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General Information 

All reactions were carried out under an atmosphere of argon using oven-dried glassware. Super dry 

solvents, metal catalysts, were purchased from chemical companies and used without further treatment. 

Flash column chromatography was performed using silica gel (300-400 mesh). 1H NMR ,13C NMR, 19F 

NMR spectra were recorded in CDCl3 or DMSO-d6 on a 400 MHz spectrometer; chemical shifts are 

reported in ppm with the solvent signals as reference, and coupling constants (J) are given in Hertz. The 

peak information is described as: s = singlet, d = doublet, t = triplet, q = quartet, m= multiplet. High-

resolution mass spectra (HRMS) were obtained using an Agilent LC-MSAD-Trap-XCT instrument using 

electrospray ionization time-of-flight (ESI-TOF). High performance liquid chromatography (HPLC) was 

performed on instrument consisted of JASCO model PU-1580 intelligent HPLC pump and JASCO model 

UV-1575 intelligent UV-vis detector (254 nm) using Daicel Chiralpak IC, IE, IF (4.6 mm × 250 mm) 

columns. Melting points were determined using YRT-3 melting point apparatus. Optical rotations were 

measured with Perkin Elmer, model 341 Polarimeter. The instrumentation used for the crystal 

measurement is Oxford Gemini E X-ray single-crystal diffractometer and Bruker D8 VENTURE 

Metaljet PHOTON II. Cyclohexadienone-tethered enones1 and α-hydroxy aryl ketones2 were 

synthesized according to the literature. 

General Procedure for optimization of the reaction conditions. 

Under the nitrogen atmosphere, a solution of diethylzinc (20 μL, 1.0 M in hexane, 0.02 mmol) was 

added dropwise to a solution of L1 (0.01 mmol, 6.4 mg) and additives (50 mg) in solvent (2 mL). After 

the mixture was stirred for 30 min at 40 °C. 2-Hydroxy-1-phenylethan-1-one 1a (0.1 mmol, 13.6 mg) 

and (E)-4-methyl-4-((4-oxo-4-phenylbut-2-en-1-yl) oxy) cyclohexa-2,5-dien-1-one 2a (0.1 mmol, 26.8 

mg) were added. The reaction mixture was stirred for corresponding time at the same temperature. The 

reaction was quenched with NH4Cl solution (2 mL) and the aqueous layer was extracted with CH2Cl2 (3 

× 5 mL). The combined organic layer was washed with brine and dried over Na2SO4. The solvent was 

removed under reduced pressure by using a rotary evaporator. The residue was purified by flash 

chromatography with petroleum ether/ethyl acetate (3:1) to afford the desired product 3a. 

Synthesis of enantioenriched 3 

Under the nitrogen atmosphere, a solution of diethylzinc (40 μL, 1.0 M in hexane, 0.04 mmol) was added 

dropwise to a solution of L1 or L2 (0.02 mmol) and 3Å MS (200 mg) in toluene (2 mL). After the mixture 

was stirred for 30 min at 40 °C. Then, 1a (0.2 mmol, 53.6 mg) and 2a (0.2 mmol, 27.2 mg) were added. 

The reaction mixture was stirred for 24 h at 40 ℃. The reaction was quenched with NH4Cl solution (4 

mL), and the aqueous layer was extracted with CH2Cl2 (3 × 5 mL). The combined organic layer was 

washed with brine and dried over Na2SO4. The solvent was removed under reduced pressure by using a 

rotary evaporator. The residue was purified by flash chromatography with petroleum ether/ethyl acetate 

(3:1) to afford the desired product 3 

(3R,4R,4aR,8aR)-4-benzoyl-4-hydroxy-8a-methyl-3-(2-oxo-2-phenylethyl)-3,4,4a,8a-tetrahydro-

2H-chromen-6(5H)-one (3a) 
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Followed the general procedure, using 1a (0.2 mmol, 29.6 mg), 2a (0.2 mmol, 53.6 mg) and L1 (0.02 

mmol, 12.8 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 4:1) to 

afforded 3a as a yellow solid (57.5 mg, 71% yield, >20:1 dr); [α]D
20 = -41.3 (c = 0.2, DCM, 95% ee); 

m.p. = 64.8-65.5 °C; 1H NMR (400 MHz, CDCl3) δ 8.16 – 8.06 (m, 2H), 7.84 – 7.72 (m, 2H), 7.63 (t, J 

= 7.4 Hz, 1H), 7.57 – 7.47 (m, 3H), 7.36 (t, J = 7.7 Hz, 2H), 6.69 (dd, J = 10.4, 1.5 Hz, 1H), 6.07 (d, J = 

10.4 Hz, 1H), 4.70 (s, 1H), 4.13 – 3.80 (m, 1H), 3.68 (t, J = 11.0 Hz, 1H), 3.57 – 3.39 (m, 1H), 3.04 (d, 

J = 6.0 Hz, 1H), 2.87 – 2.71 (m, 1H), 2.65 – 2.55 (m, 1H), 2.50 – 2.36 (m, 1H), 1.98 (d, J = 17.4 Hz, 1H), 

1.51 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 202.5, 197.4, 196.2, 152.2, 136.4, 133.9, 133.4, 132.9, 

131.3, 129.8, 128.9, 128.6, 127.9, 81.5, 79.8, 72.9, 63.7, 46.6, 4.1, 37.1, 34.7, 28.9. HRMS (ESI): m/z 

[M + Na]+ calcd for [C25H24NaO5]+: 427.1516, found: 427.1524; HPLC: Daicel Chiralpak IA, n-

hexane/i-PrOH = 80/20, flow rate = 1 mL/min, λ = 254 nm, tmajor = 19.13 min and tminor = 26.49 min. 

(3R,4R,4aR,8aR)-4-(4-chlorobenzoyl)-4-hydroxy-8a-methyl-3-(2-oxo-2-phenylethyl)-3,4,4a,8a-

tetrahydro-2H-chromen-6(5H)-one (3b) 

 
Followed the general procedure, using 1b (0.2 mmol, 34.0 mg), 2a (0.2 mmol, 53.6 mg) and L1 (0.02 

mmol, 12.8 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 4:1) to 

afforded 3b as a pale yellow solid (63.9 mg, 73% yield, >20:1 dr); [α]D
20 = -56.9 (c = 0.2, DCM, 90% 

ee); m.p. = 153.4-154.6 °C; 1H NMR (400 MHz, CDCl3) δ 8.08 (d, J = 8.7 Hz, 2H), 7.79 – 7.72 (m, 2H), 

7.56 – 7.45 (m, 3H), 7.38 (t, J = 7.7 Hz, 2H), 6.69 (dd, J = 10.4, 1.6 Hz, 1H), 6.07 (d, J = 10.4 Hz, 1H), 

4.68 – 4.63 (m, 1H), 3.92 – 3.80 (m, 1H), 3.69 (t, J = 11.0 Hz, 1H), 3.46 – 3.32 (m, 1H), 2.96 (d, J = 6.0 

Hz, 1H), 2.80 – 2.70 (m, 1H), 2.69 – 2.60 (m, 1H), 2.47 – 2.36 (m, 1H), 1.94 (d, J = 17.4 Hz, 1H), 1.51 

(s, 3H); 13C NMR (101 MHz, CDCl3) δ 201.5, 197.4, 195.9, 152.1, 140.5, 136.3, 133.5, 131.3, 131.3, 

129.2, 128.6, 127.9, 81.4, 73.0, 63.7, 46.7, 38.2, 37.1, 34.7, 28.9. HRMS (ESI): m/z [M + Na]+ calcd for 

[C25H23FNaO5]+: 461.1126, found: 461.1133; HPLC: Daicel Chiralpak IA, n-hexane/i-PrOH = 80/20, 

flow rate = 1 mL/min, λ = 254 nm, tmajor = 22.70 min and tminor = 36.16 min. 

(3R,4R,4aR,8aR)-4-(4-fluorobenzoyl)-4-hydroxy-8a-methyl-3-(2-oxo-2-phenylethyl)-3,4,4a,8a-

tetrahydro-2H-chromen-6(5H)-one (3c) 

 

Followed the general procedure, using 1c (0.2 mmol, 30.8 mg), 2a (0.2 mmol, 53.6 mg) and L1 (0.02 

mmol, 12.8 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 4:1) to 

afforded 3c as a white solid (55.7 mg, 66% yield, >20:1 dr); [α]D
20 = -63.3 (c = 0.4, DCM, 99% ee); m.p. 

= 113.9-115.3 °C; 1H NMR (400 MHz, CDCl3) δ 8.26 – 8.05 (m, 2H), 7.75 (d, J = 8.0 Hz, 2H), 7.55 – 

7.46 (m, 1H), 7.36 (t, J = 7.6 Hz, 2H), 7.18 (t, J = 8.4 Hz, 2H), 6.68 (dd, J = 10.4, 1.3 Hz, 1H), 6.06 (d, 
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J = 10.4 Hz, 1H), 4.70 (s, 1H), 3.85 (m, J = 11.3, 4.4 Hz, 1H), 3.68 (t, J = 11.0 Hz, 1H), 3.48 – 3.32 (m, 

1H), 2.98 (d, J = 6.0 Hz, 1H), 2.75 (m, J = 18.3, 7.9 Hz, 1H), 2.61 (m, J = 18.3, 3.9 Hz, 1H), 2.42 (m, J 

= 17.4, 6.1 Hz, 1H), 1.95 (d, J = 17.4 Hz, 1H), 1.51 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 200.8, 197.4, 

196.0, 165.9 (d, J = 258.56Hz), 152.1, 136.3, 133.4, 132.9, 132.8, 131.3, 128.6, 127.9, 116.2 (d, J = 

22.22Hz), 81.3, 73.0, 63.7, 46.8, 38.3, 37.1, 34.7, 28.9. 19F NMR (376 MHz, CDCl3) δ -102.61. HRMS 

(ESI): m/z [M + Na]+ calcd for [C25H23FNaO5]+: 445.1422, found: 445.1426; HPLC: Daicel Chiralpak 

IA, n-hexane/i-PrOH = 80/20, flow rate = 1 mL/min, λ = 254 nm, tmajor = 21.21 min and tminor = 29.70 

min. 

(3R,4R,4aR,8aR)-4-hydroxy-8a-methyl-4-(4-methylbenzoyl)-3-(2-oxo-2-phenylethyl)-3,4,4a,8a-

tetrahydro-2H-chromen-6(5H)-one (3d) 

 

Followed the general procedure, using 1d (0.2 mmol, 30.0 mg), 2a (0.2 mmol, 53.6 mg) and L1 (0.02 

mmol, 12.8 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 4:1) to 

afforded 3d as a white solid (35.1 mg, 42% yield, >20:1 dr); [α]D
20 = -69.4 (c = 0.7, DCM, 98% ee); m.p. 

= 153.4-154.6 °C; 1H NMR (400 MHz, CDCl3) δ 8.05 (d, J = 8.3 Hz, 2H), 7.84 – 7.69 (m, J = 8.3, 1.1 

Hz, 2H), 7.56 – 7.44 (m, 1H), 7.39 – 7.28 (m, 4H), 6.69 (dd, J = 10.4, 1.6 Hz, 1H), 6.07 (d, J = 10.4 Hz, 

1H), 4.77 (s, 1H), 3.95 – 3.85 (m, J = 11.3, 4.4 Hz, 1H), 3.68 (t, J = 11.0 Hz, 1H), 3.54 – 3.37 (m, 1H), 

3.07 (d, J = 6.0 Hz, 1H), 2.87 – 2.68 (m, J = 18.2, 8.7 Hz, 1H), 2.64 – 2.53 (m, J = 18.1, 3.4 Hz, 1H), 

2.48 – 2.32 (m, 4H), 1.97 (d, J = 17.4 Hz, 1H), 1.52 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 201.6, 197.4, 

196.2, 152.2, 145.2, 136.4, 133.3, 131.3, 130.2, 129.9, 129.6, 128.6, 127.9, 81.2, 73.0, 63.7, 46.8, 38.3, 

37.1, 34.7, 28.9, 21.7. HRMS (ESI): m/z [M + Na]+ calcd for [C26H26NaO5]+: 441.1672, found: 441.1677; 

HPLC: Daicel Chiralpak IA, n-hexane/i-PrOH = 80/20, flow rate = 1 mL/min, λ = 254 nm, tmajor = 23.76 

min and tminor = 34.51 min. 

(3R,4R,4aR,8aR)-4-([1,1'-biphenyl]-4-carbonyl)-4-hydroxy-8a-methyl-3-(2-oxo-2-phenylethyl)-

3,4,4a,8a-tetrahydro-2H-chromen-6(5H)-one (3e) 

 

Followed the general procedure, using 1e (0.2 mmol, 42.4 mg), 2a (0.2 mmol, 53.6 mg) and L1 (0.02 

mmol, 12.8 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 4:1) to 

afforded 3e as a yellow solid (77.8 mg, 81% yield, >20:1 dr); [α]D
20 = -80.5 (c = 0.9, DCM, 93% ee); 

m.p. = 72.3-74.1 °C; 1H NMR (400 MHz, CDCl3) δ 8.22 (d, J = 8.5 Hz, 2H), 7.79 – 7.71 (m, 4H), 7.66 

– 7.61 (m, 2H), 7.53 – 7.46 (m, J = 10.4, 4.2 Hz, 3H), 7.45 – 7.40 (m, 1H), 7.35 (t, J = 7.7 Hz, 2H), 6.71 

(dd, J = 10.4, 1.4 Hz, 1H), 6.08 (d, 1H), 4.77 (s, 1H), 3.95 – 3.86 (m, J = 11.3, 4.4 Hz, 1H), 3.70 (t, J = 
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11.0 Hz, 1H), 3.59 – 3.42 (m, 1H), 3.11 (d, J = 6.0 Hz, 1H), 2.88 – 2.73 (m, J = 18.2, 8.5 Hz, 1H), 2.70 

– 2.58 (m, J = 18.2, 3.5 Hz, 1H), 2.53 – 2.41 (m, J = 17.4, 6.1 Hz, 1H), 2.01 (d, J = 17.4 Hz, 1H), 1.54 

(s, 3H); 13C NMR (101 MHz, CDCl3) δ 201.7, 197.5, 196.3, 152.3, 146.6, 139.2, 136.4, 133.4, 131.3, 

131.3, 130.7, 129.1, 128.7, 128.6, 128.0, 127.5, 127.3, 81.4, 73.1, 63.7, 46.8, 38.3, 37.2, 34.8, 29.0. 

HRMS (ESI): m/z [M + Na]+ calcd for [C31H28NaO5]+: 503.1829, found: 503.1837; HPLC: Daicel 

Chiralpak IA, n-hexane/i-PrOH = 80/20, flow rate = 1 mL/min, λ = 254 nm, tmajor = 34.01 min and tminor 

= 52.52 min. 

(3R,4R,4aR,8aR)-4-(3-bromobenzoyl)-4-hydroxy-8a-methyl-3-(2-oxo-2-phenylethyl)-3,4,4a,8a-

tetrahydro-2H-chromen-6(5H)-one (3f) 

 
Followed the general procedure, using 1f (0.2 mmol, 42.8 mg), 2a (0.2 mmol, 53.6 mg) and L1 (0.02 

mmol, 12.8 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 4:1) to 

afforded 3f as a light yellow solid (50.1 mg, 52% yield, >20:1 dr); [α]D
20 = -43.8 (c = 0.4, DCM, 99% 

ee); m.p. = 136,0-136.9 °C; 1H NMR (400 MHz, CDCl3) δ 8.16 (t, J = 1.6 Hz, 1H), 8.07 (d, J = 7.9 Hz, 

1H), 7.81 – 7.70 (m, 3H), 7.53 (t, J = 7.4 Hz, 1H), 7.44 – 7.36 (m, J = 8.2 Hz, 3H), 6.69 (dd, J = 10.4, 

1.5 Hz, 1H), 6.07 (d, J = 10.4 Hz, 1H), 4.60 (s, 1H), 3.92 – 3.80 (m, J = 11.4, 4.4 Hz, 1H), 3.69 (t, J = 

11.0 Hz, 1H), 3.49 – 3.30 (m, J = 10.9, 7.0 Hz, 1H), 2.94 (d, J = 6.0 Hz, 1H), 2.79 – 2.63 (m, J = 18.3, 

6.0 Hz, 2H), 2.51 – 2.40 (m, J = 17.4, 6.1 Hz, 1H), 1.95 (d, J = 17.4 Hz, 1H), 1.51 (s, 3H); 13C NMR 

(101 MHz, CDCl3) δ 201.8, 197.4, 195.9, 152.2, 136.6, 136.3, 135.0, 133.5, 132.8, 131.3, 130.3, 128.6, 

127.9, 123.3, 81.7, 72.9, 63.6, 46.8, 38.0, 37.2, 34.7, 28.9. HRMS (ESI): m/z [M + Na]+ calcd for 

[C25H23BrNaO5]+: 505.0621, found: 505.0623; HPLC: Daicel Chiralpak IA, n-hexane/i-PrOH = 80/20, 

flow rate = 1 mL/min, λ = 254 nm, tmajor = 17.18 min and tminor = 24.40 min. 

(3R,4R,4aR,8aR)-4-(3-chlorobenzoyl)-4-hydroxy-8a-methyl-3-(2-oxo-2-phenylethyl)-3,4,4a,8a-

tetrahydro-2H-chromen-6(5H)-one (3g) 

 
Followed the general procedure, using 1g (0.2 mmol, 34.0 mg), 2a (0.2 mmol, 53.6 mg) and L1 (0.02 

mmol, 12.8 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 4:1) to 

afforded 3g as a bright yellow solid (50.8 mg, 58% yield, >20:1 dr); [α]D
20 = -11.3 (c = 0.2, DCM, 98% 

ee); m.p. = 66.5-67.8 °C; 1H NMR (400 MHz, CDCl3) δ 8.08 – 7.95 (m, J = 3.7, 1.9 Hz, 2H), 7.78 (d, J 

= 7.3 Hz, 2H), 7.63 – 7.57 (m, J = 8.0, 0.7 Hz, 1H), 7.55 – 7.44 (m, J = 12.0, 11.5, 5.1 Hz, 2H), 7.38 (t, 

J = 7.7 Hz, 2H), 6.69 (dd, J = 10.4, 1.4 Hz, 1H), 6.07 (d, J = 10.4 Hz, 1H), 4.61 (s, 1H), 3.89 – 3.81 (m, 

J = 11.4, 4.4 Hz, 1H), 3.69 (t, J = 11.0 Hz, 1H), 3.46 – 3.33 (m, 1H), 2.95 (d, J = 5.9 Hz, 1H), 2.83 – 

2.61 (m, J = 18.3, 6.0 Hz, 2H), 2.54 – 2.39 (m, J = 17.4, 6.1 Hz, 1H), 1.96 (d, J = 17.4 Hz, 1H), 1.52 (s, 
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3H); 13C NMR (101 MHz, CDCl3) δ 201.8, 197.4, 195.9, 152.2, 136.3, 135.3, 134.8, 133.7, 133.5, 131.3, 

130.1, 129.9, 128.6, 127.9, 127.6, 81.7, 72.9, 63.6, 46.5, 38.0, 37.2, 34.7, 28.9. HRMS (ESI): m/z [M + 

Na]+ calcd for [C25H23ClNaO5]+: 461.1126, found: 461.1131; HPLC: Daicel Chiralpak IA, n-hexane/i-

PrOH = 80/20, flow rate = 1 mL/min, λ = 254 nm, tmajor = 16.64 min and tminor = 24.00 min. 

(3R,4R,4aR,8aR)-4-hydroxy-4-(2-methoxybenzoyl)-8a-methyl-3-(2-oxo-2-phenylethyl)-3,4,4a,8a-

tetrahydro-2H-chromen-6(5H)-one (3h) 

 

Followed the general procedure, using 1h (0.2 mmol, 33.2 mg), 2a (0.2 mmol, 53.6 mg) and L1 (0.02 

mmol, 12.8 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 4:1) to 

afforded 3h as a light yellow solid (31.2 mg, 36% yield, >20:1 dr); [α]D
20 = 12.1 (c = 0.2, DCM, 92% 

ee); m.p. = 84.9-85.7 °C; 1H NMR (400 MHz, CDCl3) δ 7.90 (d, J = 7.3 Hz, 2H), 7.56 (t, J = 7.4 Hz, 

1H), 7.45 (t, J = 7.6 Hz, 3H), 7.16 – 7.10 (m, J = 7.6, 1.5 Hz, 1H), 7.01 (t, J = 7.4 Hz, 1H), 6.95 (d, J = 

8.4 Hz, 1H), 6.69 (dd, J = 10.4, 1.5 Hz, 1H), 6.08 (d, J = 10.3 Hz, 1H), 4.47 (s, 1H), 3.87 – 3.76 (m, J = 

11.2, 4.4 Hz, 1H), 3.66 (s, 3H), 3.50 (t, J = 11.0 Hz, 1H), 3.17 – 3.01 (m, J = 14.8, 8.2, 4.1 Hz, 1H), 2.85 

– 2.73 (m, 3H), 2.63 – 2.52 (m, J = 17.5, 6.1 Hz, 1H), 2.38 (d, J = 17.5 Hz, 1H), 1.43 (s, 3H); 13C NMR 

(101 MHz, CDCl3) δ 208.1, 197.6, 196.8, 156.1, 152.9, 136.7, 133.4, 132.2, 131.2, 128.7, 127.9, 127.7, 

126.3, 120.9, 111.7, 83.5, 72.6, 63.3, 55.6, 44.2, 37.8, 35.5, 35.1, 28.7. HRMS (ESI): m/z [M + Na]+ 

calcd for [C26H26NaO6]+: 457.1622, found: 457.1629; HPLC: Daicel Chiralpak IA, n-hexane/i-PrOH = 

80/20, flow rate = 1 mL/min, λ = 254 nm, tmajor = 44.50 min and tminor = 25.51 min. 

(3R,4R,4aR,8aR)-4-(3,4-dimethoxybenzoyl)-4-hydroxy-8a-methyl-3-(2-oxo-2-phenylethyl)-

3,4,4a,8a-tetrahydro-2H-chromen-6(5H)-one (3i) 

 
Followed the general procedure, using 1i (0.2 mmol, 39.2 mg), 2a (0.2 mmol, 53.6 mg) and L1 (0.02 

mmol, 12.8 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 4:1) to 

afforded 3i as a yellow solid (58.5 mg, 63% yield, >20:1 dr); [α]D
20 = -83.6 (c = 0.6, DCM, 86% ee); 

m.p. = 135.6-136.8 °C; 1H NMR (400 MHz, CDCl3) δ 7.96 – 7.91 (m, J = 8.6, 2.0 Hz, 1H), 7.79 – 7.74 

(m, 2H), 7.64 (d, J = 2.0 Hz, 1H), 7.51 (t, J = 7.4 Hz, 1H), 7.36 (t, J = 7.7 Hz, 2H), 6.94 (d, J = 8.6 Hz, 

1H), 6.70 (dd, J = 10.4, 1.5 Hz, 1H), 6.08 (d, J = 10.4 Hz, 1H), 4.89 – 4.82 (m, 1H), 3.98 (s, 3H), 3.94 

(s, 3H), 3.92 – 3.87 (m, J = 11.3, 4.4 Hz, 1H), 3.68 (t, J = 11.0 Hz, 1H), 3.52 – 3.41 (m, J = 11.9, 7.2 Hz, 

1H), 3.12 (d, J = 5.8 Hz, 1H), 2.83 – 2.73 (m, J = 18.2, 8.9 Hz, 1H), 2.59 – 2.50 (m, J = 18.1, 2.7 Hz, 

1H), 2.49 – 2.38 (m, J = 17.4, 6.1 Hz, 1H), 2.00 (d, J = 17.4 Hz, 1H), 1.53 (s, 3H); 13C NMR (101 MHz, 

CDCl3) δ 199.9, 197.5, 196.3, 154.1, 152.2, 149.2, 136.4, 133.3, 131.3, 128.6, 128.0, 127.9, 124.9, 112.7, 
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110.1, 81.1, 73.1, 63.8, 56.2, 56.1, 47.4, 38.9, 37.2, 34.8, 29.1; HRMS (ESI): m/z [M + Na]+ calcd for 

[C27H28NaO7]+: 487.1727, found: 487.1730; HPLC: Daicel Chiralpak IA, n-hexane/i-PrOH = 80/20, 

flow rate = 1 mL/min, λ = 254 nm, tmajor = 42.09 min and tminor = 47.13 min. 

(3R,4R,4aR,8aR)-4-(benzo[d][1,3]dioxole-5-carbonyl)-4-hydroxy-8a-methyl-3-(2-oxo-2-

phenylethyl)-3,4,4a,8a-tetrahydro-2H-chromen-6(5H)-one (3j) 

 
Followed the general procedure, using 1a (0.2 mmol, 36.0 mg), 2a (0.2 mmol, 53.6 mg) and L1 (0.02 

mmol, 12.8 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 4:1) to 

afforded 3j as a light yellow solid (41.2 mg, 46% yield, >20:1 dr); [α]D
20 = -95.6 (c = 0.2, DCM, 99% 

ee); m.p. = 100.0-100.8 °C; 1H NMR (400 MHz, CDCl3) δ 7.84 (m, J = 8.3, 1.7 Hz, 1H), 7.80 – 7.73 

(m, 2H), 7.61 (d, J = 1.7 Hz, 1H), 7.51 (t, J = 7.4 Hz, 1H), 7.37 (t, J = 7.7 Hz, 2H), 6.90 (d, J = 8.3 Hz, 

1H), 6.69 (dd, J = 10.4, 1.5 Hz, 1H), 6.07 (d, J = 9.5 Hz, 3H), 4.82 (s, 1H), 3.92 – 3.84 (m, J = 11.3, 4.4 

Hz, 1H), 3.66 (t, J = 11.0 Hz, 1H), 3.49 – 3.30 (m, 1H), 3.06 (d, J = 6.0 Hz, 1H), 2.81 – 2.69 (m, J = 

18.2, 8.6 Hz, 1H), 2.61 – 2.50 (m, J = 18.2, 3.3 Hz, 1H), 2.47 – 2.36 (m, J = 17.4, 6.1 Hz, 1H), 1.97 (d, 

J = 17.4 Hz, 1H), 1.53 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 199.7, 197.5, 196.2, 152.6, 152.2, 148.4, 

136.4, 133.4, 131.3, 128.6, 127.9, 126.9, 110.0, 108.2, 102.3, 81.1, 73.1, 63.8, 47.1, 38.6, 37.2, 34.8, 

29.0; HRMS (ESI): m/z [M + Na]+ calcd for [C26H24NaO7]+: 471.1414, found: 471.1423; HPLC: Daicel 

Chiralpak IB, n-hexane/i-PrOH = 80/20, flow rate = 1 mL/min, λ = 254 nm, tmajor = 16.53 min and tminor 

= 28.72 min. 

(3R,4R,4aR,8aR)-4-(2-naphthoyl)-4-hydroxy-8a-methyl-3-(2-oxo-2-phenylethyl)-3,4,4a,8a-

tetrahydro-2H-chromen-6(5H)-one (3k) 

 

Followed the general procedure, using 1k (0.2 mmol, 37.2 mg), 2a (0.2 mmol, 53,6 mg) and L1 (0.02 

mmol, 12.8 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 4:1) to 

afforded 3k as a white solid (63.6 mg, 70% yield, >20:1 dr); [α]D
20 = -113.4 (c = 0.6, DCM, 91% ee); 

m.p. = 88.9-91.1 °C; 1H NMR (400 MHz, CDCl3) δ 8.68 (s, 1H), 8.22 – 8.09 (m, J = 8.7, 1.5 Hz, 1H), 

8.01 (d, J = 8.1 Hz, 1H), 7.98 – 7.85 (m, J = 19.6, 8.4 Hz, 2H), 7.74 (d, J = 7.5 Hz, 2H), 7.69 – 7.55 (m, 

J = 23.8, 7.3 Hz, 2H), 7.46 (t, J = 7.4 Hz, 1H), 7.30 (t, J = 7.7 Hz, 2H), 6.71 (d, J = 10.4 Hz, 1H), 6.09 

(d, J = 10.4 Hz, 1H), 4.81 (s, 1H), 3.93 (m, J = 11.2, 4.2 Hz, 1H), 3.74 (t, J = 10.9 Hz, 1H), 3.67 – 3.52 

(m, 1H), 3.15 (d, J = 5.8 Hz, 1H), 2.87 – 2.75 (m, J = 18.1, 8.1 Hz, 1H), 2.74 – 2.63 (m, J = 18.1, 3.7 Hz, 

1H), 2.48 – 2.32 (m, J = 17.4, 6.1 Hz, 1H), 2.03 (d, J = 17.4 Hz, 1H), 1.52 (s, 3H); 13C NMR (101 MHz, 
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CDCl3) δ 202.4, 197.5, 196.3, 152.3, 136.4, 135.5, 133.4, 132.3, 131.9, 131.3, 130.3, 130.1, 129.4, 128.8, 

128.6, 127.9, 127.7, 127.3, 125.1, 81.6, 73.1, 63.8, 46.8, 38.4, 37.2, 34.8, 29.0; HRMS (ESI): m/z [M + 

Na]+ calcd for [C29H26NaO5]+: 477.1672, found: 477.1678; HPLC: Daicel Chiralpak IA, n-hexane/i-

PrOH = 80/20, flow rate = 1 mL/min, λ = 254 nm, tmajor = 33.42 min and tminor = 41.71 min. 

(3R,4R,4aR,8aR)-4-(furan-2-carbonyl)-4-hydroxy-8a-methyl-3-(2-oxo-2-phenylethyl)-3,4,4a,8a-

tetrahydro-2H-chromen-6(5H)-one (3l) 

 

Followed the general procedure, using 1l (0.2 mmol, 25.2 mg), 2a (0.2 mmol, 53.6 mg) and L1 (0.02 

mmol, 12.8 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 4:1) to 

afforded 3l as a yellow solid (64.6 mg, 82% yield, >20:1 dr); [α]D
20 = -81.0 (c = 0.4, DCM, 90% ee); 

m.p. = 67.9-69.5 °C; 1H NMR (400 MHz, CDCl3) δ 7.77 – 7.70 (m, 3H), 7.55 – 7.47 (m, J = 9.4, 5.3 

Hz, 2H), 7.37 (t, J = 7.7 Hz, 2H), 6.71 (dd, J = 10.4, 1.2 Hz, 1H), 6.65 (d, J = 2.0 Hz, 1H), 6.07 (d, J = 

10.4 Hz, 1H), 4.48 (s, 1H), 3.99 – 3.78 (m, J = 11.3, 4.2 Hz, 1H), 3.65 (t, J = 11.1 Hz, 1H), 3.40 (s, 1H), 

3.14 (d, J = 3.9 Hz, 1H), 2.81 – 2.62 (m, J = 17.8, 9.0 Hz, 1H), 2.57 – 2.44 (m, J = 17.5, 6.0 Hz, 2H), 

2.03 (d, J = 17.4 Hz, 1H), 1.55 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 197.5, 196.4, 189.5, 152.5, 149.7, 

147.7, 136.4, 133.3, 131.2, 128.6, 127.9, 122.5, 113.1, 80.5, 72.8, 63.4, 45.5, 37.2, 37.0, 34.7, 28.9. 

HRMS (ESI): m/z [M + Na]+ calcd for [C23H22NaO6]+: 417.1309, found: 417.1314; HPLC: Daicel 

Chiralpak IA, n-hexane/i-PrOH = 80/20, flow rate = 1 mL/min, λ = 254 nm, tmajor = 11.40 min and tminor 

= 15.70 min. 

(3R,4R,4aR,8aR)-4-benzoyl-4-hydroxy-3-(2-(4-methoxyphenyl)-2-oxoethyl)-8a-methyl-3,4,4a,8a-

tetrahydro-2H-chromen-6(5H)-one (3m) 

 

Followed the general procedure, using 1a (0.2 mmol, 29.6 mg), 2b (0.2 mmol, 59.6 mg) and L2 (0.02 

mmol, 14.0 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 4:1) to 

afforded 3m as a yellow solid (46.0 mg, 46% yield, >20:1 dr); [α]D
20 = -63.8 (c = 0.4, DCM, 90% ee); 

m.p. = 59.1-63.2 °C; 1H NMR (400 MHz, CDCl3) δ 8.17 – 8.05 (m, 2H), 7.80 – 7.73 (m, 2H), 7.63 (t, J 

= 7.4 Hz, 1H), 7.52 (t, J = 7.7 Hz, 2H), 6.83 (d, J = 8.9 Hz, 2H), 6.69 (dd, J = 10.4, 1.6 Hz, 1H), 6.07 (d, 

J = 10.4 Hz, 1H), 4.70 (s, 1H), 3.92 – 3.80 (m, 4H), 3.67 (t, J = 11.0 Hz, 1H), 3.50 – 3.37 (m, 1H), 3.02 

(d, J = 6.0 Hz, 1H), 2.79 – 2.65 (m, 1H), 2.59 – 2.50 (m, 1H), 2.47 – 2.37 (m, 1H), 1.98 (d, J = 17.4 Hz, 

1H), 1.51 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 202.7, 196.2, 195.9, 163.8, 152.3, 133.8, 133.1, 131.3, 

130.3, 129.8, 129.5, 128.9, 113.7, 81.6, 72.9, 63.7, 55.8, 46.6, 38.2, 37.2, 34.3, 28.9; HRMS (ESI): m/z 

[M + Na]+ calcd for [C26H26NaO6]+: 457.1622, found: 457.1630; HPLC: Daicel Chiralpak IA, n-

hexane/i-PrOH = 80/20, flow rate = 1 mL/min, λ = 254 nm, tmajor = 30.08 min and tminor = 53.48 min. 
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(3R,4R,4aR,8aR)-3-(2-([1,1'-biphenyl]-4-yl)-2-oxoethyl)-4-benzoyl-4-hydroxy-8a-methyl-

3,4,4a,8a-tetrahydro-2H-chromen-6(5H)-one (3n) 

 

Followed the general procedure, using 1a (0.2 mmol, 29.6 mg), 2c (0.2 mmol, 68.8 mg) and L2 (0.02 

mmol, 14.0 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 4:1) to 

afforded 3n as a yellow solid (38.4 mg, 40% yield, >20:1 dr); [α]D
20 = -93.0 (c = 0.4, DCM, 99% ee); 

m.p. = 189.0-190.1 °C; 1H NMR (400 MHz, CDCl3) δ 8.16 – 8.09 (m, 2H), 7.83 (d, J = 8.4 Hz, 2H), 

7.64 (t, J = 7.4 Hz, 1H), 7.60 – 7.49 (m, 6H), 7.45 (t, 2H), 7.38 (t, J = 7.3 Hz, 1H), 6.70 (dd, J = 10.4, 

1.5 Hz, 1H), 6.08 (d, J = 10.4 Hz, 1H), 4.73 (s, 1H), 3.98 – 3.82 (m, 1H), 3.70 (t, J = 11.0 Hz, 1H), 3.59 

– 3.39 (m, 1H), 3.05 (d, J = 6.0 Hz, 1H), 2.86 – 2.72 (m, 1H), 2.68 – 2.57 (m, 1H), 2.50 – 2.37 (m, 1H), 

1.99 (d, J = 17.4 Hz, 1H), 1.52 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 202.6, 197.0, 196.2, 152.3, 146.1, 

139.7, 135.1, 133.9, 132.9, 131.3, 129.9, 128.9, 128.9, 128.6, 128.3, 127.2, 127.2, 81.5, 73.0, 63.7, 46.6, 

38.2, 37.2, 34.8, 28.9; HRMS (ESI): m/z [M + Na]+ calcd for [C31H28NaO5]+: 503.1829, found: 503.1837; 

HPLC: Daicel Chiralpak IA, n-hexane/i-PrOH = 80/20, flow rate = 1 mL/min, λ = 254 nm, tmajor = 33.35 

min and tminor = 60.89 min. 

(3R,4R,4aR,8aR)-4-benzoyl-4-hydroxy-8a-methyl-3-(2-oxo-2-(p-tolyl)ethyl)-3,4,4a,8a-tetrahydro-

2H-chromen-6(5H)-one (3o) 

 

Followed the general procedure, using 1a (0.2 mmol, 29.6 mg), 2d (0.2 mmol, 56.4 mg) and L2 (0.02 

mmol, 14.0 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 4:1) to 

afforded 3o as an orange solid (58.5 mg, 70% yield, >20:1 dr); [α]D
20 = -99.6 (c = 0.2, DCM, 95% ee); 

m.p. = 68.4-70.1 °C; 1H NMR (400 MHz, CDCl3) δ 8.10 (d, J = 7.7 Hz, 2H), 7.77 – 7.58 (m, 3H), 7.52 

(t, J = 7.7 Hz, 2H), 7.16 (d, J = 8.0 Hz, 2H), 6.69 (d, J = 10.4 Hz, 1H), 6.07 (d, J = 10.4 Hz, 1H), 4.70 

(s, 1H), 3.96 – 3.80 (m, 1H), 3.67 (t, J = 11.0 Hz, 1H), 3.50 – 3.37 (m, 1H), 3.03 (d, J = 5.7 Hz, 1H), 

2.82 – 2.70 (m, 1H), 2.61 – 2.53 (m, 1H), 2.47 – 2.38 (m, 1H), 2.36 (s, 3H), 1.98 (d, J = 17.4 Hz, 1H), 

1.51 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 202.6, 202.2, 197.1, 196.2, 152.3, 144.3, 133.9, 133.8, 

133.0, 131.3, 129.8, 129.3, 128.9, 128.1, 81.5, 72.9, 63.7, 46.6, 38.2, 37.2, 34.6, 28.9, 21.6; HRMS (ESI): 

m/z [M + Na]+ calcd for [C26H26NaO5]+: 441.1672, found: 441.1680; HPLC: Daicel Chiralpak IA, n-

hexane/i-PrOH = 80/20, flow rate = 1 mL/min, λ = 254 nm, tmajor = 20.58 min and tminor = 37.41 min. 

(3R,4R,4aR,8aR)-4-benzoyl-3-(2-(4-bromophenyl)-2-oxoethyl)-4-hydroxy-8a-methyl-3,4,4a,8a-

tetrahydro-2H-chromen-6(5H)-one (3p) 
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Followed the general procedure, using 1a (0.2 mmol, 29.6 mg), 2e (0.2 mmol, 69.2 mg) and L2 (0.02 

mmol, 14.0 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 4:1) to 

afforded 3p as a yellow solid (65.6 mg, 68% yield, >20:1 dr); [α]D
20 = -78.6 (c = 0.6, DCM, 89% ee); 

m.p. = 57.1-58.0 °C; 1H NMR (400 MHz, CDCl3) δ 8.10 (d, J = 7.5 Hz, 2H), 7.68 – 7.58 (m, 3H), 7.56 

– 7.46 (m, 4H), 6.69 (dd, J = 10.4, 1.4 Hz, 1H), 6.07 (d, J = 10.4 Hz, 1H), 4.69 (s, 1H), 3.92 – 3.79 (m, 

1H), 3.67 (t, J = 11.0 Hz, 1H), 3.53 – 3.36 (m, 1H), 3.04 (d, J = 6.0 Hz, 1H), 2.79 – 2.65 (m, 1H), 2.62 

– 2.52 (m, 1H), 2.49 – 2.36 (m, 1H), 1.97 (d, J = 17.4 Hz, 1H), 1.51 (s, 3H); 13C NMR (101 MHz, CDCl3) 

δ 202.4, 196.4, 196.1, 152.1, 135.1, 133.9, 131.9, 131.3, 129.8, 129.5, 128.9, 128.6, 81.4, 73.0, 63.6, 

46.6, 38.1, 37.1, 34.7, 28.9; HRMS (ESI): m/z [M + Na]+ calcd for [C25H23BrNaO5]+: 505.0621, found: 

505.0630; HPLC: Daicel Chiralpak IA, n-hexane/i-PrOH = 80/20, flow rate = 1 mL/min, λ = 254 nm, 

tmajor = 26.06 min and tminor = 36.18 min. 

(3R,4R,4aR,8aR)-4-benzoyl-3-(2-(2-chlorophenyl)-2-oxoethyl)-4-hydroxy-8a-methyl-3,4,4a,8a-

tetrahydro-2H-chromen-6(5H)-one (3q) 

 

 

Followed the general procedure, using 1a (0.2 mmol, 29.6 mg), 2f (0.2 mmol, 60.4 mg) and L2 (0.02 

mmol, 14.0 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 4:1) to 

afforded 3q as a yellow solid (54.3 mg, 62% yield, >20:1 dr); [α]D
20 = -40.5 (c = 0.4, DCM, 95% ee); 

m.p. = 60.4-61.4 °C; 1H NMR (400 MHz, CDCl3) δ 8.14 – 8.05 (m, 2H), 7.64 (t, J = 7.4 Hz, 1H), 7.52 

(t, J = 7.7 Hz, 2H), 7.34 – 7.28 (m, 2H), 7.25 – 7.16 (m, 2H), 6.68 (dd, J = 10.4, 1.6 Hz, 1H), 6.06 (d, J 

= 10.4, 0.6 Hz, 1H), 4.63 (s, 1H), 4.00 – 3.89 (m, 1H), 3.78 – 3.63 (m, 1H), 3.50 – 3.31 (m, 1H), 3.03 (d, 

J = 6.1 Hz, 1H), 2.81 – 2.67 (m, 1H), 2.65 – 2.54 (m, 1H), 2.51 – 2.36 (m, 1H), 1.96 (d, J = 17.4 Hz, 1H), 

1.51 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 202.4, 200.9, 196.1, 152.1, 138.8, 133.9, 132.9, 131.9, 

131.3, 130.6, 130.5, 129.8, 128.9, 128.6, 126.9, 81.3, 73.0, 63.6, 46.5, 39.3, 38.4, 37.1, 28.9; HRMS 

(ESI): m/z [M + Na]+ calcd for [C25H23ClNaO5]+: 461.1126, found: 461.1137; HPLC: Daicel Chiralpak 

IC, n-hexane/i-PrOH = 70/30, flow rate = 1 mL/min, λ = 254 nm, tmajor = 26.60 min and tminor = 19.12 

min. 

(3R,4R,4aR,8aR)-4-benzoyl-4-hydroxy-8a-methyl-3-(2-(naphthalen-2-yl)-2-oxoethyl)-3,4,4a,8a-

tetrahydro-2H-chromen-6(5H)-one (3r) 
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Followed the general procedure, using 1a (0.2 mmol, 29.6 mg), 2g (0.2 mmol, 63.6 mg) and L2 (0.02 

mmol, 14.0 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 4:1) to 

afforded 3r as a light yellow solid (59.9 mg, 66% yield, >20:1 dr); [α]D
20 = -180.3 (c = 0.4, DCM, 93% 

ee); m.p. = 146.6-148.2 °C; 1H NMR (400 MHz, CDCl3) δ 8.25 (s, 1H), 8.13 (d, J = 7.5 Hz, 2H), 7.86 

– 7.76 (m, 4H), 7.65 – 7.46 (m, 5H), 6.70 (dd, J = 10.4, 1.4 Hz, 1H), 6.09 (d, J = 10.4 Hz, 1H), 4.77 (s, 

1H), 3.99 – 3.85 (m, 1H), 3.73 (t, J = 11.0 Hz, 1H), 3.60 – 3.45 (m, 1H), 3.06 (d, J = 5.9 Hz, 1H), 2.97 

– 2.83 (m, 1H), 2.81 – 2.69 (m, 1H), 2.52 – 2.37 (m, 1H), 2.00 (d, J = 17.4 Hz, 1H), 1.52 (s, 3H); 13C 

NMR (101 MHz, CDCl3) δ 202.6, 197.4, 196.1, 152.2, 135.6, 133.9, 133.7, 133.0, 132.4, 131.3, 129.8, 

129.8, 129.6, 128.9, 128.6, 128.5, 127.7, 126.8, 123.6, 81.6, 73.0, 63.7, 46.6, 38.3, 37.2, 34.8, 28.9; 

HRMS (ESI): m/z [M + Na]+ calcd for [C29H26NaO5]+: 477.1672, found: 477.1682; HPLC: Daicel 

Chiralpak IA, n-hexane/i-PrOH = 80/20, flow rate = 1 mL/min, λ = 254 nm, tmajor = 22.41 min and tminor 

= 32.28 min. 

(3R,4R,4aR,8aR)-4-benzoyl-3-(2-(furan-2-yl)-2-oxoethyl)-4-hydroxy-8a-methyl-3,4,4a,8a-

tetrahydro-2H-chromen-6(5H)-one (3s) 

 

Followed the general procedure, using 1a (0.2 mmol, 29.6 mg), 2h (0.2 mmol, 51.6 mg) and L2 (0.02 

mmol, 14.0 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 4:1) to 

afforded 3s as a light yellow solid (35.5 mg, 45% yield, >20:1 dr); [α]D
20 = -51.3 (c = 0.2, DCM, 99% 

ee); m.p. = 74.8-76.1 °C; 1H NMR (400 MHz, CDCl3) δ 8.15 – 8.06 (m, 2H), 7.63 (t, J = 7.4 Hz, 1H), 

7.52 (t, J = 7.7 Hz, 2H), 7.44 (d, J = 1.0 Hz, 1H), 7.04 (d, J = 3.5 Hz, 1H), 6.69 (dd, J = 10.4, 1.5 Hz, 

1H), 6.45 (dd, J = 3.6, 1.6 Hz, 1H), 6.07 (d, J = 10.4 Hz, 1H), 4.68 (s, 1H), 3.91 – 3.80 (m, 1H), 3.69 (t, 

J = 11.0 Hz, 1H), 3.49 – 3.30 (m, 1H), 3.02 (d, J = 6.0 Hz, 1H), 2.69 – 2.56 (m, 1H), 2.52 – 2.38 (m, 2H), 

1.98 (d, J = 17.4 Hz, 1H), 1.51 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 202.4, 196.1, 186.6, 152.2, 146.5, 

133.8, 132.9, 131.3, 129.8, 128.9, 117.4, 112.3, 100.0, 81.4, 72.9, 63.6, 46.6, 37.9, 37.16, 34.7, 28.9. 

HRMS (ESI): m/z [M + Na]+ calcd for [C23H22NaO6]+: 417.1309 , found: 417.1315 ; HPLC: Daicel 

Chiralpak IB, n-hexane/i-PrOH = 80/20, flow rate = 1 mL/min, λ = 254 nm, tmajor = 14.35 min and tminor 

= 19.39 min. 

(3R,4R,4aR,8aR)-4-benzoyl-4-hydroxy-8a-methyl-3-(2-oxo-2-(thiophen-2-yl)ethyl)-3,4,4a,8a-

tetrahydro-2H-chromen-6(5H)-one (3t) 

 

Followed the general procedure, using 1a (0.2 mmol, 29.6 mg), 2i (0.2 mmol, 54.8 mg) and L2 (0.02 

mmol, 14.0 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 4:1) to 

afforded 3t as a yellow solid (43.5 mg, 53% yield, >20:1 dr); [α]D
20 = -46.4 (c = 0.1, DCM, 94% ee); 

m.p. = 76.1-78.2 °C; 1H NMR (400 MHz, CDCl3) δ 8.10 (d, J = 7.5 Hz, 2H), 7.64 (t, J = 7.4 Hz, 1H), 
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7.60 – 7.56 (m, 1H), 7.56 – 7.47 (m, 3H), 7.06 – 7.00 (m, 1H), 6.69 (dd, J = 10.4, 1.5 Hz, 1H), 6.07 (d, 

J = 10.4 Hz, 1H), 4.70 (s, 1H), 3.94 – 3.84 (m, 1H), 3.69 (t, J = 11.0 Hz, 1H), 3.51 – 3.36 (m, 1H), 3.02 

(d, J = 6.0 Hz, 1H), 2.78 – 2.66 (m, 1H), 2.59 – 2.48 (m, 1H), 2.48 – 2.38 (m, 1H), 1.98 (d, J = 17.4 Hz, 

1H), 1.51 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 202.4, 196.2, 190.3, 152.2, 143.7, 134.1, 133.9, 132.9, 

132.2, 131.3, 129.8, 129.0, 128.2, 81.4, 72.9, 63.6, 46.6, 38.3, 37.2, 35.4, 28.9; HRMS (ESI): m/z [M + 

Na]+ calcd for [C23H22NaO5S]+: 433.1080, found: 433.1082; HPLC: Daicel Chiralpak IA, n-hexane/i-

PrOH = 80/20, flow rate = 1 mL/min, λ = 254 nm, tmajor = 24.86 min and tminor = 34.66 min. 

(3R,4R,4aR,8aR)-4-benzoyl-8a-butyl-4-hydroxy-3-(2-oxo-2-phenylethyl)-3,4,4a,8a-tetrahydro-2H-

chromen-6(5H)-one (3u) 

 

Followed the general procedure, using 1a (0.2 mmol, 29.6 mg), 2j (0.2 mmol, 62.0 mg) and L2 (0.02 

mmol, 14.0 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 4:1) to 

afforded 3u as a yellow solid (58.9 mg, 66% yield, >14:1 dr); [α]D
20 = -24.5 (c = 0.6, DCM, 97% ee); 

m.p. = 70.4-71.2 °C; 1H NMR (400 MHz, CDCl3) δ 8.16 – 8.09 (m, 2H), 7.80 – 7.72 (m, 2H), 7.63 (t, J 

= 7.4 Hz, 1H), 7.55 – 7.48 (m, 3H), 7.36 (t, J = 7.7 Hz, 2H), 6.74 (dd, J = 10.5, 1.5 Hz, 1H), 6.10 (d, J = 

10.4 Hz, 1H), 4.70 (s, 1H), 3.93 – 3.83 (m, 1H), 3.67 (t, J = 11.0 Hz, 1H), 3.51 – 3.36 (m, 1H), 3.13 (d, 

J = 6.1 Hz, 1H), 2.83 – 2.73 (m, 1H), 2.64 – 2.54 (m, 1H), 2.44 – 2.33 (m, 1H), 1.94 (d, J = 17.5 Hz, 1H), 

1.88 – 1.79 (m, 1H), 1.73 – 1.63 (m, 1H), 1.55 – 1.44 (m, 2H), 1.37 – 1.29 (m, 2H), 0.92 (t, J = 7.3 Hz, 

3H); 13C NMR (101 MHz, CDCl3) δ 202.5, 197.5, 196.5, 152.4, 136.4, 133.9, 133.4, 132.8, 131.5, 129.9, 

128.9, 128.6, 127.9, 81.6, 77.1, 76.8, 74.7, 63.5, 44.3, 41.6, 38.1, 36.9, 34.7, 25.3, 23.1, 14.1; HRMS 

(ESI): m/z [M + Na]+ calcd for [C28H30NaO5]+: 469.1985, found: 469.1991; HPLC: Daicel Chiralpak IA, 

n-hexane/i-PrOH = 80/20, flow rate = 1 mL/min, λ = 254 nm, major product: tmajor = 14.63 min and tminor 

= 21.85 min. minor product: tmajor = 11.40 min and tminor = 19.55 min. 

(3R,4R,4aR,8aR)-4-benzoyl-8a-(tert-butyl)-4-hydroxy-3-(2-oxo-2-phenylethyl)-3,4,4a,8a-

tetrahydro-2H-chromen-6(5H)-one (3v) 

 

Followed the general procedure, using 1a (0.2 mmol, 29.6 mg), 2k (0.2 mmol, 62.0 mg) and L2 (0.02 

mmol, 14.0 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 4:1) to 

afforded 3v as a white solid (46.4 mg, 52% yield, >20:1 dr); [α]D
20 = -48.0 (c = 0.4, DCM, 98% ee); m.p. 

= 76.8-78.2 °C; 1H NMR (400 MHz, CDCl3) δ 8.16 (d, J = 7.5 Hz, 2H), 7.77 (d, J = 7.4 Hz, 2H), 7.64 

(t, J = 7.4 Hz, 1H), 7.56 – 7.47 (m, 3H), 7.36 (t, J = 7.7 Hz, 2H), 6.68 (dd, J = 10.7, 1.2 Hz, 1H), 6.27 (d, 

J = 10.7 Hz, 1H), 4.70 (s, 1H), 3.93 – 3.82 (m, 1H), 3.66 (t, J = 10.9 Hz, 1H), 3.42 – 3.29 (m, 2H), 2.85 

– 2.70 (m, 1H), 2.62 – 2.41 (m, 2H), 1.86 (d, J = 18.3 Hz, 1H), 1.08 (s, 9H); 13C NMR (101 MHz, CDCl3) 

δ 202.4, 197.6, 196.8, 150.2, 136.5, 134.1, 133.5, 133.4, 132.4, 130.1, 128.9, 128.6, 127.9, 82.3, 78.1, 
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62.8, 41.3, 39.6, 38.5, 37.9, 34.7, 26.2; HRMS (ESI): m/z [M + Na]+ calcd for [C28H30NaO5]+: 469.1985, 

found: 469.1991; HPLC: Daicel Chiralpak IA, n-hexane/i-PrOH = 80/20, flow rate = 1 mL/min, λ = 254 

nm, tmajor = 13.76 min and tminor = 21.30 min. 

Scale-up reaction  

 

Under the nitrogen atmosphere, a solution of diethylzinc (100 μL, 1.0 M in hexane, 0.1 mmol) was added 

dropwise to a solution of L1 (0.05 mmol, 35 mg) and 3A (400 mg) in toluene (6 mL). After the mixture 

was stirred for 60 min at 20 °C. Then, 1a (1 mmol, 136 mg) and 2a (1 mmol, 268 mg) were added. The 

reaction mixture was stirred for 24 h at 40 °C. First, the 3Å MS was filtered out with a sand core funnel 

and filtrate was quenched with NH4Cl solution (10 mL), then the aqueous layer was extracted with 

CH2Cl2 (3 × 10 mL). The combined organic layer was washed with brine and dried over Na2SO4. The 

solvent was removed under reduced pressure by using a rotary evaporator. The residue was purified by 

flash chromatography with petroleum ether/ethyl acetate (5:1) to afford the desired product 3a (248 mg). 

Derivatization 

 

Synthesis of 41: Compound 3a (80.8 mg, 0.2 mmol, 1 eq.) were dissolved in 3 mL of MeOH/H2O (v:v 

= 1:2). Then NaOH (24 mg, 0.6 mmol, 3eq.) was added. Upon completion as shown by TLC, the 

reaction mixture was washed with NH4Cl (2 mL) and extracted with CH2Cl2 (3 × 1 mL). The organic 

layer was dried over Na2SO4 and concentrated in vacuo. The residue was purified by flash 

chromatography with petroleum ether/ethyl acetate (4:1) to give the product 4 as a white solid.    

((3R,4R,4aS,6S,8S,8aR,9S)-6-hydroxy-8a-methyloctahydro-4H-4,6-epoxy-3,8-methanochromene-

4,9-diyl)bis(phenylmethanone) (4) 

 
White solid (72.7 mg) in 90% isolated yield; [α]D

20 = -75.6 (c = 0.6, DCM, 95% ee); m.p. = 195.0-

196.0 °C; 1H NMR (400 MHz, CDCl3) δ 8.22 (d, J = 7.6 Hz, 2H), 7.92 (d, J = 7.5 Hz, 2H), 7.57 – 7.49 

(m, 2H), 7.45 (q, J = 17.2, 7.8 Hz, 4H), 4.32 (d, J = 4.2 Hz, 1H), 3.46 (d, J = 10.4 Hz, 1H), 3.42 – 3.35 

(m, 1H), 3.33 – 3.24 (m, 2H), 2.93 (s, 1H), 2.86 (t, J = 3.7 Hz, 1H), 2.21 – 2.06 (m, 1H), 1.99 – 1.85 (m, 

2H), 1.73 – 1.66 (m, 1H), 1.34 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 200.9, 196.2, 136.8, 133.4, 132.9, 

130.4, 128.8, 128.4, 127.9, 108.2, 87.8, 72.5, 59.2, 46.7, 46.2, 41.7, 38.4, 38.4, 37.4, 23.3; HRMS (ESI): 
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m/z [M + Na]+ calcd for [C25H24NaO5]+: 427.1516, found: 427.1523; HPLC: Daicel Chiralpak ID, n-

hexane/i-PrOH = 80/20, flow rate = 1 mL/min, λ = 254 nm, tmajor = 12.72 min and tminor = 14.57 min. 

 

Synthesis of 52,3: Compound 3a (80.8 mg, 0.2 mmol, 1 eq.), Et3SiH (232 mg, 2 mmol, 10 eq.) and BF3 

•Et2O (197.4 mg, 1.4 mmol, 7 eq) were add to the DCM (2 mL), and the mixture was stirred at room 

temperature for 3h. Upon completion as shown by TLC, the reaction mixture was washed with water (1 

mL) and extracted with CH2Cl2 (3 × 1 mL). The organic layer was dried over Na2SO4 and concentrated 

in vacuo. The residue was purified by flash chromatography with petroleum ether/ethyl acetate (4:1) to 

provide the product 5 as a light yellow solid.                                                     

(3aR,5aR,9aS,9bR)-9b-benzoyl-2-hydroxy-5a-methyl-2-phenyl-2,3,3a,9,9a,9b-hexahydro-4H-

furo[3,2-c]chromen-8(5aH)-one (5a) 

 

Light yellow solid (71.4 mg) in 92% isolated yield; [α]D
20 = -60.2 (c = 0.6, DCM, 95% ee); m.p. = 156.8-

158.2 °C; 1H NMR (400 MHz, CDCl3) δ 8.33 – 8.18 (m, 2H), 7.58 – 7.51 (m, 1H), 7.46 (t, J = 7.6 Hz, 

2H), 7.32 – 7.26 (m, 2H), 7.24 – 7.19 (m, 1H), 7.16 (d, J = 7.5 Hz, 2H), 6.69 (dd, J = 10.4, 1.6 Hz, 1H), 

6.18 (d, J = 10.4 Hz, 1H), 4.78 – 4.70 (m, 1H), 3.77 – 3.61 (m, 1H), 3.32 – 3.17 (m, 1H), 3.00 – 2.88 (m, 

1H), 2.85 – 2.77 (m, 2H), 2.76 – 2.69 (m, 1H), 2.31 – 2.22 (m, 1H), 1.59 – 1.49 (m, 4H); 13C NMR (101 

MHz, CDCl3) δ 205.7, 196.5, 153.6, 141.9, 136.6, 133.4, 130.9, 129.9, 128.9, 128.2, 127.1, 125.1, 93.9, 

78.3, 77.4, 72.3, 63.1, 44.8, 41.6, 38.1, 34.2, 27.2; HRMS (ESI): m/z [M + Na]+ calcd for [C25H24NaO4]+: 

411.1567, found: 411.1569; HPLC: Daicel Chiralpak IF, n-hexane/i-PrOH = 70/30, flow rate = 1 

mL/min, λ = 254 nm, tmajor = 10.69 min and tminor = 8.33 min.  
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HPLC spectra of compound 
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Single-crystal X-ray diffraction of 3n (CCDC: 2234463) 

X-ray analysis was carried out using the single crystal which was grown in Hexane/CHCl3.  

The instrumentation used for the crystal measurement is Oxford Gemini E X-ray single-crystal 

diffractometer (ellipsoid contour at 30% probability level). 
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Single-crystal X-ray diffraction of 3u (CCDC: 2246355) 

X-ray analysis was carried out using the single crystal which was grown in Hexane/CHCl3.  

The instrumentation used for the crystal measurement is Oxford Gemini E X-ray single-crystal 

diffractometer (ellipsoid contour at 30% probability level). 
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Single-crystal X-ray diffraction of rac-4 (CCDC: 2281199) 
X-ray analysis was carried out using the single crystal which was grown in Hexane/CHCl3.  

The instrumentation used for the crystal measurement is Oxford Gemini E X-ray single-crystal 

diffractometer (ellipsoid contour at 30% probability level). 
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Single-crystal X-ray diffraction of rac-5 (CCDC: 2266697) 
X-ray analysis was carried out using the single crystal which was grown in Hexane/CHCl3.  

The instrumentation used for the crystal measurement is Oxford Gemini E X-ray single-crystal 

diffractometer (ellipsoid contour at 30% probability level). 
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