16-4.22 (m, 2H, OCH2), 2.99 (dd, J= 15.9 Hz, J= 7.3 Hz, 1H, CH2), 2.88 (dd, J= 

15.9 Hz, J= 2.3 Hz, 1H, CH2), 1.24 (t, 3H, CH3); 13C NMR (100 MHz, CDCl3) δ (ppm) 165.9, 

165.7, 157.4, 140.6, 136.9, 136.0, 129.5, 129.2, 128.9, 127.9, 127.7, 126.8, 118.3, 110.2, 61.2, 38.6, 

36.5, 14.2; IR (KBr) υ 2980, 1770, 1630, 1290, 1230, 1060, 694 cm-1; HRMS (EI-MS) exact mass 

calcd for (C22H20O4)+; requires 348.1362 m/z, found, 348.1363 m/z; Enantiomeric excess: 84%, 

determined by HPLC (Daicel Chiralpak IA, i-PrOH/ Hexane= 6/ 94), UV 254 nm, flow rate 1.0 

mL/min, tRminor= 8.36 min; tRmajor= 9.89 min. 

(R,E)-diethyl 2-oxo-6-styryl-3,4-dihydro-2H-pyran-4,5-dicarboxylate: 

yield: 63%. [α]20
D= +124 (c= 0.14, CHCl3)；1H NMR (400 MHz, CDCl3) δ (ppm) 7.92 

(d, J= 16.0 Hz, 1H, CH), 7.52 (m, 2H, ArH), 7.44 (d, J= 16.0 Hz, 1H, CH), 

7.29-7.39 (m, 3H, ArH), 4.29-4.36 (m, 2H, OCH2), 4.15-4.21 (m, 2H, OCH2), 4.06 

(dd, J= 7.0 Hz, J= 2.1 Hz, 1H, CH), 3.07 (dd, J= 16.4 Hz, J= 2.3 Hz, 1H, CH2), 2.73 (dd, J= 16.3 

Hz, J= 7.2 Hz, 1H, CH2), 1.37 (t, 3H, CH3), 1.25 (t, 3H, CH3); 13C NMR (100 MHz, CDCl3) δ (ppm) 

170.9, 165.2, 164.8, 158.1, 137.7, 135.8, 129.7, 128.9, 128.0, 118.0, 105.4, 62.0, 61.4, 38.8, 30.9, 

14.3, 14.1; IR (KBr) υ 2970, 1790, 1620, 1340, 1240, 1060, 694, 521 cm-1; HRMS (EI-MS) exact 

mass calcd for (C19H20O6)+; requires 344.1260 m/z, found, 344.1263 m/z; Enantiomeric excess: 

97%, determined by HPLC (Daicel Chiralpak IA, i-PrOH/ Hexane= 6/ 94), UV 254 nm, flow rate 

1.0 mL/min, tRminor= 11.25 min; tRmajor= 14.46 min. 

(S,E)-allyl 4-(4-nitrophenyl)-2-oxo-6-styryl-3,4-dihydro-2H-pyran-5-carboxylate:  yield: 51%. 

[α]20
D= +211 (c= 0.07, CHCl3)；1H NMR (400 MHz, CDCl3) δ (ppm) 8.18 (d, J= 8.7 
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Hz, 2H, ArH), 8.03 (d, J= 16.0 Hz, 1H, CH), 7.52-7.59 (m, 3H), 7.36-7.41 (m, 5H, ArH), 5.84 (m, 

1H, CH=CH2), 5.23 (d, J= 1.2 Hz, 1H, OCH2), 5.19 (dd, J= 6.5 Hz, J= 1.4 Hz, 1H, OCH2), 4.64 (m, 

2H, CH=CH2), 4.53 (dd, J= 7.4 Hz, J= 1.6 Hz, 1H, CH), 3.07 (dd, J= 16.0 Hz, J= 7.6 Hz, 1H, CH2), 

2.89 (dd, J= 16.0 Hz, J= 2.0 Hz, 1H, CH2); 13C NMR (100 MHz, CDCl3) δ (ppm) 164.9, 164.8, 

158.6, 147.9, 147.6, 138.3, 135.6, 131.6, 129.9, 129.0, 128.1, 127.9, 124.5, 118.9, 117.8, 108.3, 

65.9, 38.5, 36.0; IR (KBr) υ 2920, 1790, 1520, 1350, 1220, 1050, 696 cm-1; HRMS (EI-MS) exact 

mass calcd for (C23H19NO6)+; requires 405.1212 m/z, found, 405.1207 m/z; Enantiomeric excess: 

94%, determined by HPLC (Daicel Chiralpak IA, i-PrOH/ Hexane= 15/ 85), UV 254 nm, flow rate 

1.0 mL/min, tRminor= 12.39 min; tRmajor= 14.90 min. 

(S,E)-allyl 4-(3-nitrophenyl)-2-oxo-6-styryl-3,4-dihydro-2H-pyran-5-carboxylate:  yield: 56%. 

[α]20
D= +183 (c= 0.68, CHCl3)；1H NMR (400 MHz, CDCl3) δ (ppm) 8.10-8.14 

(m, 2H, ArH), 8.04 (d, J= 16.0 Hz, 1H, CH), 7.51-7.59 (m, 5H), 7.36-7.40 (m, 

3H, ArH), 5.84 (m, 1H, CH=CH2), 5.24 (d, J= 1.0 Hz, 1H, OCH2), 5.19 (m, 1H, 

OCH2), 4.65 (m, 2H, CH=CH2), 4.54 (dd, J= 7.4 Hz, J= 1.8 Hz, 1H, CH), 3.08 

(dd, J= 16.0 Hz, J= 7.4 Hz, 1H, CH2), 2.92 (dd, J= 16.0 Hz, J= 2.0 Hz, 1H, CH2); 13C NMR (100 

MHz, CDCl3) δ (ppm) 164.9, 164.9, 158.6, 148.8, 142.7, 138.2, 135.6, 132.6, 131.6, 130.3, 129.9, 

129.0, 128.0, 122.9, 122.3, 118.9, 117.8, 108.3, 65.9, 38.3, 36.1; IR (KBr) υ 2930, 1690, 1530, 

1350, 1140, 1050, 692 cm-1; HRMS (EI-MS) exact mass calcd for (C23H19NO6)+; requires 405.1212 

m/z, found, 405.1207 m/z; Enantiomeric excess: 94%, determined by HPLC (Daicel Chiralpak IA, 

i-PrOH/ Hexane= 15/ 85), UV 254 nm, flow rate 1.0 mL/min, tRminor= 10.64 min; tRmajor= 15.58 min. 

(R,E)-5-allyl 4-ethyl 2-oxo-6-styryl-3,4-dihydro-2H-pyran-4,5-dicarboxylate: 

yield: 57%. [α]20
D= +231 (c= 0.014, CHCl3)；1H NMR (400 MHz, CDCl3) δ (ppm) 

7.93 (d, J= 16.0 Hz, 1H, CH), 7.54 (m, 2H, ArH), 7.45 (d, J= 16.0 Hz, 1H, CH), 

7.33-7.39 (m, 3H, ArH), 5.99 (m, 1H, CH=CH2), 5.38 (dd, J= 17.2 Hz, J= 1.4 Hz, 

1H, OCH2), 5.29 (dd, J= 10.5 Hz, J= 1.2 Hz, 1H, OCH2), 4.73-4.79 (m, 2H, CH=CH2), 4.15-4.20 

(m, 2H, OCH2), 4.08 (dd, J= 7.1 Hz, J= 2.2 Hz, 1H, CH), 3.07 (dd, J= 16.3 Hz, J= 2.2 Hz, 1H, 

CH2), 2.74 (dd, J= 16.3 Hz, J= 7.1 Hz, 1H, CH2), 1.25 (t, 3H, CH3); 13C NMR (100 MHz, CDCl3) δ 

(ppm) 170.8, 164.8, 164.7, 158.5, 137.9, 135.7, 131.8, 129.7, 128.9, 128.0, 118.7, 117.9, 105.0, 

65.9, 62.0, 38.8, 30.8, 14.1; IR (KBr) υ 2980, 1790, 1700, 1370, 1240, 1060, 692 cm-1; HRMS 

(EI-MS) exact mass calcd for (C20H20O6)+; requires 356.1260 m/z, found, 356.1252 m/z; 

Enantiomeric excess: 96%, determined by HPLC (Daicel Chiralpak IA, i-PrOH/ Hexane= 6/ 94), 
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UV 254 nm, flow rate 1.0 mL/min, tRminor= 11.20 min; tRmajor= 14.48 min. 

(S,E)-benzyl 4-(4-nitrophenyl)-2-oxo-6-styryl-3,4-dihydro-2H-pyran-5-carboxylate: yield: 48%. 

[α]20
D= +187 (c= 0.048, CHCl3)；1H NMR (400 MHz, CDCl3) δ (ppm) 8.13 (d, J= 

8.8 Hz, 2H, ArH), 7.95 (d, J= 15.9 Hz, 1H, CH), 7.43 (d, J= 16.0 Hz, 1H, CH), 

7.42-7.43 (m, 2H, ArH), 7.31-7.35 (m, 8H, ArH), 7.21-7.24 (m, 2H, ArH), 

5.12-5.23 (m, 2H, OCH2), 4.51 (dd, J= 7.5 Hz, J= 1.9 Hz, 1H, CH), 3.05 (dd, J= 

16.0 Hz, J= 7.6 Hz, 1H, CH2), 2.87 (dd, J= 16.0 Hz, J= 2.1 Hz, 1H, CH2); 13C 

NMR (100 MHz, CDCl3) δ (ppm) 165.1, 164.8, 158.5, 148.0, 147.5, 138.2, 135.5, 135.2, 129.9, 

129.0, 128.8, 128.7, 128.5, 128.0, 127.9, 124.5, 117.8, 108.4, 67.4, 38.6, 35.9; IR (KBr) υ 2930, 

1790, 1520, 1340, 1220, 1060, 858, 696 cm-1; HRMS (EI-MS) exact mass calcd for (C27H21NO6)+; 

requires 455.1369 m/z, found, 455.1365 m/z; Enantiomeric excess: 92%, determined by HPLC 

(Daicel Chiralpak IA, i-PrOH/ Hexane= 15/ 85), UV 254 nm, flow rate 1.0 mL/min, tRminor= 17.25 

min; tRmajor= 25.71 min. 

(R,E)-5-benzyl 4-ethyl 2-oxo-6-styryl-3,4-dihydro-2H-pyran-4,5-dicarboxylate: 

yield: 45%. [α]20
D= +128 (c= 0.04, CHCl3)；1H NMR (400 MHz, CDCl3) δ (ppm) 7.87 

(d, J= 16.0 Hz, 1H, CH), 7.39-7.46 (m, 8H), 7.31-7.33 (m, 3H, ArH), 5.22 (m, 2H, 

OCH2), 4.09-4.16 (m, 3H), 3.06 (dd, J= 16.4 Hz, J= 2.3 Hz, 1H, CH2), 2.72 (dd, J= 

16.4 Hz, J= 7.1 Hz, 1H, CH2), 1.19 (t, 3H, CH3); 13C NMR (100 MHz, CDCl3) δ (ppm) 170.8, 

165.1, 164.7, 158.4, 137.9, 135.6, 135.5, 129.7, 128.9, 128.8, 128.6, 128.5, 128.0, 118.0, 105.1, 

67.3, 62.0, 38.8, 30.8, 14.0; IR (KBr) υ 2980, 1790, 1720, 1210, 1060, 694, 528 cm-1; HRMS 

(EI-MS) exact mass calcd for (C24H22O6)+; requires 406.1416 m/z, found, 406.1415 m/z; 

Enantiomeric excess: 97%, determined by HPLC (Daicel Chiralpak IA, i-PrOH/ Hexane= 6/ 94), 

UV 254 nm, flow rate 1.0 mL/min, tRminor= 17.35 min; tRmajor= 21.56 min. 

(S,E)-tert-butyl 4-(4-nitrophenyl)-2-oxo-6-styryl-3,4-dihydro-2H-pyran-5-carboxylate: yield: 

43%. [α]20
D= +163 (c= 0.344, CHCl3)；1H NMR (400 MHz, CDCl3) δ (ppm) 8.18 (d, 

J= 8.8 Hz, 2H, ArH), 7.98 (d, J= 16.0 Hz, 1H, CH), 7.56-7.59 (m, 2H, ArH), 7.48 

(d, J= 16.0 Hz, 1H, CH), 7.35-7.40 (m, 5H, ArH), 4.44 (dd, J= 7.6 Hz, J= 2.3 Hz, 

1H, CH), 3.05 (dd, J= 16.0 Hz, J= 7.6 Hz, 1H, CH2), 2.85 (dd, J= 16.4 Hz, J= 2.3 

Hz, 1H, CH2), 1.43 (s, 9H, 3CH3); 13C NMR (100 MHz, CDCl3) δ (ppm) 165.1, 164.4, 157.5, 148.5, 

147.5, 137.4, 135.8, 129.7, 129.0, 127.9, 127.9, 124.5, 118.0, 110.1, 82.5, 39.0, 36.0, 28.2; IR (KBr) 

υ 2980, 1780, 1520, 1350, 1060, 696 cm-1; HRMS (EI-MS) exact mass calcd for (C24H23NO6)+; 
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requires 421.1525 m/z, found, 421.1523 m/z; Enantiomeric excess: 96%, determined by HPLC 

(Daicel Chiralpak IA, i-PrOH/ Hexane= 15/ 85), UV 254 nm, flow rate 1.0 mL/min, tRminor= 8.67 

min; tRmajor= 10.18 min. 

(S,E)-ethyl 6-(4-bromostyryl)-4-(4-nitrophenyl)-2-oxo-3,4-dihydro-2H-pyran-5-Carboxylate: 

yield: 72%. [α]20
D= +141 (c= 0.528, CHCl3)；1H NMR (400 MHz, CDCl3) δ 

(ppm) 8.18 (d, J= 8.8 Hz, 2H, ArH), 8.03 (d, J= 16.0 Hz, 1H, CH), 7.52 (d, J= 

8.5 Hz, 2H, ArH), 7.42-7.47 (m, 3H, ArH), 7.35 (d, J= 8.6 Hz, 2H, ArH), 4.51 

(dd, J= 7.5 Hz, J= 1.9 Hz, 1H, CH), 4.17-4.25 (m, 2H, OCH2), 3.06 (dd, J= 

16.0 Hz, J= 7.5 Hz, 1H, CH2), 2.88 (dd, J= 16.1 Hz, J= 2.1 Hz, 1H, CH2), 1.24 

(t, 3H, CH3); 13C NMR (100 MHz, CDCl3) δ (ppm) 165.1, 164.8, 157.9, 147.9, 147.6, 136.5, 134.6, 

132.2, 129.3, 127.9, 124.5, 124.0, 118.4, 109.1, 61.5, 38.5, 35.9, 14.2; IR (KBr) υ 2980, 1690, 1520, 

1490, 1350, 1130, 1060, 818, 702 cm-1; HRMS (EI-MS) exact mass calcd for (C22H18NO6Br)+; 

requires 471.0317 m/z, found, 471.0314 m/z; Enantiomeric excess: 93%, determined by HPLC 

(Daicel Chiralpak IA, i-PrOH/ Hexane= 9/ 91), UV 254 nm, flow rate 1.0 mL/min, tRminor= 25.77 

min; tRmajor= 31.95 min. 

(S,E)-ethyl 6-(4-bromostyryl)-4-(3-nitrophenyl)-2-oxo-3,4-dihydro-2H-pyran-5-carboxylate: 

yield: 58%. [α]20
D= +196 (c= 0.054, CHCl3)；1H NMR (400 MHz, CDCl3) δ 

(ppm) 8.12-8.16 (m, 1H, ArH), 8.09 (m, 1H, ArH), 8.03 (d, J= 16.0 Hz, 1H, 

CH), 7.51-7.53 (m, 4H), 7.42-7.47 (m, 3H), 4.52 (dd, J= 7.4 Hz, J= 1.7 Hz, 

1H, CH), 4.18-4.25 (m, 2H, OCH2), 3.07 (dd, J= 16.1 Hz, J= 7.4 Hz, 1H, 

CH2), 2.92 (dd, J= 16.1 Hz, J= 2.0 Hz, 1H, CH2), 1.25 (t, 3H, CH3); 13C NMR (100 MHz, CDCl3) δ 

(ppm) 165.1, 164.8, 158.0, 148.8, 142.7, 136.6, 134.6, 132.6, 132.2, 130.4, 129.3, 124.0, 122.9, 

122.3, 118.5, 109.1, 61.5, 38.4, 36.0, 14.2; IR (KBr) υ 2930, 1790, 1690, 1530, 1350, 1130, 1060, 

814, 731 cm-1; HRMS (EI-MS) exact mass calcd for (C22H18NO6Br)+; requires 471.0317 m/z, found, 

471.0318 m/z; Enantiomeric excess: 91%, determined by HPLC (Daicel Chiralpak IA, i-PrOH/ 

Hexane= 15/ 85), UV 254 nm, flow rate 1.0 mL/min, tRminor= 14.53 min; tRmajor= 24.66 min. 

(R,E)-diethyl 6-(4-bromostyryl)-2-oxo-3,4-dihydro-2H-pyran-4,5-dicarboxylate: 

yield: 78%. [α]20
D= +10 (c= 0.694, CHCl3)；1H NMR (400 MHz, CDCl3) δ (ppm) 

7.91 (d, J= 16.0 Hz, 1H, CH), 7.48-7.51 (m, 2H, ArH), 7.36-7.41 (m, 3H), 

4.26-4.37 (m, 2H, OCH2), 4.15-4.20 (m, 2H, OCH2), 4.06 (dd, J= 7.1 Hz, J= 2.3 
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Hz, 1H, CH), 3.06 (dd, J= 16.4 Hz, J= 2.3 Hz, 1H, CH2), 2.73 (dd, J= 16.4 Hz, J= 7.1 Hz, 1H, CH2), 

1.36 (t, 3H, CH3), 1.25 (t, 3H, CH3); 13C NMR (100 MHz, CDCl3) δ (ppm) 170.7, 165.1, 164.6, 

157.8, 136.2, 134.7, 132.1, 129.3, 123.7, 118.6, 105.8, 62.0, 61.4, 38.8, 30.8, 14.3, 14.1; IR (KBr) υ 

2970, 1710, 1580, 1370, 1240, 1060, 820, 525 cm-1; HRMS (EI-MS) exact mass calcd for 

(C19H19O6Br)+; requires 422.0365 m/z, found, 422.0370 m/z; Enantiomeric excess: 96%, 

determined by HPLC (Daicel Chiralpak IA, i-PrOH/ Hexane= 6/ 94), UV 254 nm, flow rate 1.0 

mL/min, tRminor= 15.74 min; tRmajor= 23.36 min. 

(S,E)-ethyl 4-(4-nitrophenyl)-6-(4-nitrostyryl)-2-oxo-3,4-dihydro-2H-pyran-5-carboxylate: 

yield: 57%. [α]20
D= +149 (c= 0.02, CHCl3)；1H NMR (400 MHz, CDCl3) δ 

(ppm) 8.17-8.26 (m, 5H), 7.69 (d, J= 8.7 Hz, 2H, ArH), 7.51 (d, J= 16.0 Hz, 

1H, CH), 7.37 (d, J= 8.7 Hz, 2H, ArH), 4.55 (dd, J= 7.4 Hz, J= 1.5 Hz, 1H, 

CH), 4.19-4.27 (m, 2H, OCH2), 3.10 (dd, J= 16.1 Hz, J= 7.6 Hz, 1H, CH2), 

2.92 (dd, J= 16.1 Hz, J= 2.0 Hz, 1H, CH2), 1.25 (t, 3H, CH3); 13C NMR (100 

MHz, CDCl3) δ (ppm) 164.8, 164.4, 157.1, 148.1, 147.6, 147.6, 141.9, 134.8, 

128.4, 127.8, 124.6, 124.3, 121.9, 110.9, 61.7, 38.6, 35.8, 14.2; IR (KBr) υ 2930, 1690, 1520, 1490, 

1340, 1060, 858, 698 cm-1; HRMS (EI-MS) exact mass calcd for (C22H18N2O8)+; requires 438.1063 

m/z, found, 438.1059 m/z; Enantiomeric excess: 92%, determined by HPLC (Daicel Chiralpak IA, 

i-PrOH/ Hexane= 15/ 85), UV 254 nm, flow rate 1.0 mL/min, tRminor= 42.60 min; tRmajor= 46.50 min. 

(S,E)-ethyl 6-(4-methylstyryl)-4-(4-nitrophenyl)-2-oxo-3,4-dihydro-2H-pyran-5-carboxylate: 

yield: 51%. [α]20
D= +238 (c= 0.036, CHCl3)；1H NMR (400 MHz, CDCl3) δ (ppm) 

8.17 (d, J= 8.7 Hz, 2H, ArH), 7.98 (d, J= 16.0 Hz, 1H, CH), 7.48-7.53 (m, 3H), 

7.36 (d, J= 8.7 Hz, 2H, ArH), 7.19 (d, J= 7.9 Hz, 2H, ArH), 4.50 (dd, J= 7.4 Hz, 

J= 1.7 Hz, 1H, CH), 4.18-4.24 (m, 2H, OCH2), 3.06 (dd, J= 16.0 Hz, J= 7.6 Hz, 

1H, CH2), 2.88 (dd, J= 16.0 Hz, J= 2.0 Hz, 1H, CH2), 2.36 (s, 3H, CH3), 1.25 (t, 

3H, CH3); 13C NMR (100 MHz, CDCl3) δ (ppm) 165.2, 164.9, 158.4, 148.1, 147.4, 140.2, 138.0, 

132.8, 129.7, 127.9, 127.8, 124.4, 116.7, 108.0, 61.3, 38.4, 35.9, 21.4, 14.1; IR (KBr) υ 2920, 1680, 

1520, 1490, 1350, 11230, 1060, 858 cm-1; HRMS (EI-MS) exact mass calcd for (C23H21NO6)+; 

requires 407.1374 m/z, found, 407.1369 m/z; Enantiomeric excess: 81%, determined by HPLC 

(Daicel Chiralpak IA, i-PrOH/ Hexane= 15/ 85), UV 254 nm, flow rate 1.0 mL/min, tRminor= 14.33 

min; tRmajor= 17.73 min. 
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(S,E)-ethyl 6-(4-methoxystyryl)-4-(3-nitrophenyl)-2-oxo-3,4-dihydro-2H-pyran-5-carboxylate: 

yield: 36%. [α]20
D= +114 (c= 0.246, CHCl3)；1H NMR (400 MHz, CDCl3) δ 

(ppm) 8.09-8.14 (m, 2H, ArH), 7.91 (d, J= 15.9 Hz, 1H, CH), 7.47 (m, 6H), 

6.91-6.93 (d, J= 8.8 Hz, 2H, ArH), 4.51 (dd, J= 7.2 Hz, J= 1.8 Hz, 1H, CH), 

4.19-4.24 (m, 2H, OCH2), 3.85 (s, 3H, OCH3), 3.06 (dd, J= 16.0 Hz, J= 7.4 

Hz, 1H, CH2), 2.90 (dd, J= 16.1 Hz, J= 2.1 Hz, 1H, CH2), 1.25 (t, 3H, CH3); 
13C NMR (100 MHz, CDCl3) δ (ppm) 165.4, 165.2, 161.2, 158.8, 148.8, 143.1, 137.8, 132.6, 130.3, 

129.6, 128.5, 122.8, 122.4, 115.6, 114.5, 107.4, 61.3, 55.5, 38.3, 36.2, 14.3; IR (KBr) υ 2930, 1790, 

1680, 1530, 1350, 1130, 1060, 822, 690 cm-1; HRMS (EI-MS) exact mass calcd for (C23H21NO7)+; 

requires 423.1318 m/z, found, 423.1321 m/z; Enantiomeric excess: 93%, determined by HPLC 

(Daicel Chiralpak IA, i-PrOH/ Hexane= 15/ 85), UV 254 nm, flow rate 1.0 mL/min, tRminor= 15.88 

min; tRmajor= 32.27 min. 

(S,E)-ethyl 6-(2-methoxystyryl)-4-(4-nitrophenyl)-2-oxo-3,4-dihydro-2H-pyran-5-carboxylate: 

yield: 32%. [α]20
D= +209 (c= 0.452, CHCl3)；1H NMR (400 MHz, CDCl3) δ (ppm) 

8.17 (d, J= 8.8 Hz, 2H, ArH), 8.06 (d, J= 16.1 Hz, 1H, CH), 7.85 (d, J= 16.1 Hz, 

1H, CH), 7.60-7.62 (m, 1H, ArH), 7.34-7.39 (m, 3H, ArH), 6.92-6.98 (m, 2H, 

ArH), 4.50 (dd, J= 7.5 Hz, J= 2.0 Hz, 1H, CH), 4.18-4.23 (m, 2H, OCH2), 3.91 (s, 

3H, OCH3), 3.05 (dd, J= 15.9 Hz, J= 7.5 Hz, 1H, CH2), 2.87 (dd, J= 16.0 Hz, J= 

2.1 Hz, 1H, CH2), 1.23 (t, 3H, CH3); 13C NMR (100 MHz, CDCl3) δ (ppm) 165.4, 165.1, 158.8, 

158.2, 148.3, 147.5, 133.2, 131.1, 128.2, 127.9, 124.7, 124.4, 120.9, 118.2, 111.2, 108.1, 61.3, 55.6, 

38.6, 36.1, 14.2; IR (KBr) υ 2930, 1790, 1520, 1350, 1110, 1060, 856, 754 cm-1; HRMS (EI-MS) 

exact mass calcd for (C23H21NO7)+; requires 423.1318 m/z, found, 423.1316 m/z; Enantiomeric 

excess: 92%, determined by HPLC (Daicel Chiralpak IA, i-PrOH/ Hexane= 9/ 91), UV 254 nm, 

flow rate 1.0 mL/min, tRminor= 28.30 min; tRmajor= 32.29 min. 

(2R,3S,4R)-ethyl 4-(4-nitrophenyl)-6-oxo-2-styryltetrahydro-2H-pyran-3-carboxylate:  yield: 

43%. [α]20
D= -8.5 (c= 0.46, CHCl3)；1H NMR (400 MHz, CDCl3) δ (ppm) 8.16 (d, J= 

8.8 Hz, 2H, ArH), 7.40 (m, 2H, ArH), 7.24-7.37 (m, 5H, ArH), 6.64 (d, J= 15.9 Hz, 

1H, CH), 6.13 (dd, J= 15.9 Hz, J= 7.2 Hz, 1H, CH), 4.19 (m, 1H, CH), 3.76-3.85 (m, 

3H), 3.31 (m, 1H, CH), 2.69 (dd, J= 11.4 Hz, J= 9.8 Hz, 1H, CH), 1.84-1.91 (m, 2H, 

OCH2), 0.87 (t, 3H, CH3); 13C NMR (100 MHz, CDCl3) δ (ppm) 171.5, 149.9, 147.1, 

136.3, 133.2, 128.6, 128.4, 128.1, 126.7, 126.6, 124.0, 80.0, 67.7, 60.5, 54.7, 45.0, 32.3, 14.1; IR 
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(KBr) υ 2940, 1730, 1520, 1350, 1180, 1110, 854, 694, 521 cm-1; HRMS (EI-MS) exact mass calcd 

for (C22H23NO5)+; requires 381.1576 m/z, found, 381.1573 m/z; Enantiomeric excess: 93%, 

determined by HPLC (Daicel Chiralpak OD, i-PrOH/ Hexane= 15/ 85), UV 254 nm, flow rate 1.0 

mL/min, tRminor= 11.66 min; tRmajor= 14.03 min. 
References: 
[1]. R. Zibuch, J. Streiber, Organic Syntheses Coll. Vol. 9, 1998, p. 432; Vol. 71, 1993, p. 236. 
[2]. M. Marigo, T. C. Wabnitz, D. Fielenbach,and K. A. Jøgensen, Angew. Chem. Int. Ed. 2005, 44, 

794 –797. 
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