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Part I General Information  

Unless otherwise indicated, all reactions were carried out under N2 at -10 oC with 

magnetic stirring. Anhydrous THF and toluene were distilled from sodium and 

benzophenone. Anhydrous CH2Cl2 was distilled from CaH2. Chiral triazolium salts 

A1,1 A2,2 B1,3 B2,4 enones5 were synthesized according to literatures. Column 

chromatography was performed on silica gel 200~300 mesh. All 1H NMR, 13C NMR 

spectra were recorded on a Bruker-DMX 300 spectrometer or Bruker-DMX 400 

spectrometer in CDCl3, with tetramethylsilane as an internal standard and reported in 

parts per million (ppm, δ). 1H NMR Spectroscopy splitting patterns were designated 

as singlet (s), doublet (d), triplet (t), quartet (q). Splitting patterns that could not be 

interpreted or easily visualized were designated as multiplet (m) or broad (br). 

Infrared spectra were recorded on a JASCO FT/IR-480 spectrophotometer and 

reported as wave number (cm-1). Optical rotations were measured on Perkin 

Elmer/Model-343 digital polarimeter operating at the sodium D line with a 100 mm 

path cell, and are reported as follows: [α]D
T (concentration (g/100 mL), solvent). 
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Part II Experimental part  

1. NHC-catalyzed [4+2] cyclocondesation of 2-aryl carboxylic acids and enones 

(Table 2) 

 

To a solution of 2-arylacetic acids 1 (0.44 mmol, 2.2 equiv) in CH2Cl2 (2.0 ml) 

was added DIPEA (0.6 mmol, 77.4 mg, 3.0 equiv.) and pivaloyl chloride (0.44 mmol, 

53 mg, 2.2 equiv.) at -10 oC. After stirring at -10 oC for 30 minutes, to the reaction 

mixture was added NHC precursor A2 (0.04 mmol, 17 mg, 0.2 equiv.), enones 2 (0.2 

mmol) and another 2.0 equivalent of DIPEA (0.4 mmol, 51.6 mg). The reaction 

mixture was stirred at -10 oC until the full consumption of the enone (typically, 24-48 

h). The reaction mixture was concentrated under reduced pressure, and the residue 

was purified by column chromatography on silica gel (petroleum ether/EtOAc as the 

eluent, typically 10:1-5:1) to furnish the corresponding cycloadduct 3.  

Racemic samples for the chiral phase HPLC analysis were prepared using NHC 

precursor Cunder the same conditions but at room temperature with longer reaction 

time (typically 2-3 d). It should be noted that sometimes the trans-isomers of 

cycloadduct 3 were isolated as majority (cis/trans = 20:1 to 1:8) for the reaction 

possibly due to the epimerization of cis-3 to trans-3 at room temperature with longer 

reaction time. 



S4 
 

N

N N Mes

BF4

C  

---------------------------------------------------------- 

   

(3S,4R)-ethyl 3-(2-methoxyphenyl)-2-oxo-6-phenyl-3,4-dihydro-2H-pyran-4-carb

oxylate 

54.3 mg, 77% yield, cis/trans = 10:1, white solid, Rf = 0.4 (petroleum ether/ethyl 

acetate 5:1); [α]D
25 -148.4 (c 0.2, CH2Cl2), HPLC analysis: >99% ee (cis), 79% ee 

(trans) [Daicel CHIRALPAK OD-3 column, 20 oC, 254 nm hexane/i-PrOH = 90:10, 

1.0 mL/min, 254 nm, 13.4 min (trans-minor), 16.2 min (trans-major), 18.0 

min(cis-major), 19.9 min (cis-minor)]; 1H NMR (300 MHz, CDCl3) δ 7.72-7.68 (m, 

2H), 7.57 (dd, J = 7.7, 1.3 Hz, 1H), 7.44 – 7.39 (m, 3H), 7.32 – 7.29 (m, 1H), 7.00 – 

6.88 (m, 2H), 5.99 (d, J = 6.8 Hz, 1H), 4.69 (d, J = 6.2 Hz, 1H), 4.06 (q, J = 7.2 Hz, 

2H), 3.84 (s, 3H), 3.67 (t, J = 6.5 Hz, 1H), 1.15 (t, J = 7.2 Hz, 3H).  13C NMR (75 

MHz, CDCl3) δ 170.6, 167.6, 156.9, 152.6, 132.1, 130.2, 129.6, 129.2, 128.6, 125.0, 

122.3, 120.7, 110.4, 99.0, 61.5, 55.6, 44.0, 39.3, 14.0. IR (KBr) 2919, 2849, 1775, 

1732, 1646, 1600, 1495, 1180, 754; HRMS (ESI) calcd for C21H20O5Na [M+Na]+  

375.1203, found 375.1197.   
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(3S,4R)-ethyl 6-(4-fluorophenyl)-3-(2-methoxyphenyl)-2-oxo-3,4-dihydro-2H-pyr

an-4-carboxylate 

49.9 mg, 67% yield; cis/trans = 10:1, colorless oil, Rf = 0.4 (petroleum ether/ethyl 

acetate 5:1); [α]D
25 -148.7 (c 0.2, CH2Cl2), HPLC analysis: 99% ee (cis), 62% ee 

(trans) [Daicel CHIRALPAK IA column, 20 oC, 254 nm, hexane/i-PrOH/MeOH = 

80:10:10, 1.0 mL /min, 254 nm, 9.5 min (trans-major), 10.9 min (trans-minor), 12.0 

min (cis-major)]; 1H NMR (300 MHz, CDCl3) δ 7.71-7.66 (m, 2H), 7.56 (dd, J = 7.7, 

1.5 Hz, 1H), 7.32 – 7.26 (m, 1H), 7.11-7.06 (m, 2H), 6.99 – 6.88 (m, 2H), 5.92 (d, J = 

6.8 Hz, 1H), 4.68 (d, J = 6.2 Hz, 1H), 4.06 (q, J = 7.1 Hz, 2H), 3.84 (s, 3H), 3.66 (t, J 

= 6.5 Hz, 1H), 1.14 (t, J = 7.1 Hz, 3H). 13C NMR (75 MHz, CDCl3)
 δ 170.5, 166.8, 

156.9, 151.2, 130.1, 129.2, 127.0, 126.9, 122.1, 120.6, 115.7, 115.4, 110.3, 98.6, 61.4, 

55.5, 43.9, 39.2, 13.9. IR (KBr) 2921, 2848, 1733, 1633, 1509, 1246, 1180; HRMS 

(ESI) calcd for C21H19O5FNa [M+Na]+ 393.1109, found 393.1104.  

  

(3S,4R)-ethyl 6-(4-chlorophenyl)-3-(2-methoxyphenyl)-2-oxo-3,4-dihydro-2H-py

ran-4-carboxylate 
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46.8 mg, 61% yield; cis/trans = 10:1, colorless oil, Rf = 0.3 (petroleum ether/ethyl 

acetate 5:1); [α]D
25 -184.1 (c 0.2, CH2Cl2), HPLC analysis: 99% ee (cis), 71% ee 

(trans) [Daicel CHIRALPAK IA-H column, 20 oC, 254 nm, hexane/i-PrOH/MeOH = 

80:10:10, 1.0 mL /min, 254 nm, 9.9 min (trans-major), 11.0 min (trans-minor), 13.6 

min (cis-major), 32.6 min (cis-minor)]; 1H NMR (300 MHz, CDCl3) δ 7.65-7.60 (m, 

2H), 7.55 (dd, J = 7.7, 1.2 Hz, 1H), 7.39 – 7.36 (m, 2H), 7.32 – 7.27 (m, 1H), 6.99 – 

6.88 (m, 2H), 5.97 (d, J = 6.8 Hz, 1H), 4.68 (d, J = 6.1 Hz, 1H), 4.06 (q, J = 7.1 Hz, 

2H), 3.84 (s, 3H), 3.67 (t, J = 6.5 Hz, 1H), 1.15 (t, J = 7.2 Hz, 3H).13C NMR (75 MHz, 

CDCl3) δ 170.2, 166.8, 156.5, 151.2, 135.3, 130.5, 130.0, 129.2, 128.8, 126.2, 122.0, 

120.6, 110.2, 99.3, 61.6, 55.5, 43.9, 39.1, 13.9. IR (KBr) 2922, 2850, 1779, 1732, 

1647, 1602, 1494, 1180, 754; HRMS (ESI) calcd for C21H19O5ClNa [M+Na]+  

409.0813, found 409.0807. 

 

(3S,4R)-ethyl 6-(4-bromophenyl)-3-(2-methoxyphenyl)-2-oxo-3,4-dihydro-2H-py

ran-4-carboxylate 

47.7 mg, 55% yield; cis/trans = 7:1, colorless oil, Rf = 0.4 (petroleum ether/ethyl 

acetate 5:1); [α]D
25 -17.4 (c 0.5, CH2Cl2), HPLC analysis: >99% ee (cis), 75% ee 

(trans) [Daicel CHIRALPAK IA column, 20 oC, 254 nm, hexane/i-PrOH/MeOH = 

80:10:10, 1.0 mL /min, 254 nm, 10.8 min (trans-major), 11.8 min (trans-minor), 15.2 
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min (cis-major)]; 1H NMR (300 MHz, CDCl3) δ 7.59-7.51 (m, 5H), 7.32 – 7.26 (m, 

1H), 6.99 – 6.88 (m, 2H), 5.99 (d, J = 6.8 Hz, 1H), 4.68 (d, J = 6.2 Hz, 1H), 4.06 (q, J 

= 7.1 Hz, 2H), 3.84 (s, 3H), 3.66 (t, J = 6.5 Hz, 1H), 1.14 (t, J = 7.1 Hz, 3H). 13C 

NMR (75 MHz, CDCl3) δ 170.2, 166.8, 156.9, 151.6, 131.7, 131.1, 130.1, 129.2, 

126.4, 123.6, 121.9, 120.6, 110.3, 99.3, 61.5, 55.5, 43.9, 39.2, 13.8. IR (KBr) 2928, 

1776, 1732, 1646, 1489, 1248, 1176, 754; HRMS (ESI) calcd for C21H19O5BrNa 

[M+Na]+ 453.0308, found 453.0300. 

 

(3S,4R)-ethyl 3-(2-methoxyphenyl)-2-oxo-6-(p-tolyl)-3,4-dihydro-2H-pyran-4-car

boxylate 

40.5 mg, 55% yield; cis/trans = 6:1, colorless oil, Rf = 0.4 (petroleum ether/ethyl 

acetate 5:1); [α]D
25 -8.0 (c 0.1, CH2Cl2), HPLC analysis: >99% ee (cis), 78% ee (trans) 

[Daicel CHIRALPAK IA column, 20 oC, 254 nm, hexane/i-PrOH /MeOH = 90:5:5, 

1.0 mL /min, 254 nm, 13.2 min (trans-major), 14.7 min (trans-minor), 19.2 min 

(cis-major)]; 1H NMR (300 MHz, CDCl3) δ 7.60-7.55 (m, 3H), 7.31 – 7.19 (m, 3H), 

6.99 – 6.88 (m, 2H), 5.93 (d, J = 6.8 Hz, 1H), 4.68 (d, J = 6.2 Hz, 1H), 4.05 (q, J = 

7.1 Hz, 2H), 3.84 (s, 3H), 3.65 (t, J = 6.5 Hz, 1H), 2.38 (s, 3H), 1.15 (t, J = 7.1 Hz, 

3H). 13C NMR (75 MHz, CDCl3) δ 170.5, 167.2, 156.5, 152.3, 139.3, 129.9, 129.0, 

124.6, 122.0, 120.6, 110.4, 98.0, 61.5, 55.5, 43.9, 39.3, 21.3, 14.0. IR (KBr) 2920, 

2849, 1733, 1651, 1606, 1495, 1180, 755; HRMS (ESI) calcd for C22H22O5Na 
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[M+Na]+  389.1359, found 389.1355. 

 

(3S,4R)-ethyl 3-(2-methoxyphenyl)-6-(4-methoxyphenyl)-2-oxo-3,4-dihydro-2H-

pyran-4-carboxylate 

61.1 mg, 80% yield; cis/trans = 10:1, colorless oil, Rf = 0.2 (petroleum ether/ethyl 

acetate 5:1); [α]D
25 -1.2 (c 0.3, CH2Cl2), HPLC analysis: >99% ee (cis), 30% ee (trans) 

[Daicel CHIRALPAK IA column, 20 oC, 254 nm, hexane/ i-PrOH/MeOH = 80:10:10, 

1.0 mL /min, 254 nm, 13.0 min (trans-major), 15.0 min (trans-minor), 17.4 min 

(cis-major)]; 1H NMR (300 MHz, CDCl3) δ 7.65-7.62 (m, 2H), 7.57 (dd, J = 7.7, 1.2 

Hz, 1H), 7.31 – 7.26 (m, 1H), 6.99 – 6.87 (m, 4H), 5.85 (d, J = 6.8 Hz, 1H), 4.67 (d, J 

= 6.1 Hz, 1H), 4.05 (q, J = 7.1 Hz, 2H), 3.84 (s, 6H), 3.64 (t, J = 6.5 Hz, 1H), 1.15 (t, 

J = 7.1 Hz, 3H). 13C NMR (75 MHz, CDCl3)
 δ 170.5, 167.2, 160.5, 156.5, 152.2, 

129.9, 128.6, 126.3, 124.3, 122.3, 120.3, 113.7, 110.1, 96.7, 61.2, 55.5, 55.2, 43.6, 

38.9, 13.6. IR (KBr) 2924, 2850, 1733, 1601, 1495, 1260, 1172, 757; HRMS (ESI) 

calcd for C22H22O6Na [M+Na]+  405.1309, found 405.1304. 

 

(3S,4R)-ethyl 6-(2-chlorophenyl)-3-(2-methoxyphenyl)-2-oxo-3,4-dihydro-2H-py
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ran-4-carboxylate 

48.9 mg, 63% yield; cis/trans = 6:1, colorless oil, Rf = 0.4 (petroleum ether/ethyl 

acetate 5:1); [α]D
25 -65.4 (c 0.5, CH2Cl2), HPLC analysis: 98% ee (cis), 72% ee (trans) 

[Daicel CHIRALPAK IA column, 20 oC, 254 nm, hexane/ i-PrOH /MeOH = 90:5:5, 

1.0 mL /min, 254 nm, 12.3 min (trans-major), 14.2 min (cis-major), 15.8 min 

(trans-minor), 18.0 min (cis-minor)]; 1H NMR (300 MHz, CDCl3) δ 7.60-7.53 (m, 

2H), 7.45-7.42 (m, 1H), 7.35 – 7.26 (m, 3H), 7.00 – 6.89 (m, 2H), 5.88 (d, J = 6.7 Hz, 

1H), 4.73 (d, J = 6.2 Hz, 1H), 4.09 (q, J = 7.1 Hz, 2H), 3.87 (s, 3H), 3.68 (t, J = 6.5 

Hz, 1H), 1.18 (t, J = 7.1 Hz, 3H). 13C NMR (75 MHz, CDCl3) 170.2, 167.2, 156.9, 

150.5, 132.6, 131.9, 130.5, 130.4, 130.3, 130.1, 129.1, 126.8, 122.1, 120.6, 110.2, 

104.9, 61.2, 55.2, 43.9, 38.9, 13.6. IR (KBr) 2923, 2849, 1732, 1673, 1600, 1495, 

1260, 1173, 755; HRMS (ESI) calcd for C21H19O5ClNa [M+Na]+ 409.0813, found 

409.0807.  

 

(3S,4R)-ethyl 3-(2-methoxyphenyl)-6-(naphthalen-2-yl)-2-oxo-3,4-dihydro-2H-py

ran-4-carboxylate 

26.1 mg, 33% yield; cis/trans = 3:1, white solid, Rf = 0.4 (petroleum ether/ethyl 

acetate 5:1); [α]D
25 -170.9 (c 0.1, CH2Cl2), HPLC analysis: >99% ee (cis), 88% ee 

(trans) [Daicel CHIRALPAK IA-H column, 20 oC, 254 nm, hexane/i-PrOH = 80:20, 

1.0 mL /min, 254 nm, 11.3 min (trans-major), 14.0 min (trans-minor), 17.9 min 
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(cis-major)]; 1H NMR (300 MHz, CDCl3) δ 8.21-8.18 (m, 1H), 7.84-7.77 (m, 4H), 

7.65-7.62 (m, 1H), 7.53 (d, J = 7.8 Hz, 1H), 7.46-7.43 (m, 2H), 7.25-7.19 (m, 1H), 

6.93-6.83 (m, 2H), 6.07 (d, J = 6.8 Hz, 1H), 4.67 (d, J = 6.2 Hz, 1H), 4.08 (q, J = 7.1 

Hz, 2H), 3.85 (s, 3H), 3.73 (t, J = 6.4 Hz, 1H), 1.17 (t, J = 7.1 Hz, 3H). 13C NMR (75 

MHz, CDCl3) δ 170.2, 167.2, 156.5, 152.3, 133.6, 133.1, 130.1, 129.2, 129.0, 128.8, 

128.3, 127.6, 126.9, 126.7, 124.7, 122.0, 120.6, 109.6, 99.4, 61.1, 55.2, 43.9, 38.9, 

13.6. IR (KBr) 2920, 2849, 1732, 1722, 1180, 1129, 753; HRMS (ESI) calcd for 

C25H22O5Na [M+Na]+ 425.1359, found 425.1354. 

O

O

EtO2C

3ba  

(3S,4R)-ethyl 2-oxo-3,6-diphenyl-3,4-dihydro-2H-pyran-4-carboxylate 

56.6 mg, 88% yield; cis/trans = 1:1, white solid, Rf = 0.4 (petroleum ether/ethyl 

acetate 5:1); [α]D
25 -106.7 (c 0.1, CH2Cl2), 

1H NMR (300 MHz, CDCl3) δ 7.65-7.62 

(m, 2H), 7.37-7.33 (m, 3H), 7.30-7.22 (m, 5H), 6.02 (d, J = 5.3 Hz, 1H), 4.17 (d, J = 

6.3 Hz, 1H), 4.02 (q, J = 7.1 Hz, 2H), 3.77-3.74 (m, 1H), 1.07 (t, J = 7.1 Hz, 3H). 13C 

NMR (75 MHz, CDCl3) δ 171.0, 167.6, 151.5, 135.6, 131.8, 129.8, 129.1, 128.8, 

128.7, 128.2, 125.0, 97.5, 62.0, 46.9, 45.4, 14.1. IR (KBr) 2920, 2849, 1774, 1732, 

1181, 1130, 754; HRMS (ESI) calcd for C20H18O4Na [M+Na]+ 345.1079, found 

345.1093. 
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(3S,4R)-ethyl 2-oxo-6-phenyl-3-(p-tolyl)-3,4-dihydro-2H-pyran-4-carboxylate 

48.6 mg, 72% yield; cis/trans = 6:1, white solid, Rf = 0.3 (petroleum ether/ethyl 

acetate 5:1); [α]D
25 -145.9 (c 0.1, CH2Cl2), HPLC analysis: 98% ee (cis), 48% ee 

(trans) [Daicel CHIRALPAK OD-H column, 20 oC, 254 nm, hexane/i-PrOH = 90:10, 

1.0 mL /min, 254 nm, 17.3 min (cis-minor), 18.6 min (trans-major), 22.1 min 

(cis-major), 24.3 min (trans-minor)]; 1H NMR (300 MHz, CDCl3) δ 7.64-7.59 (m, 

2H), 7.35-7.31 (m, 3H), 7.18-7.14 (m, 2H), 7.06 (t, J = 7.3 Hz, 2H), 6.00 (d, J = 5.3 

Hz, 1H), 4.12 (d, J = 6.3 Hz, 1H), 4.02 (q, J = 7.1 Hz, 2H), 3.73 (t, J = 5.8 Hz, 1H), 

2.24 (s, 3H), 1.08 (t, J = 7.1 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ169.9, 167.3, 

151.9, 138.0, 131.8, 130.9, 129.6, 129.5 129.4, 128.8, 128.6, 127.9, 124.9, 98.5, 61.4, 

46.3, 44.3, 21.0, 13.8. IR (KBr) 2919, 2849, 1769, 1732, 1719, 1632, 1180, 1131, 755; 

HRMS (ESI) calcd for C21H20O4Na [M+Na]+359.1254, found 359.1249. 

 

(3S,4R)-ethyl 3-(4-methoxyphenyl)-2-oxo-6-phenyl-3,4-dihydro-2H-pyran-4-car

boxylate 
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45.5 mg, 58% yield; cis/trans = 3:1, white solid, Rf = 0.4 (petroleum ether/ethyl 

acetate 5:1); [α]D
25 -161.0 (c 0.1, CH2Cl2), HPLC analysis: >99% ee (cis), 48% ee 

(trans) [Daicel CHIRALPAK IA-H column, 20 oC, 254 nm, hexane/i-PrOH = 80:20, 

1.0 mL /min, 254 nm, 14.5 min (trans-major), 18.8 min (trans-minor), 20.8 min 

(cis-major)]; 1H NMR (400 MHz, CDCl3) δ 7.64-7.58 (m, 2H), 7.36-7.33 (m, 4H), 

7.21-7.19 (m, 1H), 6.81-6.77 (m, 2H), 6.00 (d, J = 5.3 Hz, 1H), 4.12 (d, J = 6.3 Hz, 

1H), 4.02 (q, J = 7.2 Hz, 2H), 3.74-3.71 (m, 4H), 1.09 (t, J = 7.2 Hz, 3H). 13C NMR 

(100 MHz, CDCl3) δ 170.0, 167.0, 159.4, 151.7, 131.8, 130.1, 129.6, 129.3, 128.6, 

125.9, 124.9, 114.4, 114.1, 98.4, 61.4, 54.7, 46.1, 44.4, 13.8. IR (KBr) 2918, 2849, 

1732, 1646, 1180, 1132; HRMS (ESI) calcd for C21H20O5Na [M+Na]+ 375.1203, 

found 375.1198. 

 

(3S,4R)-ethyl 3-(2,4-dimethoxyphenyl)-2-oxo-6-phenyl-3,4-dihydro-2H-pyran-4-

carboxylate 

41.3 mg, 54% yield; cis/trans = 6:1, colorless oil, Rf = 0.3 (petroleum ether/ethyl 

acetate 5:1); [α]D
25 -177.0 (c 0.1, CH2Cl2), HPLC analysis: >99% ee (cis), 80% ee 

(trans) [Daicel CHIRALPAK AD-H column, 20 oC, 254 nm, hexane/ i-PrOH = 60:40, 

1.0 mL /min, 254 nm, 10.9 min (trans-major), 12.6 min (trans-minor), 18.2 min 

(cis-major), 41.0 min (cis-minor)]; 1H NMR (300 MHz, CDCl3) δ 7.71-7.66 (m, 2H), 

7.48 (d, J = 8.5 Hz, 1H), 7.42 – 7.38 (m, 3H), 6.52 – 6.44 (m, 2H), 5.98 (d, J = 6.7 Hz, 
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1H), 4.60 (d, J = 6.2 Hz, 1H), 4.06 (q, J = 7.1 Hz, 2H), 3.81 (s, 3H), 3.80 (s, 3H), 3.64 

(t, J = 6.5 Hz, 1H), 1.17 (t, J = 7.1 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ 170.5, 

167.5, 160.5, 157.5, 152.2, 132.0, 130.7, 129.5, 128.5, 124.9, 114.7, 104.2, 98.9, 98.2, 

61.3, 55.5, 55.4, 43.9, 38.6, 13.6. IR (KBr) 2920, 2849, 1772, 1732, 1646, 1209, 752; 

HRMS (ESI) calcd for C22H22O6Na [M+Na]+ 405.1309, found 405.1303.  

 

(3S,4R)-ethyl 3-(2,4-dimethoxyphenyl)-2-oxo-6-(p-tolyl)-3,4-dihydro-2H-pyran-4

-carboxylate 

52.7 mg, 66% yield; cis/trans = 20:1, colorless oil, Rf = 0.3 (petroleum ether/ethyl 

acetate 5:1); [α]D
25 -119.8 (c 0.1, CH2Cl2), HPLC analysis: >99% ee for major 

cis-diastereoisomer [Daicel CHIRALPAK IA-H column, 20 oC, 254 nm, 

hexane/i-PrOH/MeOH = 60:20:20, 1.0 mL /min, 254 nm, 11.1 min (cis-major)], 1H 

NMR (300 MHz, CDCl3) δ 7.50 (d, J = 8.2 Hz, 2H), 7.40 (d, J = 8.5 Hz, 1H), 7.11 (d, 

J = 8.1 Hz, 2H), 6.43-6.35 (m, 2H), 5.84 (d, J = 6.7 Hz, 1H), 4.51 (d, J = 6.2 Hz, 1H), 

3.98 (q, J = 7.2 Hz, 2H), 3.72 (s, 3H), 3.71 (s, 3H), 3.54 (t, J = 6.4 Hz, 1H), 2.29 (s, 

3H), 1.08 (t, J = 7.2 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ 170.8, 167.9, 160.2, 

157.9, 152.2, 139.3, 130.7, 129.3, 129.2, 124.8, 114.7, 104.4, 98.3, 98.0, 61.3, 55.5, 

55.4, 44.1, 38.9, 21.3, 14.0. IR (KBr) 2923, 2849, 1772, 1732, 1614, 1508, 1464, 

1209; HRMS (ESI) calcd for C23H24O6Na [M+Na]+ 419.1465, found 419.1459. 
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(3S,4R)-ethyl 3-(2,4-dimethoxyphenyl)-6-(4-methoxyphenyl)-2-oxo-3,4-dihydro-2

H-pyran-4-carboxylate 

41.0 mg, 50% yield; cis/trans > 20:1, colorless oil, Rf = 0.2 (petroleum ether/ethyl 

acetate 5:1); [α]D
25 -194.0 (c 0.1, CH2Cl2), HPLC analysis: 99% ee for major 

cis-diastereoisomer [Daicel CHIRALPAK IA column, 20 oC, 254 nm, 

hexane/i-PrOH/MeOH = 60:20:20, 1.0 mL /min, 254 nm, 12.4 min (cis-major)], 1H 

NMR (300 MHz, CDCl3) δ 7.63 (d, J = 8.8 Hz, 2H), 7.47 (d, J = 8.5 Hz, 1H), 6.91 (d, 

J = 8.8 Hz, 2H), 6.52-6.44 (m, 2H), 5.84 (d, J = 6.7 Hz, 1H), 4.58 (d, J = 6.2 Hz, 1H), 

4.06 (q, J = 7.1 Hz, 2H), 3.83 (s, 3H), 3.81 (s, 3H), 3.80 (s, 3H), 3.63-3.59 (m, 1H), 

1.17 (t, J = 7.1 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ170.8, 168.0, 160.6, 160.5, 

157.9, 152.3, 130.7, 126.4, 124.7, 114.8, 113.9, 104.4, 98.3, 97.0, 61.3, 55.5, 55.4, 

44.0, 38.9, 14.0. IR (KBr) 2921, 2849, 1771, 1732, 1611, 1457, 1178, 1034, 836; 

HRMS (ESI) calcd for C23H24O7Na [M+Na]+ 435.1414, found 435.1407. 

 

(3S,4R)-methyl 3-(2-methoxyphenyl)-2-oxo-6-phenyl-3,4-dihydro-2H-pyran-4-ca

rboxylate 
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44.3 mg, 66% yield, cis/trans = 10:1, white solid, Rf = 0.4 (petroleum ether/ethyl 

acetate 5:1); [α]D
25 -269.0 (c 0.1, CH2Cl2), HPLC analysis: >99% ee (cis), 88% ee 

(trans) [Daicel CHIRALPAK IA-H column, 20 oC, 254 nm hexane/i-PrOH/MeOH = 

80:10:10, 1.0 mL /min, 254 nm, 10.4 min (trans-major), 11.4 min (trans-minor), 12.7 

min(cis-major)]; 1H NMR (400 MHz, CDCl3) δ 7.72-7.69 (m, 2H), 7.53 (dd, J = 7.7, 

1.3 Hz, 1H), 7.44 – 7.39 (m, 3H), 7.31 – 7.27 (m, 1H), 6.98 (t, J = 7.6 Hz, 1H), 6.90 

(d, J = 8.3 Hz, 1H), 5.98 (d, J = 6.8 Hz, 1H), 4.69 (d, J = 6.2 Hz, 1H), 3.84 (s, 3H), 

3.70 (t, J = 6.5 Hz, 1H), 3.61 (s, 3H). 13C NMR (100 MHz, CDCl3) δ
 170.9, 167.3, 

156.8, 152.6, 132.0, 130.0, 129.6, 129.2, 128.6, 124.9, 122.2, 120.7, 110.3, 98.7, 55.5, 

52.2, 43.9, 39.3. IR (KBr) 2919, 2848, 1773, 1697, 1651, 1495, 1244, 752; HRMS 

(ESI) calcd for C20H18O5Na [M+Na]+  361.1043, found 361.1046. 

 

(3S,4R)-methyl 3-(2-methoxyphenyl)-2-oxo-6-(p-tolyl)-3,4-dihydro-2H-pyran-4-c

arboxylate 

45.7 mg, 65% yield, cis/trans = 10:1, white solid, Rf = 0.4 (petroleum ether/ethyl 

acetate 5:1); [α]D
25 -315.4 (c 0.1, CH2Cl2), HPLC analysis: >99% ee (cis), 70% ee 

(trans) [Daicel CHIRALPAK IA-H column, 20 oC, 254 nm hexane/i-PrOH/MeOH = 

80:10:10, 1.0 mL /min, 254 nm, 10.8 min (trans-major), 11.3 min (trans-minor), 14.7 

min(cis-major)]; 1H NMR (400 MHz, CDCl3) δ 7.59 (d, J = 8.1 Hz, 2H), 7.53 (d, J = 

7.8 Hz, 1H), 7.31 – 7.26 (m, 1H), 7.20 (d, J = 8.1 Hz, 2H), 6.98 (t, J = 7.6 Hz, 1H), 
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6.89 (d, J = 8.3 Hz, 1H), 5.92 (d, J = 6.8 Hz, 1H), 4.68 (d, J = 6.2 Hz, 1H), 3.84 (s, 

3H), 3.68 (t, J = 6.5 Hz, 1H), 3.60 (s, 3H), 2.38 (s, 3H). 13C NMR (100 MHz, CDCl3) 

δ 171.0, 167.5, 156.8, 152.7, 139.7, 130.0, 129.3, 129.2, 129.1, 124.9, 122.3, 120.7, 

110.3, 97.8, 55.5, 52.2, 43.9, 39.3, 21.3. IR (KBr) 2920, 2845, 1775, 1738, 1646, 1602, 

1495, 1170, 754; HRMS (ESI) calcd for C21H20O5Na [M+Na]+  375.1198, found 

375.1203. 

 

(3S,4R)-ethyl 3-(2-methoxyphenyl)-6-methyl-2-oxo-3,4-dihydro-2H-pyran-4-car

boxylate 

23.6 mg, 27% yield, cis/trans > 20:1, white solid, Rf = 0.3 (petroleum ether/ethyl 

acetate 5:1); [α]D
25 -433.2 (c 0.1, CH2Cl2), HPLC analysis: 97% ee (cis) [Daicel 

CHIRALPAK IA-H column, 20 oC, 254 nm hexane/i-PrOH/MeOH = 90:5:5, 1.0 mL 

/min, 254 nm, 9.2 min(cis-major), 10.6 min (cis-minor)]; 1H NMR (400 MHz, CDCl3) 

δ 7.51 (dd, J = 7.7, 1.4 Hz, 1H), 7.29-7.24 (m, 1H), 6.94 (t, J = 7.6 Hz, 1H), 6.87 (d, J 

= 8.3 Hz, 1H), 5.21 (dd, J = 6.5, 1.0 Hz, 1H), 4.55 (d, J = 6.2 Hz, 1H), 4.03 (q, J = 7.1 

Hz, 2H), 3.83 (s, 3H), 3.42 (t, J = 6.4 Hz, 1H), 1.99 (s, 3H), 1.14 (t, J = 7.1 Hz, 3H). 

13C NMR (100 MHz, CDCl3) 171.0, 167.9, 156.8, 152.4, 130.1, 129.0, 122.4, 120.5, 

110.2, 99.4, 61.2, 55.5, 43.6, 39.2, 19.0, 13.9. IR (KBr) 2919, 2849, 1775, 1732, 1602, 

1495, 1245, 1180, 755; HRMS (ESI) calcd for C16H18O5Na [M+Na]+  313.1044, 

found 313.1046.  
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2. X-Ray structure of 3aa (Figure S1) 

The crystal suitable for X-ray analysis was prepared by slow evaporation of the 

solvent of the solution of 3aa in petroleum ether/ethyl acetate at room temperature 

(Figure 1). The 3S, 4R-configuration of the cycloadduct 3aa was determined by the 

X-ray analysis of its crystal with the Flack parameter of 0.05(7).  
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Part III NMR Spectra 
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