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Figure S1. The apparatus used in this study 
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General Experimental Methods  

1H and 13C nuclear magnetic resonance spectra were recorded on an instrument 

operated at 300 MHz for 1H NMR and 75 MHz for 13C NMR spectra. Infrared spectra 

were recorded from the films of pure samples on sodium chloride plates for liquid or 

in the form of KBr discs for the solid samples. Mass and HRMS spectra were carried 

out in EI or ESI mode. Thin layer chromatography was performed on pre-coated 

glass-back plates and visualized with UV light at 254 nm. Flash column 

chromatography was performed on silica gel. Copper(II) bromide and copper(I) 

bromide were purchased from J&K. Copper(I) iodide was purchased from Shanghai 

Darui Fine Chemicals. ZnBr2 was purchased from Alfa Aesar and kept in a glove box. 

(S)-α,α-Diphenylprolinol and (R)-α,α-diphenylprolinol were purchased from Shanghai 

Darui Fine Chemicals. Aldehydes were distilled right before use. Dioxane and toluene 

were dried over sodium wire with benzophenone as the indicator and distilled freshly 

before use. All the temperatures are referred to the oil baths used. 
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The following examples (Ra)-4aa~(Ra)-4ie were prepared according to the Typical 

Procedure I except (Ra)-4ob. Their corresponding racemic diastereoisomers were 

prepared by following the same procedure using racemic diphenylprolinol rac-3. 

1. Preparation of (Ra)-4aa and (Sa)-4aa. 

(1) Preparation of (Ra)-4aa on 1.0 mmol scale. hx-10-7 

 

Typical Procedure I: To a flame-dried Schlenk tube were added CuBr2 (44.9 mg, 

0.2 mmol), 1a (387.0 mg, 1.0 mmol), (S)-3 (304.5 mg, 1.2 mmol), and 2a (180.1 mg, 

1.4 mmol)/dioxane (3.0 mL) sequentially under nitrogen atmosphere. The Schlenk 

tube was then equipped with a condenser and the outlet connected to the vacuum line 

with a nitrogen flow was closed (For an apparatus, see Fig.1 in SI). The reaction was 

complete after being stirred at 130 oC for 16 h as monitored by TLC (eluent: 

petroleum ether/ethyl acetate = 3/1). Then the resulting mixture was diluted with ethyl 

acetate (30 mL), and washed with an aqueous solution of hydrochloric acid (v/v = 

10%, 20 mL). The organic layer was separated, and the aqueous layer was extracted 

with ethyl acetate (20 mL). The combined organic layer was washed with brine and 

dried over anhydrous Na2SO4. After filtration and evaporation, the residue was 

purified by chromatography (eluent: petroleum ether/ethyl acetate = 3/1) on silica gel 

to afford (Ra)-4aa (246.5 mg, 49%) as a liquid: 98% de (HPLC conditions: Chiralcel 

AS-H column, hexane/i-PrOH = 95/5, 0.3 mL/min, λ = 214 nm, tR(major) = 24.9 min, 

tR(minor) = 26.8 min); [α]D
20 = - 32.2 (c = 1.07, CHCl3); 

1H NMR (300 MHz, CDCl3) 
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δ 5.28-4.95 (m, 5 H), 4.64 (d, J = 7.8 Hz, 1 H), 4.35-4.24 (m, 2 H), 4.18-4.07 (m, 2 H), 

3.74-3.63 (m, 1 H), 2.09 (s, 3 H, Me), 2.05 (s, 3 H, Me), 2.03 (s, 3 H, Me), 2.01 (s, 3 

H, Me), 2.12-1.94 (m, 2 H, CH2), 1.48-1.20 (m, 10 H, CH2 × 5), 0.89 (t, J = 6.9 Hz, 3 

H, Me); 13C NMR (75 Hz, CDCl3) δ 205.4, 170.5, 170.2, 169.3, 169.2, 98.8, 92.1, 

87.2, 72.8, 71.6, 71.0, 68.2, 67.8, 61.7, 31.7, 28.98, 28.95, 28.9, 28.3, 22.5, 20.6, 

20.52, 20.45, 20.4, 13.9; IR (neat) ν (cm-1) 2928, 2856, 1963, 1757, 1435, 1370, 1226, 

1165, 1041; MS (ESI, m/z) 521 (M+Na+), 516 (M+NH4
+); Anal. Calcd. for C25H38O10 

(%): C 60.23, H 7.68; Found: C 60.21, H 7.37. 

(2) Preparation of (Ra)-4aa on 5.0 mmol scale. hx-10-97 

 

The reaction of CuBr2 (0.2242 g, 1.0 mmol), 1a (1.9282 g, 5.0 mmol), (S)-3 

(1.5181 g, 6.0 mmol), and 2a (0.8974 g, 7.0 mmol) in dioxane (15.0 mL) afforded 

(Ra)-4aa (1.3199 g, 53%) (eluent: petroleum ether/ethyl acetate = 3/1) as a liquid: 

98% de (HPLC conditions: Chiralcel AS-H column, hexane/i-PrOH = 95/5, 0.4 

mL/min, λ = 214 nm, tR(major) = 35.2 min, tR(minor) = 37.2 min); [α]D
20 = -29.8 (c = 

1.16, CHCl3); 
1H NMR (300 MHz, CDCl3) δ 5.27-4.97 (m, 5 H), 4.64 (d, J = 7.8 Hz, 

1 H), 4.34-4.25 (m, 2 H), 4.17-4.07 (m, 2 H), 3.73-3.64 (m, 1 H), 2.09 (s, 3 H, Me), 

2.05 (s, 3 H, Me), 2.03 (s, 3 H, Me), 2.01 (s, 3 H, Me), 2.10-1.96 (m, 2 H, CH2), 

1.48-1.22 (m, 10 H, CH2 × 5), 0.89 (t, J = 6.8 Hz, 3 H, Me). 

(3) Preparation of (Sa)-4aa on 2.0 mmol scale. hx-10-98 
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The reaction of CuBr2 (89.3 mg, 0.4 mmol), 1a (772.5 mg, 2.0 mmol), (R)-3 

(607.6 mg, 2.4 mmol), and 2a (360.6 mg, 2.8 mmol) in dioxane (6.0 mL) afforded 

(Sa)-4aa (508.2 mg, 51%) (eluent: petroleum ether/ethyl acetate = 3/1) as a liquid: 

98% de (HPLC conditions: Chiralcel AS-H column, hexane/i-PrOH = 95/5, 0.4 

mL/min, λ = 214 nm, tR(minor) = 35.5 min, tR(major) = 36.5 min); [α]D
20 = +36.8 (c = 

0.975, CHCl3); 
1H NMR (300 MHz, CDCl3) δ 5.28-4.95 (m, 5 H), 4.64 (d, J = 7.8 Hz, 

1 H), 4.34-4.25 (m, 2 H), 4.18-4.07 (m, 2 H), 3.75-3.66 (m, 1 H), 2.08 (s, 3 H, Me), 

2.04 (s, 3 H, Me), 2.03 (s, 3 H, Me), 2.00 (s, 3 H, Me), 2.12-1.95 (m, 2 H, CH2), 

1.48-1.18 (m, 10 H, CH2 × 5), 0.88 (t, J = 6.6 Hz, 3 H, Me); 13C NMR (75 Hz, CDCl3) 

δ 205.1, 170.3, 169.9, 169.1, 169.0, 98.7, 92.0, 87.1, 72.6, 71.5, 70.9, 68.1, 67.5, 61.6, 

31.5, 28.8, 28.7, 28.1, 22.3, 20.39, 20.35, 20.3, 13.8; IR (neat) ν (cm-1) 2929, 2857, 

1962, 1759, 1435, 1367, 1227, 1166, 1040; MS (ESI, m/z) 516 (M+NH4
+); Anal. 

Calcd. for C25H38O10 (%): C 60.23, H 7.68; Found: C 60.61, H 7.71. 

2. Preparation of (Ra)-4ab. hx-10-33 

 

The reaction of CuBr2 (44.9 mg, 0.2 mmol), 1a (388.1 mg, 1.0 mmol), (S)-3 

(303.3 mg, 1.2 mmol), and 2b (168.8 mg, 1.4 mmol) in dioxane (3.0 mL) afforded 

(Ra)-4ab (273.0 mg, 55%) (eluent: petroleum ether/ethyl acetate = 2.5/1) as a liquid: 
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97% de (HPLC conditions: Chiralcel IA-H column, hexane/i-PrOH = 95/5, 1.0 

mL/min, λ = 214 nm, tR(major) = 16.4 min, tR(minor) = 23.0 min); [α]D
20 = -30.4 (c = 

1.405, CHCl3); 
1H NMR (300 MHz, CDCl3) δ 7.39-7.19 (m, 5 H, ArH), 5.50-5.37 (m, 

1 H), 5.22-5.11 (m, 2 H), 5.06 (t, J = 9.6 Hz, 1 H), 4.95 (t, J = 8.9 Hz, 1 H), 4.35 (d, J 

= 7.8 Hz, 1 H), 4.32-4.19 (m, 2 H), 4.13-4.02 (m, 2 H), 3.55-3.29 (m, 3 H), 2.07 (s, 3 

H, Me), 2.029 (s, 3 H, Me), 2.026 (s, 3 H, Me), 2.00 (s, 3 H, Me); 13C NMR (75 Hz, 

CDCl3) δ 205.7, 170.4, 170.0, 169.15, 169.06, 139.2, 128.34, 128.28, 126.3, 98.2, 

91.5, 88.0, 72.5, 71.3, 70.8, 68.0, 67.0, 61.5, 34.7, 20.5, 20.42, 20.35; IR (neat) ν 

(cm-1) 3063, 3028, 2945, 2884, 1964, 1756, 1602, 1495, 1450, 1433, 1370, 1226, 

1165, 1041; MS (ESI, m/z) 529 (M+K+), 513 (M+Na+), 508 (M+NH4
+); Anal. Calcd. 

for C25H30O10 (%): C 61.22, H 6.16; Found: C 61.32, H 6.03. 

3. Preparation of (Ra)-4ac. xc-12-18 

 

The reaction of CuBr2 (44.7 mg, 0.2 mmol), 1a (386.1 mg, 1.0 mmol), (S)-3 

(303.5 mg, 1.2 mmol), and 2c (187.6 mg, 1.4 mmol) in dioxane (3.0 mL) afforded 

(Ra)-4ac (253.4 mg, 50%) (eluent: petroleum ether/ethyl acetate = 2.5/1) as a liquid: 

99% de (HPLC conditions: Chiralcel OD-H column, hexane/i-PrOH = 90/10, 1.0 

mL/min, λ = 214 nm, tR(major) = 13.1 min, tR(minor) = 19.3 min); [α]D
20 = -37.7 (c = 

1.32, CHCl3); 
1H NMR (300 MHz, CDCl3) δ 7.34-7.15 (m, 5 H), 5.31-4.95 (m, 5 H, 

ArH), 4.57 (d, J = 8.1 Hz, 1 H), 4.32-4.18 (m, 2 H), 4.16-4.01 (m, 2 H), 3.70-3.61 (m, 

1 H), 2.74 (t, J = 7.7 Hz, 2 H), 2.40-2.28 (m, 2 H), 2.07 (s, 3 H, Me), 2.03 (s, 3 H, 
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Me), 2.02 (s, 3 H, Me), 2.00 (s, 3 H, Me); 13C NMR (75 Hz, CDCl3) δ 205.3, 170.5, 

170.2, 169.3, 169.2, 141.2, 128.4, 128.2, 125.9, 99.2, 91.5, 87.9, 72.8, 71.7, 71.2, 68.3, 

67.7, 61.8, 35.1, 30.0, 20.59, 20.56, 20.49, 20.47; IR (neat) ν (cm-1) 3063, 3024, 2942, 

2861, 1964, 1757, 1603, 1496, 1453, 1432, 1369, 1225, 1165, 1041; MS (ESI, m/z) 

527 (M+Na+), 522 (M+NH4
+); Anal. Calcd. for C26H32O10 (%): C 61.90, H 6.39; 

Found: C 61.41, H 6.25. HRMS calcd. for C26H36NO10 (M+NH4
+): 522.2334; Found: 

522.2322. 

4. Preparation of (Ra)-4ad. hx-10-30 

 

The reaction of CuBr2 (45.0 mg, 0.2 mmol), 1a (385.4 mg, 1.0 mmol), (S)-3 

(304.1 mg, 1.2 mmol), and 2d (121.2 mg, 1.4 mmol) in dioxane (3.0 mL) afforded 

(Ra)-4ad (245.2 mg, 54%) (eluent: petroleum ether/ethyl acetate = 3/1) as a solid: 

97% de (HPLC conditions: Chiralcel AD-H column, hexane/i-PrOH = 95/5, 1.0 

mL/min, λ = 214 nm, tR(minor) = 17.6 min, tR(major) = 18.9 min); [α]D
20 = -26.7 (c = 

1.00, CHCl3); m.p. 68-69 oC (DCM/n-hexane); 1H NMR (300 MHz, CDCl3) δ 

5.28-4.95 (m, 5 H), 4.63 (d, J = 8.1 Hz, 1 H), 4.36-4.21 (m, 2 H), 4.20-4.04 (m, 2 H), 

3.73-3.61 (m, 1 H), 2.09 (s, 3 H, Me), 2.06 (s, 3 H, Me), 2.04 (s, 3 H, Me), 2.02 (s, 3 

H, Me), 2.17-1.87 (m, 2 H, CH2), 1.76-1.59 (m, 1 H, CH), 0.94 (d, J = 6.6 Hz, 6 H, 

Me × 2); 13C NMR (75 Hz, CDCl3) δ 205.9, 170.5, 170.2, 169.23, 169.16, 98.8, 90.5, 

86.5, 72.7, 71.6, 71.0, 68.1, 67.8, 61.7, 37.8, 28.1, 22.0, 21.9, 20.54, 20.51, 20.44, 

20.42; IR (KBr) ν (cm-1) 2957, 2871, 1964, 1757, 1434, 1369, 1226, 1165, 1041; MS 
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(ESI, m/z) 479 (M+Na+), 474 (M+NH4
+); Anal. Calcd. for C22H32O10 (%): C 57.88, H 

7.07; Found: C 57.89, H 7.08. 

5. Preparation of (Ra)-4ae. hx-10-34 

 

The reaction of CuBr2 (45.0 mg, 0.2 mmol), 1a (388.5 mg, 1.0 mmol), (S)-3 

(305.5 mg, 1.2 mmol), and 2e (157.5 mg, 1.4 mmol) in dioxane (3.0 mL) afforded 

(Ra)-4ae (275.1 mg, 57%) (eluent: petroleum ether/ethyl acetate = 3/1) as a solid: 99% 

de (HPLC conditions: Chiralcel AD-H column, hexane/i-PrOH = 95/5, 1.0 mL/min, λ 

= 214 nm, tR(minor) = 16.4 min, tR(major) = 19.1 min); [α]D
20 = -37.5 (c = 0.92, 

CHCl3); m.p. 102-103 oC (DCM/n-hexane); 1H NMR (300 MHz, CDCl3) δ 5.27-4.96 

(m, 5 H), 4.66 (d, J = 8.1 Hz, 1 H), 4.36-4.22 (m, 2 H), 4.19-4.05 (m, 2 H), 3.72-3.63 

(m, 1 H), 2.09 (s, 3 H, Me), 2.05 (s, 3 H, Me), 2.03 (s, 3 H, Me), 2.01 (s, 3 H, Me), 

2.22-1.89 (m, 1 H, CH), 1.81-1.60 (m, 5 H, CH2 × 2 and one proton of CH2), 

1.40-1.00 (m, 5 H, CH2 × 2 and one proton of CH2);
 13C NMR (75 Hz, CDCl3) δ 

204.3, 170.4, 170.0, 169.2, 169.1, 98.7, 98.0, 88.1, 72.7, 71.5, 71.0, 68.1, 67.8, 61.6, 

36.6, 32.8, 32.6, 25.8, 25.6, 20.5, 20.42, 20.36; IR (KBr) ν (cm-1) 2925, 2851, 1965, 

1741, 1447, 1412, 1380, 1287, 1260, 1227, 1171, 1115, 1094, 1058, 1036; MS (ESI, 

m/z) 505 (M+Na+), 500 (M+NH4
+); Anal. Calcd. for C24H34O10 (%): C 59.74, H 7.10; 

Found: C 59.80, H 7.04. 
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Figure S2. ORTEP representation of (Ra)-4ae. 

Crystal data for compound (Ra)-4ae: C24H34O10, MW = 482.51, orthorhombic, space 

group P 21 21 21, final R indices [I > 2σ(I)], R1 = 0.0800, wR2 = 0.2036, R indices 

(all data) R1 = 0.1020, wR2 = 0.2267, a = 5.8507(10) Å, b = 14.177(2) Å, c = 

30.834(4) Å, α = 90.00o, β = 90.00o, γ = 90.00o, V = 2557.5(7) Å3, T = 293(2) K, Z = 

4, reflections collected/unique 15536 / 2706 (Rint = 0.1325), number of observations 

[> 2σ(I)] 2010, parameters: 313. CCDC 1013803 contains the supplementary 

crystallographic data for this paper. These data can be obtained free of charge from 

The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/data_request/cif. 

6. Preparation of (Ra)-4af. hx-10-40 

 

The reaction of CuBr2 (44.7 mg, 0.2 mmol), 1a (384.2 mg, 1.0 mmol), (S)-3 

(305.5 mg, 1.2 mmol), and 2f (101.4 mg, 1.4 mmol) in dioxane (3.0 mL) afforded 

(Ra)-4af (233.9 mg, 53%) (eluent: petroleum ether/ethyl acetate = 2.5/1) as a liquid: 
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99% de (HPLC conditions: Chiralcel IA-H column, hexane/i-PrOH = 95/5, 1.0 

mL/min, λ = 214 nm, tR(minor) = 15.1 min, tR(major) = 16.1 min); [α]D
20 = -23.1 (c = 

1.08, CHCl3); 
1H NMR (300 MHz, CDCl3) δ 5.30-5.14 (m, 3 H), 5.10 (t, J = 9.6 Hz, 1 

H), 5.01 (dd, J1 = 9.6 Hz, J2 = 8.1 Hz, 1 H), 4.66 (d, J = 7.8 Hz, 1 H), 4.36-4.24 (m, 2 

H), 4.17-4.07 (m, 2 H), 3.72-3.64 (m, 1 H), 2.40-2.24 (m, 1 H, CH), 2.09 (s, 3 H, Me), 

2.05 (s, 3 H, Me), 2.03 (s, 3 H, Me), 2.01 (s, 3 H, Me), 1.03 (d, J = 6.6 Hz, 6 H, Me × 

2); 13C NMR (75 Hz, CDCl3) δ 204.0, 170.5, 170.2, 169.3, 169.2, 99.5, 98.7, 88.5, 

72.8, 71.6, 71.1, 68.2, 67.9, 61.8, 27.5, 22.3, 22.2, 20.6, 20.51, 20.45, 20.4; IR (neat) ν 

(cm-1) 2962, 2871, 1961, 1755, 1434, 1367, 1227, 1165, 1040; MS (ESI, m/z) 460 

(M+NH4
+); Anal. Calcd. for C21H30O10 (%): C 57.01, H 6.83; Found: C 57.05, H 6.72. 

7. Preparation of (Ra)-4ag. hx-11-91, hx-10-53 

 

The reaction of CuBr2 (89.7 mg, 0.4 mmol), 1a (386.8 mg, 1.0 mmol), (S)-3 

(304.6 mg, 1.2 mmol), and 2g (196.8 mg, 1.4 mmol) in dioxane (3.0 mL) afforded 

(Ra)-4ag (277.3 mg, 54%) (eluent: petroleum ether/ethyl acetate = 2/1) as a liquid: 

99% de (HPLC conditions: Chiralcel AD-H column, hexane/i-PrOH = 95/5, 0.6 

mL/min, λ = 214 nm, tR(major) = 57.1 min, tR(minor) = 62.3 min); [α]D
20 = -111.8 (c 

= 1.04, CHCl3);
 1H NMR (300 MHz, CDCl3) δ 7.34-7.27 (m, 2 H, ArH), 7.25-7.19 (m, 

2 H, ArH), 6.23 (dt, J1 = 6.2 Hz, J2 = 2.3 Hz, 1 H, one proton of CH=C=CH), 5.65 (dd, 

J1 = 13.8 Hz, J2 = 6.3 Hz, 1 H, one proton of CH=C=CH), 5.22 (t, J = 9.5 Hz, 1 H), 



 

S12 
 

5.14-4.97 (m, 2 H), 4.65 (d, J = 7.8 Hz, 1 H), 4.47-4.37 (m, 1 H), 4.29-4.18 (m, 2 H), 

4.10 (dd, J1 = 12.3 Hz, J2 = 2.4 Hz, 1 H), 3.66-3.58 (m, 1 H), 2.03 (s, 3 H, Me), 2.02 

(s, 3 H, Me), 2.00 (s, 3 H, Me), 1.99 (s, 3 H, Me); 13C NMR (75 Hz, CDCl3) δ 206.4, 

170.3, 169.9, 169.1, 169.0, 132.8, 132.0, 128.7, 127.9, 99.2, 94.9, 91.8, 72.7, 71.7, 

71.1, 68.2, 66.6, 61.7, 20.4, 20.3; IR (neat) ν (cm-1) 2956, 2925, 2869, 2849, 1953, 

1755, 1492, 1456, 1429, 1376, 1224, 1039; MS (ESI, m/z) 535 (M(37Cl)+Na+), 533 

(M(35Cl)+Na+), 530 (M(37Cl)+NH4
+), 528 (M(35Cl)+NH4

+); HRMS calcd. for 

C24H31
35ClNO10 (M(35Cl)+NH4

+): 528.1631; Found: 528.1614. 

8. Preparation of (Ra)-4ah. hx-12-174, hx-10-62 

 

The reaction of CuBr2 (89.6 mg, 0.4 mmol), 1a (385.8 mg, 1.0 mmol), (S)-3 

(304.2 mg, 1.2 mmol), and 2h (169.1 mg, 1.4 mmol) in dioxane (3.0 mL) afforded 

(Ra)-4ah (244.0 mg, 50%) (eluent: petroleum ether/ethyl acetate = 2/1) as a liquid: 

98% de (HPLC conditions: Chiralcel AD-H column, hexane/i-PrOH = 94/6, 0.6 

mL/min, λ = 214 nm, tR(major) = 91.9 min, tR(minor) = 99.9 min); [α]D
20 = -90.4 (c = 

0.81, CHCl3);
 1H NMR (300 MHz, CDCl3) δ 7.25-7.09 (m, 4 H, ArH), 6.28-6.20 (m, 1 

H, one proton of CH=C=CH), 5.64-5.54 (m, 1 H, one proton of CH=C=CH), 5.22 (t, J 

= 9.5 Hz, 1 H), 5.14-4.97 (m, 2 H), 4.66 (d, J = 7.8 Hz, 1 H), 4.41 (ddd, J1 = 12.0 Hz, 

J2 = 6.0 Hz, J3 = 2.4 Hz, 1 H), 4.29-4.17 (m, 2 H), 4.05 (dd, J1 = 12.3 Hz, J2 = 2.1 Hz, 

1 H), 3.55 (ddd, J1 = 9.9 Hz, J2 = 4.5 Hz, J3 = 2.4 Hz, 1 H), 2.34 (s, 3 H, Me), 2.02 (s, 
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6 H, Me × 2), 2.01 (s, 3 H, Me), 2.00 (s, 3 H, Me); 13C NMR (75 Hz, CDCl3) δ 206.4, 

170.3, 169.9, 169.1, 169.0, 136.9, 130.2, 129.2, 126.5, 98.7, 95.3, 90.9, 72.6, 71.5, 

70.9, 68.0, 66.8, 61.4, 20.9, 20.33, 20.30, 20.26; IR (neat) ν (cm-1) 2944, 2869, 1950, 

1755, 1513, 1432, 1367, 1227, 1166, 1040; MS (ESI, m/z) 529 (M+K+), 513 (M+Na+), 

508 (M+NH4
+); HRMS calcd. for C25H34NO10 (M+NH4

+): 508.2177; Found: 

508.2164. 

9. Preparation of (Ra)-4be. hx-10-57 

 

The reaction of CuBr2 (45.0 mg, 0.2 mmol), 1b (498.9 mg, 1.0 mmol), (S)-3 

(304.1 mg, 1.2 mmol), and 2e (156.9 mg, 1.4 mmol) in dioxane (3.0 mL) afforded 

(R)-4be (297.4 mg, 50%) (eluent: petroleum ether/ethyl acetate = 2.5/1) as a solid: 

99% de (HPLC conditions: Chiralcel IA-H column, hexane/i-PrOH = 80/20, 1.0 

mL/min, λ = 214 nm, tR(minor) = 9.5 min, tR(major) = 10.9 min); [α]D
20 = -21.6 (c = 

0.97, CHCl3); m.p. 117-118 oC (EtOAc/n-hexane); 1H NMR (300 MHz, CDCl3) δ 

7.78 (d, J = 8.4 Hz, 2 H, ArH), 7.35 (d, J = 8.1 Hz, 2 H, ArH), 5.27-5.08 (m, 3 H), 

4.97-4.86 (m, 2 H), 4.58 (d, J = 8.1 Hz, 1 H), 4.27-4.17 (m, 1 H), 4.16-3.97 (m, 3 H), 

3.77-3.68 (m, 1 H), 2.45 (s, 3 H), 2.03 (s, 3 H, Me), 2.00 (s, 3 H, Me), 1.99 (s, 3 H, 

Me), 2.10-1.95 (m, 1 H, CH), 1.82-1.59 (m, 5 H, CH2 × 2 and one proton of CH2), 

1.40-0.98 (m, 5 H, CH2 × 2 and one proton of CH2); 
13C NMR (75 Hz, CDCl3) δ 

204.2, 170.1, 169.3, 169.1, 145.0, 132.2, 129.8, 127.9, 98.7, 98.2, 88.2, 72.4, 71.3, 

70.8, 68.4, 67.9, 67.5, 36.6, 32.8, 32.7, 25.9, 25.7, 21.5, 20.47, 20.42, 20.39; IR (KBr) 
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ν (cm-1) 2926, 2852, 1962, 1758, 1598, 1449, 1369, 1245, 1218, 1178, 1040; MS (ESI, 

m/z) 612 (M+NH4
+); Anal. Calcd. for C29H38O11S (%): C 58.57, H 6.44; Found: C 

58.81, H 6.38. 

10. Preparation of (Ra)-4ce. hx-10-56 

 

The reaction of CuBr2 (44.9 mg, 0.2 mmol), 1c (472.5 mg, 1.0 mmol), (S)-3 

(303.2 mg, 1.2 mmol), and 2e (158.1 mg, 1.4 mmol) in dioxane (3.0 mL) afforded 

(Ra)-4ce (256.2 mg, 45%) (eluent: petroleum ether/ethyl acetate = 1.5/1) as a liquid: 

99% de (HPLC conditions: Chiralcel AD-H column, hexane/i-PrOH = 95/5, 1.0 

mL/min, λ = 214 nm, tR(minor) = 27.3 min, tR(major) = 29.6 min); [α]D
20 = -38.9 (c = 

1.35, CHCl3); 
1H NMR (300 MHz, CDCl3) δ 5.89 (t, J = 5.4 Hz, 1 H), 5.27-5.13 (m, 3 

H), 5.02-4.85 (m, 2 H), 4.62 (d, J = 8.1 Hz, 1 H), 4.34-4.24 (m, 1 H), 4.18-4.07 (m, 1 

H), 3.61-3.40 (m, 3 H), 2.23-2.11 (m, 2 H), 2.06 (s, 3 H, Me), 2.05 (s, 3 H, Me), 2.00 

(s, 3 H, Me), 2.10-1.95 (m, 1 H, CH), 1.82-1.54 (m, 7 H, CH2 × 3 and one proton of 

CH2), 1.39-1.00 (m, 13 H, CH2 × 6 and one proton of CH2), 0.88 (t, J = 6.6 Hz, 3 H, 

Me); 13C NMR (75 Hz, CDCl3) δ 204.3, 173.1, 170.1, 169.5, 169.2, 99.2, 98.3, 88.3, 

72.7, 72.4, 71.1, 68.7, 68.4, 38.8, 36.7, 36.5, 32.9, 32.7, 31.5, 29.1, 28.9, 25.9, 25.7, 

25.4, 22.5, 20.52, 20.47, 13.9; IR (neat) ν (cm-1) 3312, 2926, 2853, 1961, 1760, 1651, 

1538, 1447, 1373, 1248, 1220, 1165, 1050; MS (ESI, m/z) 604 (M+K+), 588 (M+Na+), 

566 (M+H+); Anal. Calcd. for C30H47NO9 (%): C 63.70, H 8.37, N 2.48; Found: C 

63.60, H 8.39, N 2.29. 
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11. Preparation of (Ra)-4de. hx-10-76 

 

The reaction of CuBr2 (67.0 mg, 0.3 mmol), 1d (457.3 mg, 1.0 mmol), (S)-3 

(304.0 mg, 1.2 mmol), and 2e (157.3 mg, 1.4 mmol) in dioxane (3.0 mL) afforded 

(Ra)-4de (255.0 mg, 46%) (eluent: petroleum ether/ethyl acetate = 2.5/1) as a liquid: 

98% de (HPLC conditions: Chiralcel AD-H column, hexane/i-PrOH = 80/20, 0.5 

mL/min, λ = 214 nm, tR(minor) = 12.2 min, tR(major) = 14.3 min); [α]D
20 = -30.0 (c = 

1.375, CHCl3); 
1H NMR (300 MHz, CDCl3) δ 5.26-5.12 (m, 3 H), 4.96 (dd, J1 = 9.8 

Hz, J2 = 8.0 Hz, 1 H), 4.88 (t, J = 9.5 Hz, 1 H), 4.52 (d, J = 8.1 Hz, 1 H), 4.25 (ddd, J1 

= 11.4 Hz, J2 = 6.3 Hz, J3 = 2.7 Hz, 1 H), 4.06 (ddd, J1 = 11.7 Hz, J2 = 7.5 Hz, J3 = 

2.4 Hz, 1 H), 3.76 (s, 3 H, Me), 3.74 (s, 3 H, Me), 3.67 (dd, J1 = 9.6 Hz, J2 = 5.1 Hz, 1 

H), 3.52 (td, J1 = 9.6 Hz, J2 = 2.9 Hz, 1 H, CH), 2.30-2.19 (m, 1 H), 2.13-1.94 (m, 11 

H), 1.81-1.60 (m, 5 H, CH2 × 2 and one proton of CH2), 1.40-1.00 (m, 5 H, CH2 × 2 

and one proton of CH2); 
13C NMR (75 Hz, CDCl3) δ 204.1, 170.1, 169.5, 169.2, 169.1, 

169.0, 99.2, 98.1, 88.3, 72.6, 71.6, 71.1, 71.0, 68.1, 52.6, 52.5, 47.4, 36.6, 32.8, 32.7, 

30.2, 25.9, 25.7, 20.52, 20.49, 20.4; IR (neat) ν (cm-1) 2927, 2852, 1961, 1755, 1436, 

1367, 1245, 1218, 1159, 1046; MS (ESI, m/z) 577 (M+Na+), 572 (M+NH4
+); Anal. 

Calcd. for C27H38O12 (%): C 58.47, H 6.91; Found: C 58.04, H 6.68. HRMS calcd. for 

C27H42NO12 (M+NH4
+): 572.2702; Found: 572.2688. 

12. Preparation of (Ra)-4ee. hx-10-75 
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The reaction of CuBr2 (67.3 mg, 0.3 mmol), 1e (388.0 mg, 1.0 mmol), (S)-3 

(303.7 mg, 1.2 mmol), and 2e (158.0 mg, 1.4 mmol) in dioxane (3.0 mL) afforded 

(Ra)-4ee (240.3 mg, 50%) (eluent: petroleum ether/ethyl acetate = 3/1) as a liquid: 

96% de (HPLC conditions: Chiralcel AD-H column, hexane/i-PrOH = 95/5, 1.0 

mL/min, λ = 214 nm, tR(major) = 20.0 min, tR(minor) = 23.5 min); [α]D
20 = -26.7 (c = 

1.24, CHCl3); 
1H NMR (300 MHz, CDCl3) δ 5.40 (d, J = 3.0 Hz, 1 H), 5.27-5.13 (m, 

3 H), 5.02 (dd, J1 = 10.4 Hz, J2 = 3.2 Hz, 1 H), 4.62 (d, J = 8.1 Hz, 1 H), 4.37-4.27 (m, 

1 H), 4.23-4.07 (m, 3 H), 3.89 (t, J = 6.6 Hz, 1 H), 2.16 (s, 3 H, Me), 2.09 (s, 3 H, 

Me), 2.06 (s, 3 H, Me), 1.99 (s, 3 H, Me), 2.20-1.93 (m, 1 H, CH), 1.83-1.60 (m, 5 H, 

CH2 × 2 and one proton of CH2), 1.40-0.99 (m, 5 H, CH2 × 2 and one proton of CH2); 

13C NMR (75 Hz, CDCl3) δ 204.3, 170.12, 170.09, 170.0, 169.2, 99.2, 98.0, 88.2, 70.8, 

70.4, 68.6, 67.8, 66.8, 61.1, 36.6, 32.8, 32.6, 25.8, 25.7, 20.5, 20.43, 20.36; IR (neat) ν 

(cm-1) 2926, 2852, 1961, 1754, 1449, 1370, 1223, 1170, 1132, 1075, 1057; MS (ESI, 

m/z) 505 (M+Na+), 500 (M+NH4
+); Anal. Calcd. for C24H34O10 (%): C 59.74 H 7.10; 

Found: C 59.77, H 6.97. 

13. Preparation of (Ra)-4lb. hx-12-190 

 

To a flame-dried Schlenk tube were added CuBr2 (44.8 mg, 0.2 mmol), 1o (221.3 
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mg, 1.0 mmol), (S)-3 (304.2 mg, 1.2 mmol), and 2b (168.7 mg, 1.4 mmol)/dioxane 

(3.0 mL) sequentially under nitrogen atmosphere. The Schlenk tube was then 

equipped with a condenser and the outlet connected to the vacuum line with a 

nitrogen flow was closed (For an apparatus, see Fig.1 in SI). The reaction was 

complete after being stirred at 130 oC for 16 h as monitored by TLC (eluent: 

EtOAc/MeOH = 6/1). After cooling to room temperature, the crude reaction mixture 

was filtrated through a short pad of silica gel eluted with MeOH (30 mL). After 

evaporation, the residue was purified by chromatography on silica gel to afford 

(Ra)-4ob (152.0 mg, 47%) (eluent: EtOAc/MeOH = 8/1) as a syrup: 94% de (HPLC 

conditions: Chiralcel OJ column, hexane/i-PrOH = 80/20, 1.0 mL/min, λ = 214 nm, 

tR(major) = 9.1 min, tR(minor) = 19.0 min); [α]D
20 = -36.2 (c = 0.79, MeOH); 1H 

NMR (300 MHz, d6-DMSO) δ 7.44-7.13 (m, 5 H, ArH), 5.53-5.42 (m, 1 H), 5.42-5.31 

(m, 1 H), 5.13-4.92 (m, 3 H), 4.60 (t, J = 5.6 Hz, 1 H), 4.35-4.19 (m, 2 H), 4.17-4.04 

(m, 1 H), 3.71 (dd, J1 = 11.3 Hz, J2 = 5.6 Hz, 1 H), 3.56-3.31 (m, 3 H), 3.27-2.95 (m, 

4 H); 13C NMR (75 Hz, d6-DMSO) δ 205.6, 140.8, 129.38, 129.35, 127.2, 102.6, 92.3, 

89.9, 77.9, 77.7, 74.4, 71.0, 67.2, 62.0, 35.6; IR (neat) ν (cm-1) 3389, 3027, 2971, 

2920, 2881, 1965, 1602, 1494, 1453, 1417, 1354, 1273, 1156, 1077, 1046, 1025; MS 

(ESI, m/z) 367 (M+COOH-); HRMS calcd. for C17H22O6
35Cl (M+(35Cl)-): 357.1110; 

Found: 357.1109. 

14. Preparation of (Ra)-4fe. hx-10-55 
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The reaction of CuBr2 (44.9 mg, 0.2 mmol), 1f (400.8 mg, 1.0 mmol), (S)-3 

(304.6 mg, 1.2 mmol), and 2e (157.2 mg, 1.4 mmol) in dioxane (3.0 mL) afforded 

(Ra)-4fe (230.3 mg, 46%) (eluent: petroleum ether/ethyl acetate = 3/1) as a solid: 96% 

de (HPLC conditions: Chiralcel AS-H column, hexane/i-PrOH = 95/5, 0.5 mL/min, λ 

= 214 nm, tR(minor) = 23.0 min, tR(major) = 24.5 min); [α]D
20 = -47.9 (c = 1.24, 

CHCl3); m.p. 103-104 oC (EtOAc/n-hexane); 1H NMR (300 MHz, CDCl3) δ 5.27-5.14 

(m, 3 H), 5.14-5.01 (m, 2 H), 4.58 (d, J = 9.9 Hz, 1 H), 4.25 (dd, J1 = 12.5 Hz, J2 = 

5.0 Hz, 1 H), 4.13 (dd, J1 = 12.2 Hz, J2 = 2.0 Hz, 1 H), 3.71-3.62 (m, 1 H), 3.35 (ddd, 

J1 = 13.8 Hz, J2 = 7.5 Hz, J3 = 2.3 Hz, 1 H), 3.24 (ddd, J1 = 13.8 Hz, J2 = 6.5 Hz, J3 = 

3.0 Hz, 1 H), 2.08 (s, 3 H, Me), 2.07 (s, 3 H, Me), 2.03 (s, 3 H, Me), 2.02 (s, 3 H, Me), 

2.12-1.94 (m, 1 H, CH), 1.82-1.60 (m, 5 H, CH2 × 2 and one proton of CH2), 

1.40-1.00 (m, 5 H, CH2 × 2 and one proton of CH2); 
13C NMR (75 Hz, CDCl3) δ 

203.7, 170.5, 170.0, 169.2, 98.5, 88.8, 82.7, 75.7, 73.8, 69.7, 68.1, 61.9, 37.2, 33.0, 

32.9, 30.1, 25.9, 25.7, 20.6, 20.5, 20.4; IR (KBr) ν (cm-1) 2926, 2852, 1953, 1756, 

1448, 1371, 1225, 1040; MS (ESI, m/z) 516 (M+NH4
+); Anal. Calcd. for C24H34O9S 

(%): C 57.81, H 6.87; Found: C 58.03, H 6.82. 

15. Preparation of (Ra)-4ge. 

(1) Preparation of (Ra)-4ge with CuBr2 20 mol%. hx-10-77 
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The reaction of CuBr2 (44.7 mg, 0.2 mmol), 1g (402.0 mg, 1.0 mmol), (S)-3 

(306.1 mg, 1.2 mmol), and 2e (157.2 mg, 1.4 mmol) in dioxane (3.0 mL) afforded 

(Ra)-4ge (183.2 mg, 37%) (eluent: petroleum ether/ethyl acetate = 2.5/1) as a solid: 

98% de (HPLC conditions: Chiralcel IC column, hexane/i-PrOH = 96/4, 0.4 mL/min, 

λ = 214 nm, tR(minor) = 76.6 min, tR(major) = 78.3 min); [α]D
20 = -47.8 (c = 1.38, 

CHCl3); m.p. 86-87 oC (DCM/n-hexane); 1H NMR (300 MHz, CDCl3) δ 5.21 (t, J = 

9.5 Hz, 1 H), 5.14-4.94 (m, 4 H), 4.53 (d, J = 8.1 Hz, 1 H), 4.28 (dd, J1 = 12.3 Hz, J2 

= 4.8 Hz, 1 H), 4.13 (dd, J1 = 12.3 Hz, J2 = 2.4 Hz, 1 H), 3.92 (dt, J1 = 9.6 Hz, J2 = 

6.9 Hz, 1 H), 3.71 (ddd, J1 = 10.1 Hz, J2 = 4.8 Hz, J1 = 2.4 Hz, 1 H), 3.55 (dt, J1 = 9.6 

Hz, J2 = 7.2 Hz, 1 H), 2.32-2.20 (m, 2 H, CH2), 2.09 (s, 3 H, Me), 2.05 (s, 3 H, Me), 

2.03 (s, 3 H, Me), 2.01 (s, 3 H, Me), 2.13-1.88 (m, 1 H, CH), 1.80-1.58 (m, 5 H, CH2 

× 2 and one proton of CH2), 1.37-0.97 (m, 5 H, CH2 × 2 and one proton of CH2); 
13C 

NMR (75 Hz, CDCl3) δ 203.2, 170.6, 170.2, 169.3, 169.2, 100.7, 97.4, 87.4, 72.7, 

71.6, 71.1, 69.7, 68.2, 61.8, 36.9, 32.9, 32.8, 29.3, 26.0, 25.8, 20.6, 20.5, 20.4; IR 

(KBr) ν (cm-1) 2926, 2852, 1959, 1757, 1448, 1369, 1225, 1170, 1040; MS (ESI, m/z) 

514 (M+NH4
+); Anal. Calcd. for C25H36O10 (%): C 60.47, H 7.31; Found: C 60.54, H 

7.25. 

(2) Preparation of (Ra)-4ge with CuBr2 30 mol%. hx-10-78 
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The reaction of CuBr2 (67.4 mg, 0.3 mmol), 1g (400.6 mg, 1.0 mmol), (S)-3 

(305.2 mg, 1.2 mmol), and 2e (157.1 mg, 1.4 mmol) in dioxane (3.0 mL) afforded 

(Ra)-4ge (210.4 mg, 42%) (eluent: petroleum ether/ethyl acetate = 2.5/1) as a solid: 

97% de (HPLC conditions: Chiralcel IC column, hexane/i-PrOH = 96/4, 0.4 mL/min, 

λ = 214 nm, tR(minor) = 75.4 min, tR(major) = 77.0 min); [α]D
20 = -47.2 (c = 1.153, 

CHCl3); 
1H NMR (300 MHz, CDCl3) δ 5.21 (t, J = 9.5 Hz, 1 H), 5.14-4.94 (m, 4 H), 

4.53 (d, J = 7.8 Hz, 1 H), 4.28 (dd, J1 = 12.3 Hz, J2 = 4.5 Hz, 1 H), 4.13 (dd, J1 = 12.3 

Hz, J2 = 2.4 Hz, 1 H), 3.92 (dt, J1 = 9.6 Hz, J2 = 6.9 Hz, 1 H), 3.71 (ddd, J1 = 9.5 Hz, 

J2 = 4.7 Hz, J1 = 2.4 Hz, 1 H), 3.55 (dt, J1 = 9.6 Hz, J2 = 7.4 Hz, 1 H), 2.32-2.20 (m, 2 

H, CH2), 2.09 (s, 3 H, Me), 2.05 (s, 3 H, Me), 2.03 (s, 3 H, Me), 2.01 (s, 3 H, Me), 

2.13-1.87 (m, 1 H, CH), 1.80-1.58 (m, 5 H, CH2 × 2 and one proton of CH2), 

1.37-0.97 (m, 5 H, CH2 × 2 and one proton of CH2); 
13C NMR (75 Hz, CDCl3) δ 

203.2, 170.6, 170.2, 169.3, 169.2, 100.7, 97.4, 87.4, 72.7, 71.6, 71.1, 69.7, 68.3, 61.8, 

36.9, 32.93, 32.85, 29.3, 26.0, 25.8, 20.6, 20.54, 20.49, 20.47. 

16. Preparation of (Ra)-4he. hx-10-58, hx-8-81 

 

The reaction of CuBr2 (44.9 mg, 0.2 mmol), 1h (862.1 mg, 1.0 mmol), (S)-3 
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(304.4 mg, 1.2 mmol), and 2e (157.5 mg, 1.4 mmol) in dioxane (3.0 mL) afforded 

(R)-4he (456.7 mg, 48%) (eluent: petroleum ether/ethyl acetate = 1.5/1) as a syrup: 

98% de (HPLC conditions: (Supercritical Fluid Chromatography) Chiralcel IA 

column, CO2/i-PrOH = 80/20, 1.5 mL/min, λ = 214 nm, tR(minor) = 8.3 min, tR(major) 

= 14.2 min); [α]D
20 = -13.8 (c = 1.21, CHCl3); 

1H NMR (300 MHz, CDCl3) δ 

7.98-7.88 (m, 4 H, ArH), 7.84-7.78 (m, 2 H, ArH), 7.55-7.45 (m, 2 H, ArH), 7.43-7.32 

(m, 5 H, ArH), 7.28-7.20 (m, 2 H, ArH), 5.88 (t, J = 9.6 Hz, 1 H), 5.51 (dd, J1 = 9.6 

Hz, J2 = 8.1 Hz, 1 H), 5.41 (t, J = 9.8 Hz, 1 H), 5.26-5.12 (m, 3 H), 5.11-4.98 (m, 2 H), 

4.94 (d, J = 7.8 Hz, 1 H), 4.65 (d, J = 7.8 Hz, 1 H), 4.43-4.33 (m, 1 H), 4.29-4.12 (m, 

2 H), 4.10-3.97 (m, 3 H), 3.78 (dd, J = 18.8 Hz, J = 11.3 Hz, 1 H), 3.74-3.65 (m, 1 H), 

2.09 (s, 3 H, Me), 2.01 (s, 3 H, Me), 2.00 (s, 3 H, Me), 1.99 (s, 3 H, Me), 2.12-1.85 

(m, 1 H, CH), 1.79-1.57 (m, 5 H, CH2 × 2 and one proton of CH2), 1.34-0.95 (m, 5 H, 

CH2 × 2 and one proton of CH2); 
13C NMR (75 Hz, CDCl3) δ 204.1, 170.3, 170.0, 

169.2, 169.1, 165.5, 165.1, 164.8, 133.4. 133.02, 132.99, 129.6, 129.54, 129.47, 129.1, 

128.5, 128.4, 128.3, 128.11, 128.05, 100.6, 99.2, 98.2, 88.2, 73.5, 72.8, 72.6, 71.6, 

71.5, 70.9, 69.5, 68.2, 68.0, 67.7, 61.6, 36.5, 32.8, 32.5, 25.8, 25.7, 25.6, 20.5, 20.4, 

20.3; IR (neat) ν (cm-1) 3063, 2927, 2852, 1959, 1754, 1739, 1602, 1452, 1369, 1284, 

1251, 1224, 1176, 1094, 1069, 1037; MS (MALDI, m/z) 995 (M+K+) 979 (M+Na+); 

Anal. Calcd. for C51H56O18 (%): C 64.01, H 5.90; Found: C 64.00, H 5.80. 

17. Preparation of (Ra)-4ie. hx-10-70, hx-8-98 
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The reaction of CuBr2 (45.0 mg, 0.2 mmol), 1i (861.1 mg, 1.0 mmol), (S)-3 

(304.2 mg, 1.2 mmol), and 2e (157.2 mg, 1.4 mmol) in dioxane (3.0 mL) afforded 

(Ra)-4ie (492.2 mg, 51%) (eluent: petroleum ether/ethyl acetate = 1.5/1) as a syrup: 

98% de (HPLC conditions: (Supercritical Fluid Chromatography) Chiralcel IA 

column, CO2/i-PrOH = 70/30, 1.5 mL/min, λ = 214 nm, tR(minor) = 4.5 min, tR(major) 

= 6.1 min); [α]D
20 = -13.5 (c = 1.12, CHCl3); 

1H NMR (300 MHz, CDCl3) δ 7.80-7.88 

(m, 4 H, ArH), 7.85-7.78 (m, 2 H, ArH), 7.55-7.20 (m, 9 H, ArH), 5.88 (t, J = 9.8 Hz, 

1 H), 5.51 (dd, J1 = 9.8 Hz, J2 = 8.0 Hz, 1 H), 5.46-5.36 (m, 2 H), 5.26 (dd, J1 = 10.4 

Hz, J2 = 8.0 Hz, 1 H), 5.20-5.12 (m, 2 H), 5.03 (dd, J1 = 10.4 Hz, J2 = 3.5 Hz, 1 H), 

4.95 (d, J = 7.8 Hz, 1 H), 4.62 (d, J = 7.8 Hz, 1 H), 4.44-4.34 (m, 1 H), 4.25-3.97 (m, 

5 H), 3.92 (t, J = 6.5 Hz, 1 H), 3.79 (dd, J1 = 10.8 Hz, J2 = 7.5 Hz, 1 H), 2.110 (s, 3 H, 

Me), 2.107 (s, 3 H, Me), 2.01 (s, 3 H, Me), 1.98 (s, 3 H, Me), 2.18-1.85 (m, 1 H, CH), 

1.79-1.57 (m, 5 H, CH2 × 2 and one proton of CH2), 1.34-0.95 (m, 5 H, CH2 × 2 and 

one proton of CH2); 
13C NMR (75 Hz, CDCl3) δ 204.1, 170.1, 170.0, 169.9, 169.2, 

165.5, 165.1, 164.8, 133.4, 133.02, 132.98, 129.5, 129.4, 129.0, 128.5, 128.4, 128.3, 

128.1, 128.0, 101.0, 99.2, 98.2, 88.2, 73.5, 72.8, 71.5, 70.7, 70.4, 69.5, 68.4, 68.2, 

67.7, 66.8, 61.0, 36.4, 32.8, 32.5, 25.8, 25.7, 25.6, 20.6, 20.4, 20.33, 20.28; IR (neat) ν 

(cm-1) 3066, 2927, 2852, 1959, 1740, 1602, 1451, 1370, 1281, 1255, 1218, 1177, 

1090, 1069; MS (MALDI, m/z) 979 (M+Na+); Anal. Calcd. for C51H56O18 (%): C 
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64.01, H 5.90; Found: C 64.04, H 5.88. 

18. Preparation of (Ra,Ra)-4jb. xc-13-61 

O
O

O
O

O

O
Ph

+ BnCHO+
reflux, dioxane

48 h
N
H

Ph

OH
Ph

(S)-3
2.4 equiv

CuBr2 (40 mol%)

1j
0.5 mmol

2b
2.8 equiv

O
O

O
O

O

O
Ph

Bn
Bn

(Ra,Ra)-4jb
43%, dr > 99%, 97% de  

The reaction of CuBr2 (45.1 mg, 0.2 mmol), 1j (198.1 mg, 0.5 mmol), (S)-3 (303.9 

mg, 1.2 mmol), and 2b (168.0 mg, 1.4 mmol) in dioxane (1.5 mL) afforded 

(Ra,Ra)-4jb (131.2 mg, 43%) (eluent: petroleum ether/ethyl acetate = 10/1) as an oil: 

dr > 99%, 97% de (HPLC conditions: (Supercritical Fluid Chromatography) Chiralcel 

OJ column, CO2/i-PrOH = 80/20, 1.3 mL/min, λ = 214 nm, tR(minor) = 24.7 min, 

tR(major) = 27.1 min); [α]D
20 = -69.8 (c = 0.97, CHCl3); 

1H NMR (300 MHz, CDCl3) 

δ 7.55-7.42 (m, 2 H, ArH), 7.41-7.08 (m, 13 H, ArH), 5.53 (s, 1 H), 5.43-5.18 (m, 5 

H), 4.89-4.72 (m, 2 H), 4.50 (d, J = 7.8 Hz, 1 H, CH), 4.44-4.11 (m, 7 H), 3.76 (t, J = 

10.2 Hz, 1 H), 3.66-3.50 (m, 2 H), 3.43-3.24 (m, 6 H); 13C NMR (75 Hz, CDCl3) δ 

209.4, 205.2, 205.1, 140.03, 140.01, 137.2, 128.9, 128.4, 128.2, 126.2, 126.1, 126.0, 

102.7, 101.0, 91.2, 89.4, 89.3, 87.2, 81.3, 80.8, 80.1, 76.1, 71.3, 71.2, 68.7, 67.6, 66.0, 

35.33, 35.28; IR (neat) ν (cm-1) 3062, 3027, 2982, 2871, 1959, 1602, 1494, 1453, 

1379, 1363, 1275, 1261, 1174, 1085, 1043, 1000; MS (ESI, m/z) 643 (M+K+), 627 

(M+Na+); HRMS calcd for C39H40O6Na (M+Na+): 627.2717, found: 627.2717. 

19. Preparation of (Ra)-4ka. hx-12-139 
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The reaction of CuBr2 (45.0 mg, 0.2 mmol), 1k (301.2 mg, 1.0 mmol), (S)-3 

(304.7 mg, 1.2 mmol), and 2a (179.8 mg, 1.4 mmol) in dioxane (3.0 mL) afforded 

(Ra)-4ka (214.5 mg, 52%) (eluent: petroleum ether/ethyl acetate = 20/1) as a liquid: 

97% de (HPLC conditions: Chiralcel OZ-H column, hexane/i-PrOH = 300/1, 1.0 

mL/min, λ = 214 nm, tR(minor) = 12.4 min, tR(major) = 14.3 min); [α]D
20 = -43.2 (c = 

1.09, CHCl3); 
1H NMR (300 MHz, CDCl3) δ 5.88 (d, J = 3.9 Hz, 1 H), 5.29-5.12 (m, 

2 H), 4.55 (d, J = 3.6 Hz, 1 H), 4.34-4.25 (m, 1 H), 4.19-4.03 (m, 4 H), 4.03-3.95 (m, 

2 H), 2.02 (ddd, J1 = 14.1 Hz, J2 = 6.9 Hz, J3 = 3.0 Hz, 2 H, CH2), 1.49 (s, 3 H, Me), 

1.43 (s, 3 H, Me), 1.35 (s, 3 H, Me), 1.31 (s, 3 H, Me), 1.47-1.20 (m, 10 H, CH2 × 5), 

0.88 (t, J = 6.6 Hz, 3 H, Me); 13C NMR (75 Hz, CDCl3) δ 205.0, 111.6, 108.7, 105.1, 

92.2, 88.0, 82.7, 81.0, 80.8, 72.5, 68.9, 67.0, 31.7, 29.0, 28.9, 28.4, 26.73, 26.68, 26.1, 

25.3, 22.5, 14.0; IR (neat) ν (cm-1) 2986, 2929, 2856, 1963, 1456, 1381, 1372, 1346, 

1253, 1216, 1166, 1119, 1078, 1023; MS(EI): m/z (%) 410 (M+, 3.2), 101 (100), 43 

(100); HRMS calcd for C23H38O6 [M
+]: 410.2668, found: 410.2667. 

20. Preparation of (Ra)-4ke. hx-12-171 
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The reaction of CuBr2 (44.8 mg, 0.2 mmol), 1k (298.6 mg, 1.0 mmol), (S)-3 

(303.8 mg, 1.2 mmol), and 2e (157.1 mg, 1.4 mmol) in dioxane (3.0 mL) afforded 

(Ra)-4ke (220.6 mg, 56%) (eluent: petroleum ether/ethyl acetate = 20/1 to 10/1) as a 

liquid: 96% de (HPLC conditions: Chiralcel OZ-H column, hexane/i-PrOH = 100/1, 

0.3 mL/min, λ = 214 nm, tR(minor) = 26.4 min, tR(major) = 28.2 min); [α]D
20 = -63.8 

(c = 0.94, CHCl3); 
1H NMR (300 MHz, CDCl3) δ 5.88 (d, J = 3.6 Hz, 1 H), 5.29-5.17 

(m, 2 H), 4.56 (d, J = 3.6 Hz, 1 H), 4.35-4.25 (m, 1 H), 4.20-3.95 (m, 6 H), 2.10-1.92 

(m, 1 H, CH), 1.84-1.57 (m, 5 H, five protons from Cy), 1.50 (s, 3 H, Me), 1.43 (s, 3 

H, Me), 1.35 (s, 3 H, Me), 1.31 (s, 3 H, Me), 1.39-1.00 (m, 5 H, five protons from Cy); 

13C NMR (75 Hz, CDCl3) δ 203.9, 111.5, 108.6, 105.1, 98.1, 88.8, 82.6, 80.9, 80.8, 

72.4, 69.0, 67.0, 36.7, 32.8, 26.7, 26.6, 26.1, 25.9, 25.8, 25.2; IR (neat) ν (cm-1) 2986, 

2927, 2852, 1962, 1450, 1382, 1372, 1347, 1255, 1216, 1166, 1117, 1077, 1022; MS 

(ESI, m/z) 417 (M+Na+), 395 (M+H+); HRMS calcd. for C22H34NaO6 (M+Na+): 

417.2248; Found: 417.2231. 

21. Preparation of (Ra)-4kh. hx-12-186 
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1.0 mmol
1k

(Ra)-4kh

O O

O
O

O

O

O O

O
O

O

O

H

70 oC, dioxane, 24 h

CuBr2 (40 mol%)
+ N

H

Ph

OH
Ph

(S)-3

1.4 equiv

2h

+

49%, 98% de

1.2 equiv

CHO

 

The reaction of CuBr2 (89.4 mg, 0.4 mmol), 1k (299.4 mg, 1.0 mmol), (S)-3 

(303.8 mg, 1.2 mmol), and 2h (168.6 mg, 1.4 mmol) in dioxane (3.0 mL) afforded 

(Ra)-4kh (196.6 mg, 49%) (eluent: petroleum ether/ethyl acetate = 10/1) as a liquid: 

98% de (HPLC conditions: Chiralcel IA column, hexane/i-PrOH = 100/1, 0.8 mL/min, 

λ = 214 nm, tR(minor) = 13.8 min, tR(major) = 14.8 min); [α]D
20 = -150.3 (c = 1.08, 

CHCl3); 
1H NMR (300 MHz, CDCl3) δ 7.19 (d, J = 7.8 Hz, 2 H, ArH), 7.10 (d, J = 7.8 

Hz, 2 H, ArH), 6.25 (dt, J1 = 6.0 Hz, J2 = 2.3 Hz, 1 H, one proton of CH=C=CH), 5.86 

(d, J = 3.9 Hz, 1 H), 5.64 (dd, J1 = 13.1 Hz, J2 = 6.5 Hz, 1 H, one proton of 

CH=C=CH), 4.54 (d, J = 3.6 Hz, 1 H), 4.39-3.94 (m, 7 H), 2.32 (s, 3 H, Me), 1.48 (s, 

3 H, Me), 1.43 (s, 3 H, Me), 1.30 (s, 3 H, Me), 1.26 (s, 3 H, Me); 13C NMR (75 Hz, 

CDCl3) δ 205.7, 136.9, 130.5, 129.3, 126.7, 111.6, 108.8, 105.1, 95.7, 92.2, 82.7, 81.4, 

81.0, 72.4, 68.3, 67.1, 26.7, 26.0, 25.2, 21.1; IR (neat) ν (cm-1) 2986, 2935, 1950, 

1513, 1455, 1382, 1372, 1346, 1255, 1215, 1165, 1117, 1078, 1021; MS (ESI, m/z) 

425 (M+Na+), 403 (M+H+); HRMS calcd. for C23H30NaO6 (M+Na+): 425.1935; 

Found: 425.1934. 

22. Preparation of (Ra)-4ki. xc-13-50 
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The reaction of CuBr2 (90.1 mg, 0.4 mmol), 1k (298.5 mg, 1.0 mmol), (S)-3 

(304.3 mg, 1.2 mmol), and 2i (149.0 mg, 1.4 mmol) in dioxane (3.0 mL) afforded 

(Ra)-4ki (193.3 mg, 50%) (eluent: petroleum ether/ethyl acetate = 10/1) as an oil: 98% 

de (HPLC conditions: Chiralcel IB column, hexane/i-PrOH = 100/1, 1.0 mL/min, λ = 

214 nm, tR(major) = 8.6 min, tR(minor) = 11.4 min); [α]D
20 = -154.2 (c = 1.08, CHCl3); 

1H NMR (300 MHz, CDCl3) δ 7.36-7.17 (m, 5 H, ArH), 6.28 (dt, J1 = 6.3 Hz, J2 = 2.4 

Hz, 1 H, one proton of CH=C=CH), 5.86 (d, J = 3.6 Hz, 1 H), 5.67 (dd, J1 = 12.9 Hz, 

J2 = 6.6 Hz, 1 H, one proton of CH=C=CH), 4.55 (d, J = 3.9 Hz, 1 H), 4.39-4.18 (m, 3 

H), 4.16-3.96 (m, 4 H), 1.49 (s, 3 H, Me), 1.43 (s, 3 H, Me), 1.31 (s, 3 H, Me), 1.27 (s, 

3 H, Me); 13C NMR (75 Hz, CDCl3) δ 205.9, 133.6, 128.6, 127.2, 126.8, 111.7, 108.9, 

105.2, 95.9, 92.4, 82.8, 81.5, 81.1, 72.4, 68.3, 67.2, 26.8, 26.1, 25.3; IR (neat) ν (cm-1) 

2986, 2935, 2890, 1951, 1496, 1459, 1382, 1372, 1255, 1216, 1165, 1117, 1077, 1021; 

MS (ESI, m/z) 411 (M+Na+); HRMS calcd. for C22H28NaO6 (M+Na+): 411.1778; 

Found: 411.1798. 

23. Preparation of (Ra)-4kj. hx-12-179 
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CuBr2 (40 mol%)
+ N

H

Ph

OH
Ph

(S)-3

1.4 equiv

2j

+

46%, 99% de

1.2 equiv

CHO

Cl
Cl

 

The reaction of CuBr2 (89.5 mg, 0.4 mmol), 1k (297.7 mg, 1.0 mmol), (S)-3 

(303.8 mg, 1.2 mmol), and 2j (197.2 mg, 1.4 mmol) in dioxane (3.0 mL) afforded 

(Ra)-4kj (195.5 mg, 46%) (eluent: petroleum ether/ethyl acetate = 10/1) as a liquid: 

99% de (HPLC conditions: Chiralcel IA column, hexane/i-PrOH = 200/1, 0.8 mL/min, 

λ = 214 nm, tR(minor) = 27.4 min, tR(major) = 29.6 min); [α]D
20 = -151.6 (c = 1.23, 

CHCl3); 
1H NMR (300 MHz, CDCl3) δ 7.32-7.13 (m, 4 H, ArH), 6.22 (dt, J1 = 6.3 Hz, 

J2 = 2.4 Hz, 1 H, one proton of CH=C=CH), 5.87 (d, J = 3.6 Hz, 1 H), 5.64 (dd, J1 = 

12.9 Hz, J2 = 6.6 Hz, 1 H, one proton of CH=C=CH), 4.55 (d, J = 3.6 Hz, 1 H), 

4.37-4.20 (m, 3 H), 4.17-4.05 (m, 2 H), 4.04-3.96 (m, 2 H), 1.49 (s, 3 H, Me), 1.43 (s, 

3 H, Me), 1.31 (s, 3 H, Me), 1.27 (s, 3 H, Me); 13C NMR (75 Hz, CDCl3) δ 206.0, 

135.6, 134.5, 129.7, 127.1, 126.6, 124.9, 111.6, 108.8, 105.1, 95.0, 92.8, 82.7, 81.5, 

81.0, 72.3, 67.9, 67.1, 26.69, 26.66, 26.0, 25.1; IR (neat) ν (cm-1) 2987, 2935, 2890, 

1953, 1594, 1571, 1478, 1454, 1382, 1372, 1347, 1254, 1216, 1165, 1078, 1021; MS 

(ESI, m/z) 447 (M(37Cl)+Na+), 445 (M(35Cl)+Na+); HRMS calcd. for C22H27O6
35ClNa 

(M(35Cl)+Na+): 445.1388; Found: 445.1386. 
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