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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, ID (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. α-Hydroxy-1-indanones1 and 

yne-enones2 were synthesized according to the literature. 

General Procedure for optimization of the reaction conditions 

Under a nitrogen atmosphere, a solution of diethylzinc (20 μL, 1.0 M in hexane, 0.02 mmol, 0.2 eq) 

was added dropwise to a solution of L (0.01 mmol, 0.1 eq) in solvent (2 mL). After the mixture was 

stirred for 30 min at 40 ℃, then, α-hydroxy-1-indanone 1a (0.1 mmol, 14.8 mg, 1.0 eq), yne-enone 2a 

(0.1 mmol, 24.6 mg, 1.0 eq), and additives were added. The reaction mixture was stirred for 48 h 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 (4/1) to afford the desired product 

3a. 

Synthesis of chiral spiro[2,3-dihydrofuran-2,2’-inden-1-ones] 

Under a nitrogen atmosphere, a solution of diethylzinc (40 μL, 1.0 M in hexane, 0.04 mmol, 0.2 eq) 

was added dropwise to a solution of L1 (0.02 mmol, 14.0 mg, 0.1 eq) in toluene (2 mL). After the mixture 

was stirred for 30 min at 40 ℃. Then, α-hydroxy-1-indanone 1a (0.2 mmol, 29.6 mg, 1.0 eq), yne-enone 

2a (0.2 mmol, 49.2 mg, 1.0 eq) and 2-Br-4-ClPhOH (0.04 mmol, 8.28 mg, 0.2 eq) were added. The 

reaction mixture was stirred for 48 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 (4/1) 

to afford the desired product 3a. 

(2R,3R)-4-acetyl-5-benzyl-3-phenyl-3H-spiro[furan-2,2'-inden]-1'(3'H)-one (3a): 

 

Followed the general procedure, using 1a (0.2 mmol, 29.6 mg), 2a (0.2 mmol, 49.8 mg) and L1 

(0.02 mmol, 14.1 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 4:1) 
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to afforded 3a as a light yellow oil (54.2 mg, 65% yield, >20:1 dr); [α]D
20 = -152.8 (c = 2.0, DCM, 

98% ee); 1H NMR (400 MHz, CDCl3) δ 7.82 – 7.64 (m, 1H), 7.49 – 7.40 (m, 1H), 7.38 – 7.13 (m, 

9H), 7.09 -7.02 (m, 1H), 6.90 (s, 2H), 4.48 (s, 1H), 4.12 (dd, J = 92.8, 14.2 Hz, 2H), 2.72 (dd, J = 

96.5, 17.6 Hz, 2H), 1.82 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 200.5, 194.6, 169.4, 150.7, 139.4, 

136.4, 136.0, 133.3, 129.1, 129.0, 128.5, 128.2, 128.0, 126.7, 126.3, 125.3, 116.0, 93.1, 53.8, 36.2, 

34.2, 29.8; HRMS (ESI): m/z [M + Na]+ calcd for [C27H22NaO3]+: 417.1461, found: 417.1462; 

HPLC: Daicel Chiralpak IC, n-hexane/i-PrOH = 70/30, flow rate = 1 mL/min, λ = 254 nm, tmajor = 

21.87 min and tminor = 10.83 min. 

(2R,3R)-4-acetyl-5-benzyl-5'-fluoro-3-phenyl-3H-spiro[furan-2,2'-inden]-1'(3'H)-one (3b): 

 

Followed the general procedure, using 1b (0.2 mmol, 33.4 mg), 2a (0.2 mmol, 49.8 mg) and L1 

(0.02 mmol, 14.2 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 4:1) 

to afforded 3b as a light yellow oil (67.9 mg, 78% yield, >20:1 dr); [α]D
20 = -133.8 (c = 2.0, DCM, 

97% ee); 1H NMR (400 MHz, CDCl3) δ 7.88 – 7.78 (m, 1H), 7.43 – 7.37 (m, 2H), 7.35 – 7.27 (m, 

5H), 7.26 – 7.21 (m, 1H), 7.12 – 7.06 (m, 1H), 6.99 (s, 2H), 6.86 – 6.79 (m, 1H), 4.57 (s, 1H), 4.20 

(dd, J = 92.2, 14.4 Hz, 2H), 2.79 (dd, J = 94.1, 17.9 Hz, 2H), 1.92 (s, 3H); 13C NMR (101 MHz, 

CDCl3) δ 198.7, 194.6, 169.2, 167.8(d, J = 258.7Hz), 153.7 (d, J = 10.5 Hz), 139.2, 136.3, 129.6 (d, 

J = 1.8 Hz), 129.2, 129.0, 128.5, 128.1, 127.8 (d, J = 10.6 Hz), 126.8, 116.6 (d, J = 23.8 Hz), 116.0, 

113.2 (d, J = 22.6 Hz), 93.1, 53.9, 36.2, 34.2, 29.8; 19F NMR (376 MHz, CDCl3) δ -99.7; HRMS 

(ESI): m/z [M + Na]+ calcd for [C27H21FNaO3]+: 435.1367, found: 435.1375; HPLC: Daicel 

Chiralpak IC, n-hexane/i-PrOH = 70/30, flow rate = 1 mL/min, λ = 254 nm, tmajor = 21.35 min and 

tminor = 11.26 min. 

(2R,3R)-4-acetyl-5-benzyl-5'-chloro-3-phenyl-3H-spiro[furan-2,2'-inden]-1'(3'H)-one (3c): 

 

Followed the general procedure, using 1c (0.2 mmol, 36.4 mg), 2a (0.2 mmol, 49.8 mg) and L1 

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

to afforded 3c as a light yellow oil (57.7 mg, 64% yield, >20:1 dr); [α]D
20 = -164.6 (c = 1.0, DCM, 

98% ee); 1H NMR (400 MHz, CDCl3) δ 7.74 (d, J = 8.2 Hz, 1H), 7.44 – 7.35 (m, 3H), 7.35 – 7.29 

(m, 4H), 7.29 – 7.21 (m, 2H), 7.16 (s, 1H), 6.99 (s, 2H), 4.56 (s, 1H), 4.20 (dd, J = 90.6, 14.3 Hz, 

2H), 2.78 (dd, J = 95.0, 17.9 Hz, 2H), 1.91 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 199.1, 194.6, 

169.3, 152.3, 142.6, 139.1, 136.3, 131.7, 129.2, 129.1, 129.0, 128.5, 128.1, 126.8, 126.5, 126.4, 

116.0, 93.0, 53.8, 36.0, 34.1, 29.8; HRMS (ESI): m/z [M + Na]+ calcd for [C27H21ClNaO3]+: 

451.1071, found: 451.1078; HPLC: Daicel Chiralpak IC, n-hexane/i-PrOH = 70/30, flow rate = 1 

mL/min, λ = 254 nm, tmajor = 22.86 min and tminor = 11.50 min. 

(2R,3R)-4-acetyl-5-benzyl-5'-bromo-3-phenyl-3H-spiro[furan-2,2'-inden]-1'(3'H)-one (3d): 
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Followed the general procedure, using 1d (0.2 mmol, 45.4 mg), 2a (0.2 mmol, 49.8 mg) and L1 

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

to afforded 3d as a light yellow oil (64.4 mg, 65% yield, >20:1 dr); [α]D
20 = -123.4 (c = 2.0, DCM, 

98% ee); 1H NMR (400 MHz, CDCl3) δ 7.66 (d, J = 8.2 Hz, 1H), 7.55 – 7.50 (m, 1H), 7.40 (d, J = 

7.2 Hz, 2H), 7.36 – 7.27 (m, 6H), 7.26 – 7.22 (m, 1H), 7.05 – 6.92 (m, 2H), 4.55 (s, 1H), 4.19 (dd, 

J = 90.0, 14.3 Hz, 2H), 2.78 (dd, J = 94.4, 17.9 Hz, 2H), 1.91 (s, 3H); 13C NMR (101 MHz, CDCl3) 

δ 199.3, 194.6, 169.2, 152.2, 139.1, 136.3, 132.1, 132.0, 131.6, 129.6, 129.2, 129.0, 128.6, 128.1, 

126.8, 126.5, 116.0, 92.9, 53.8, 35.9, 34.2, 29.8; HRMS (ESI): m/z [M + Na]+ calcd for 

[C27H21BrNaO3]+: 495.0566, found: 495.0569; HPLC: Daicel Chiralpak IC, n-hexane/i-PrOH = 

70/30, flow rate = 1 mL/min, λ = 254 nm, tmajor = 29.59 min and tminor = 14.15 min. 

(2R,3R)-4-acetyl-5-benzyl-5'-methyl-3-phenyl-3H-spiro[furan-2,2'-inden]-1'(3'H)-one (3e): 

 

Followed the general procedure, using 1e (0.2 mmol, 32.2 mg), 2a (0.2 mmol, 49.8 mg) and L1 

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

to afforded 3e as a light yellow oil (63.0 mg, 73% yield, >20:1 dr); [α]D
20 = -191.3 (c = 2.0, DCM, 

94% ee); 1H NMR (400 MHz, CDCl3) δ 7.70 (d, J = 7.9 Hz, 1H), 7.45 – 7.39 (m, 2H), 7.36 – 7.23 

(m, 6H), 7.19 (d, J = 7.9 Hz, 1H), 7.09 – 6.88 (m, 3H), 4.56 (s, 1H), 4.20 (dd, J = 101.6, 14.3 Hz, 

2H), 2.75 (dd, J = 95.1, 17.7 Hz, 2H), 2.37 (s, 3H), 1.90 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 

200.0, 194.7, 169.4, 151.2, 147.6, 139.5, 136.4, 130.9, 129.5, 129.1, 129.0, 128.5, 127.9, 126.7, 

126.6, 125.2, 116.0, 93.3, 53.9, 36.1, 34.2, 29.8, 22.2; HRMS (ESI): m/z [M + Na]+ calcd for 

[C28H24NaO3]+: 431.1618, found: 431.1623; HPLC: Daicel Chiralpak IC, n-hexane/i-PrOH = 70/30, 

flow rate = 1 mL/min, λ = 254 nm, tmajor = 32.91 min and tminor = 12.82 min. 

(2R,3R)-4-acetyl-5-benzyl-5'-methoxy-3-phenyl-3H-spiro[furan-2,2'-inden]-1'(3'H)-one (3f): 

 

Followed the general procedure, using 1f (0.2 mmol, 35.4 mg), 2a (0.2 mmol, 49.8 mg) and L1 

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

to afforded 3f as a light yellow oil (57.2 mg, 64% yield, >20:1 dr); [α]D
20 = -182.1 (c = 2.0, DCM, 

98% ee); 1H NMR (400 MHz, CDCl3) δ 7.66 (d, J = 8.6 Hz, 1H), 7.34 (d, J = 7.4 Hz, 2H), 7.26 – 

7.22 (m, 2H), 7.21 – 7.12 (m, 4H), 7.01 – 6.86 (m, 2H), 6.85 – 6.80 (m, 1H), 6.55 – 6.45 (m, 1H), 

4.51 (s, 1H), 4.12 (dd, J = 107.5, 14.3 Hz, 2H), 3.72 (s, 3H), 2.67 (dd, J = 89.9, 17.8 Hz, 2H), 1.82 

(s, 3H); 13C NMR (101 MHz, CDCl3) δ 198.6, 194.7, 169.4, 166.3, 153.9, 139.6, 136.5, 129.1, 129.0, 
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128.5, 127.8, 127.1, 126.7, 126.2, 116.2, 116.0, 109.5, 93.4, 55.7, 53.9, 36.4, 34.2, 29.8; HRMS 

(ESI): m/z [M + Na]+ calcd for [C28H24NaO4]+: 447.1567, found: 447.1568; HPLC: Daicel 

Chiralpak IC, n-hexane/i-PrOH = 70/30, flow rate = 1 mL/min, λ = 254 nm, tmajor = 61.12 min and 

tminor = 22.59 min. 

(2R,3R)-4-acetyl-5-benzyl-6'-fluoro-3-phenyl-3H-spiro[furan-2,2'-inden]-1'(3'H)-one (3g): 

 

Followed the general procedure, using 1g (0.2 mmol, 33.0 mg), 2a (0.2 mmol, 49.8 mg) and L1 

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

to afforded 3g as a light yellow oil (60.9 mg, 70% yield, >20:1 dr); [α]D
20 = -102.4 (c = 2.0, DCM, 

98% ee); 1H NMR (400 MHz, CDCl3) δ 7.47 – 7.43 (m, 1H), 7.41 (d, J = 7.3 Hz, 2H), 7.36 – 7.26 

(m, 6H), 7.26 – 7.22 (m, 1H), 7.16 – 7.11 (m, 1H), 7.07 – 6.90 (m, 2H), 4.55 (s, 1H), 4.20 (dd, J = 

82.3, 14.4 Hz, 2H), 2.77 (dd, J = 96.3, 17.4 Hz, 2H), 1.92 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 

199.7 (d, J = 2.7 Hz), 194.6, 169.3, 162.6 (d, J = 249.5 Hz), 146.2, 139.1, 136.3, 135.0 (d, J = 7.4 

Hz), 129.2, 129.0, 128.6, 128.1, 127.8 (d, J = 7.8 Hz), 126.8, 123.7 (d, J = 23.6 Hz), 116.0, 111.1 

(d, J = 22.1 Hz), 93.6, 53.8, 35.7, 34.2, 29.8; 19F NMR (376 MHz, CDCl3) δ -112.6; HRMS (ESI): 

m/z [M + Na]+ calcd for [C27H21FNaO3]+: 435.1367, found: 435.1370; HPLC: Daicel Chiralpak IC, 

n-hexane/i-PrOH = 70/30, flow rate = 1 mL/min, λ = 254 nm, tmajor = 19.81 min and tminor = 13.21 

min. 

(2R,3R)-4-acetyl-5-benzyl-6'-chloro-3-phenyl-3H-spiro[furan-2,2'-inden]-1'(3'H)-one (3h): 

 

Followed the general procedure, using 1h (0.2 mmol, 36.5 mg), 2a (0.2 mmol, 49.8 mg) and L1 

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

to afforded 3h as a light yellow oil (67.7 mg, 75% yield, >20:1 dr); [α]D
20 = -132.2 (c = 3.0, DCM, 

98% ee); 1H NMR (400 MHz, CDCl3) δ 7.81 – 7.71 (m, 1H), 7.53 – 7.48 (m, 1H), 7.40 (d, J = 7.4 

Hz, 2H), 7.36 – 7.29 (m, 4H), 7.28 – 7.21 (m, 2H), 7.10 (d, J = 8.2 Hz, 1H), 7.06 – 6.87 (m, 2H), 

4.54 (s, 1H), 4.20 (dd, J = 84.0, 14.4 Hz, 2H), 2.77 (dd, J = 96.7, 17.7 Hz, 2H), 1.92 (s, 3H); 13C 

NMR (101 MHz, CDCl3) δ 199.3, 194.6, 169.2, 148.8, 139.1, 136.2, 136.0, 134.8, 134.6, 129.2, 

129.0, 128.6, 128.1, 127.6, 126.8, 125.0, 116.0, 93.3, 53.8, 35.8, 34.1, 29.8; HRMS (ESI):  m/z 

[M + Na]+ calcd for [C27H21ClNaO3]+: 451.1071, found: 451.1078; HPLC: Daicel Chiralpak IC, n-

hexane/i-PrOH = 70/30, flow rate = 1 mL/min, λ = 254 nm, tmajor = 21.44 min and tminor = 12.64 min. 

(2R,3R)-4-acetyl-5-benzyl-6'-bromo-3-phenyl-3H-spiro[furan-2,2'-inden]-1'(3'H)-one (3i): 
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Followed the general procedure, using 1i (0.2 mmol, 45.2 mg), 2a (0.2 mmol, 49.8 mg) and L1 

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

to afforded 3i as a light yellow oil (59.4 mg, 60% yield, >20:1 dr); [α]D
20 = -115.7 (c = 2.0, DCM, 

98% ee); 1H NMR (400 MHz, CDCl3) δ 7.97 – 7.86 (m, 1H), 7.68 – 7.61 (m, 1H), 7.40 (d, J = 7.3 

Hz, 2H), 7.35 – 7.27 (m, 5H), 7.26 – 7.22 (m, 1H), 7.05 (d, J = 8.1 Hz, 1H), 7.03 – 6.84 (m, 2H), 

4.54 (s, 1H), 4.20 (dd, J = 84.9, 14.4 Hz, 2H), 2.74 (dd, J = 96.3, 17.8 Hz, 2H), 1.91 (s, 3H); 13C 

NMR (101 MHz, CDCl3) δ 199.1, 194.6, 169.2, 149.2, 139.0, 138.8, 136.2, 135.1, 129.2, 129.0, 

128.6, 128.1, 128.1, 127.9, 126.8, 122.3, 116.0, 93.2, 53.8, 35.9, 34.1, 29.8; HRMS (ESI): m/z [M 

+ Na]+ calcd for [C27H21BrNaO3]+: 495.0566, found: 495.0573; HPLC: Daicel Chiralpak IC, n-

hexane/i-PrOH = 70/30, flow rate = 1 mL/min, λ = 254 nm, tmajor = 25.41 min and tminor = 13.54 min. 

(2R,3R)-4-acetyl-5-benzyl-6'-methyl-3-phenyl-3H-spiro[furan-2,2'-inden]-1'(3'H)-one (3j): 

 

Followed the general procedure, using 1j (0.2 mmol, 32.2 mg), 2a (0.2 mmol, 49.8 mg) and L1 

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

to afforded 3j as a light yellow oil (68.1 mg, 79% yield, >20:1 dr); [α]D
20 = -155.3 (c = 1.7, DCM, 

99% ee); 1H NMR (400 MHz, CDCl3) δ 7.59 (s, 1H), 7.44 – 7.39 (m, 2H), 7.39 – 7.26 (m, 6H), 

7.26 – 7.21 (m, 1H), 7.05 (d, J = 7.8 Hz, 1H), 7.03 – 6.85 (m, 2H), 4.55 (s, 1H), 4.21 (dd, J = 95.8, 

14.3 Hz, 2H), 2.75 (dd, J = 99.5, 17.5 Hz, 2H), 2.39 (s, 3H), 1.91 (s, 3H); 13C NMR (101 MHz, 

CDCl3) δ 200.6, 194.7, 169.5, 148.1, 139.4, 138.3, 137.3, 136.4, 133.4, 129.1, 129.0, 128.5, 127.9, 

126.7, 126.0, 125.2, 115.9, 93.5, 53.8, 35.9, 34.2, 29.8, 21.2; HRMS (ESI):  m/z [M + Na]+ calcd 

for [C28H24NaO3]+: 431.1618, found: 431.1628; HPLC: Daicel Chiralpak IC, n-hexane/i-PrOH = 

70/30, flow rate = 1 mL/min, λ = 254 nm, tmajor = 33.75 min and tminor =12.19 min. 

(2R,3R)-4-acetyl-5-benzyl-6'-methoxy-3-phenyl-3H-spiro[furan-2,2'-inden]-1'(3'H)-one (3k): 

 

Followed the general procedure, using 1k (0.2 mmol, 35.4 mg), 2a (0.2 mmol, 49.8 mg) and L1 

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

to afforded 3k as a light yellow oil (58.1 mg, 65% yield, >20:1 dr); [α]D
20 = -227.2 (c = 1.0, DCM, 

98% ee); 1H NMR (400 MHz, CDCl3) δ 7.42 (d, J = 7.4 Hz, 2H), 7.35 – 7.26 (m, 5H), 7.25 – 7.18 

(m, 2H), 7.16 – 7.12 (m, 1H), 7.04 (d, J = 8.4 Hz, 1H), 7.03 – 6.84 (m, 2H), 4.55 (s, 1H), 4.21 (dd, 

J = 86.3, 14.3 Hz, 2H), 3.83 (s, 3H), 2.73 (dd, J = 97.8, 17.3 Hz, 2H), 1.91 (s, 3H); 13C NMR (101 

MHz, CDCl3) δ 200.5, 194.6, 169.5, 159.9, 143.6, 139.4, 136.4, 134.4, 129.1, 129.0, 128.5, 127.9, 

127.1, 126.7, 125.4, 115.9, 106.4, 93.8, 55.7, 53.9, 35.6, 34.2, 29.8; HRMS (ESI): m/z [M + Na]+ 

calcd for [C28H24NaO4]+: 447.1567, found: 447.1575; HPLC: Daicel Chiralpak IC, n-hexane/i-

PrOH = 70/30, flow rate = 1 mL/min, λ = 254 nm, tmajor = 45.15 min and tminor = 14.44 min. 
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(2R,3R)-4-acetyl-5-benzyl-4'-chloro-3-phenyl-3H-spiro[furan-2,2'-inden]-1'(3'H)-one (3l): 

 

Followed the general procedure, using 1l (0.2 mmol, 36.5 mg), 2a (0.2 mmol, 49.8 mg) and L1 

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

to afforded 3l as a light yellow oil (58.6 mg, 65% yield, >20:1 dr); [α]D
20 = -104.0 (c = 2.0, DCM, 

99% ee); 1H NMR (400 MHz, CDCl3) δ 7.72 (d, J = 7.5 Hz, 1H), 7.55 (d, J = 7.7 Hz, 1H), 7.45 – 

7.38 (m, 2H), 7.38 – 7.28 (m, 6H), 7.27 – 7.22 (m, 1H), 7.08 – 6.87 (m, 2H), 4.57 (s, 1H), 4.20 (dd, 

J = 85.1, 14.4 Hz, 2H), 2.79 (dd, J = 91.4, 18.2 Hz, 2H), 1.93 (s, 3H); 13C NMR (101 MHz, CDCl3) 

δ 199.7, 194.6, 169.1, 148.4, 138.9, 136.2, 135.6, 135.2, 132.6, 129.7, 129.3, 129.0, 128.6, 128.2, 

126.8, 123.5, 116.0, 92.8, 53.8, 35.2, 34.1, 29.8, 29.7; HRMS (ESI): m/z [M + Na]+ calcd for 

[C27H21ClNaO3]+: 451.1071, found: 451.1073; HPLC: Daicel Chiralpak IC, n-hexane/i-PrOH = 

70/30, flow rate = 1 mL/min, λ = 254 nm, tmajor = 21.23 min and tminor =11.20 min. 

(2R,3R)-4-acetyl-5-benzyl-4'-bromo-3-phenyl-3H-spiro[furan-2,2'-inden]-1'(3'H)-one (3m): 

 

Followed the general procedure, using 1m (0.2 mmol, 45.2 mg), 2a (0.2 mmol, 49.8 mg) and L1 

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

to afforded 3m as a light yellow oil (62.4 mg, 63% yield, >20:1 dr); [α]D
20 = -172.2 (c = 2.0, DCM, 

99% ee); 1H NMR (400 MHz, CDCl3) δ 7.79 – 7.68 (m, 2H), 7.40 (d, J = 7.4 Hz, 2H), 7.37 – 7.27 

(m, 6H), 7.26 – 7.22 (m, 1H), 7.09 – 6.85 (m, 2H), 4.56 (s, 1H), 4.21 (dd, J = 83.0, 14.4 Hz, 2H), 

2.74 (dd, J = 94.7, 18.1 Hz, 2H), 1.92 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 199.9, 194.6, 169.2, 

150.4, 138.8, 138.7, 136.2, 135.3, 129.9, 129.3, 129.0, 128.6, 128.2, 126.8, 124.1, 121.8, 116.0, 

92.8, 53.8, 37.2, 34.2, 29.8; HRMS (ESI): m/z [M + Na]+ calcd for [C27H21BrNaO3]+: 495.0566, 

found: 495.0573; HPLC: Daicel Chiralpak IC, n-hexane/i-PrOH = 70/30, flow rate = 1 mL/min, λ 

= 254 nm, tmajor = 22.90 min and tminor =11.81 min.  

(2R,3R)-4-acetyl-5-benzyl-4'-methyl-3-phenyl-3H-spiro[furan-2,2'-inden]-1'(3'H)-one (3n): 

 

Followed the general procedure, using 1n (0.2 mmol, 32.2 mg), 2a (0.2 mmol, 49.8 mg) and L1 

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

to afforded 3n as a light yellow oil (58.6 mg, 68% yield, >20:1 dr); [α]D
20 = -145.0 (c = 2.0, DCM, 

96% ee); 1H NMR (400 MHz, CDCl3) δ 7.66 (d, J = 7.4 Hz, 1H), 7.43 (d, J = 7.4 Hz, 2H), 7.38 – 

7.26 (m, 7H), 7.25 – 7.21 (m, 1H), 7.09 – 6.81 (m, 2H), 4.55 (s, 1H), 4.22 (dd, J = 102.9, 14.3 Hz, 

2H), 2.67 (dd, J = 97.0, 17.5 Hz, 2H), 2.00 (s, 3H), 1.91 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 
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200.9, 194.7, 169.6, 149.6, 139.3, 136.5, 136.4, 135.6, 133.1, 129.1, 129.0, 128.5, 128.3, 128.0, 

126.7, 122.7, 115.7, 93.3, 54.0, 34.8, 34.2, 29.8, 17.6; HRMS (ESI): m/z [M + Na]+ calcd for 

[C28H24NaO3]+: 431.1618, found: 431.1626; HPLC: Daicel Chiralpak IC, n-hexane/i-PrOH = 70/30, 

flow rate = 1 mL/min, λ = 254 nm, tmajor = 33.90 min and tminor =14.63 min. 

(2R,3R)-4-acetyl-5-benzyl-4'-methoxy-3-phenyl-3H-spiro[furan-2,2'-inden]-1'(3'H)-one (3o): 

 

Followed the general procedure, using 1o (0.2 mmol, 35.4 mg), 2a (0.2 mmol, 49.8 mg) and L1 

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

to afforded 3o as a light yellow oil (66.2 mg, 74% yield, >20:1 dr); [α]D
20 = -283.3 (c = 2.0, DCM, 

97% ee); 1H NMR (400 MHz, CDCl3) δ 7.40 (d, J = 7.8 Hz, 3H), 7.37 – 7.26 (m, 6H), 7.25 – 7.20 

(m, 1H), 7.08 – 6.95 (m, 3H), 4.59 (s, 1H), 4.18 (dd, J = 107.2, 14.3 Hz, 2H), 3.72 (s, 3H), 2.73 (dd, 

J = 80.7, 18.2 Hz, 2H), 1.91 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 200.7, 194.7, 169.1, 156.5, 

139.8, 139.4, 136.4, 134.6, 129.7, 129.1, 129.0, 128.5, 127.9, 126.7, 116.7, 116.3, 116.3, 92.9, 55.4, 

53.6, 34.2, 33.1, 29.8; HRMS (ESI): m/z [M + Na]+ calcd for [C28H24NaO4]+: 447.1567, found: 

447.1567; HPLC: Daicel Chiralpak IC, n-hexane/i-PrOH = 70/30, flow rate = 1 mL/min, λ = 254 

nm, tmajor = 31.25 min and tminor =14.12 min. 

(2R,3R)-4-acetyl-5-benzyl-3-(4-chlorophenyl)-3H-spiro[furan-2,2'-inden]-1'(3'H)-one (3p): 

 

Followed the general procedure, using 1a (0.2 mmol, 29.4 mg), 2b (0.2 mmol, 56.3 mg) and L1 

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

to afforded 3p as a light yellow oil (67.7 mg, 75% yield, >20:1 dr); [α]D
20 = -230.0 (c = 2.3, DCM, 

98% ee); 1H NMR (400 MHz, CDCl3) δ 7.81 (d, J = 7.6 Hz, 1H), 7.61 – 7.53 (m, 1H), 7.46 – 7.37 

(m, 3H), 7.37 – 7.30 (m, 2H), 7.29 – 7.22 (m, 3H), 7.19 (d, J = 7.6 Hz, 1H), 7.01 – 6.82 (m, 2H), 

4.54 (s, 1H), 4.19 (dd, J = 88.6, 14.4 Hz, 2H), 2.82 (dd, J = 110.0, 17.6 Hz, 2H), 1.95 (s, 3H); 13C 

NMR (101 MHz, CDCl3) δ 200.1, 194.1, 169.6, 150.4, 138.0, 136.2, 133.8, 133.2, 129.6, 129.3, 

129.0, 128.6, 128.4, 126.8, 126.3, 125.4, 116.1, 92.9, 53.1, 36.1, 34.2, 29.7; HRMS (ESI): m/z [M 

+ Na]+ calcd for [C27H21ClNaO3+]+: 451.1071, found: 451.1075; HPLC: Daicel Chiralpak IC, n-

hexane/i-PrOH = 70/30, flow rate = 1 mL/min, λ = 254 nm, tmajor = 22.83 min and tminor =11.71 min. 

(2R,3R)-4-acetyl-5-benzyl-3-(p-tolyl)-3H-spiro[furan-2,2'-inden]-1'(3'H)-one (3q): 



S9 

 

 

Followed the general procedure, using 1a (0.2 mmol, 29.4 mg), 2c (0.2 mmol, 52.0 mg) and L1 

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

to afforded 3q as a light yellow oil (70.7 mg, 82% yield, >20:1 dr); [α]D
20 = -254.2 (c = 2.8, DCM, 

96% ee); 1H NMR (400 MHz, CDCl3) δ 7.80 (d, J = 7.6 Hz, 1H), 7.57 – 7.50 (m, 1H), 7.44 – 7.35 

(m, 3H), 7.34 – 7.28 (m, 2H), 7.24 (d, J = 6.3 Hz, 1H), 7.16 (d, J = 7.7 Hz, 1H), 7.13 – 7.03 (m, 

2H), 6.96 – 6.77 (m, 2H), 4.52 (s, 1H), 4.20 (dd, J = 91.9, 14.3 Hz, 2H), 2.82 (dd, J = 82.4, 17.6 Hz, 

2H), 2.32 (s, 3H), 1.91 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 200.6, 194.8, 169.3, 150.8, 137.7, 

136.5, 136.3, 136.0, 133.3, 129.8, 129.0, 128.5, 128.2, 126.7, 126.3, 125.3, 116.0, 93.2, 53.5, 36.2, 

34.2, 29.8, 21.2; HRMS (ESI): m/z [M + Na]+ calcd for [C28H24NaO3]+: 431.1618, found: 431.1626; 

HPLC: Daicel Chiralpak IC, n-hexane/i-PrOH = 70/30, flow rate = 1 mL/min, λ = 254 nm, tmajor = 

25.04 min and tminor =12.90 min. 

(2R,3R)-4-acetyl-5-benzyl-3-(3-chlorophenyl)-3H-spiro[furan-2,2'-inden]-1'(3'H)-one (3r): 

 

Followed the general procedure, using 1a (0.2 mmol, 29.4 mg), 2d (0.2 mmol, 56.3 mg) and L1 

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

to afforded 3r as a light yellow oil (72.2 mg, 80% yield, >20:1 dr); [α]D
20 = -216.6 (c = 4.0, DCM, 

96% ee); 1H NMR (400 MHz, CDCl3) δ 7.81 (d, J = 7.7 Hz, 1H), 7.60 – 7.54 (m, 1H), 7.46 – 7.37 

(m, 3H), 7.37 – 7.30 (m, 2H), 7.28 – 7.18 (m, 4H), 7.06 – 6.78 (m, 2H), 4.53 (s, 1H), 4.20 (dd, J = 

91.1, 14.4 Hz, 2H), 2.82 (dd, J = 115.3, 17.7 Hz, 2H), 1.97 (s, 3H); 13C NMR (101 MHz, CDCl3) 

δ200.0, 194.0, 169.7, 150.5, 141.7, 136.2, 136.1, 133.1, 130.4, 128.9, 128.6, 128.4, 128.2, 126.9, 

126.3, 125.4, 116.0, 92.9, 53.3, 36.2, 34.2, 29.8; HRMS (ESI): m/z [M + Na]+ calcd for 

[C27H21ClNaO3]+: 451.1071, found: 451.1072; HPLC: Daicel Chiralpak IC, n-hexane/i-PrOH = 

70/30, flow rate = 1 mL/min, λ = 254 nm, tmajor = 21.49 min and tminor =10.85 min. 

(2R,3R)-4-acetyl-5-benzyl-3-(3-methoxyphenyl)-3H-spiro[furan-2,2'-inden]-1'(3'H)-one (3s): 

 

Followed the general procedure, using 1a (0.2 mmol, 29.4 mg), 2e (0.2 mmol, 55.2 mg) and L1 

(0.02 mmol, 14.0 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 4:1) 
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to afforded 3s as a light yellow oil (63.5 mg, 71% yield, >20:1 dr); [α]D
20 = -265.0 (c = 3.0, DCM, 

97% ee); 1H NMR (400 MHz, CDCl3) δ 7.82 (d, J = 7.7 Hz, 1H), 7.60 – 7.52 (m, 1H), 7.48 – 7.35 

(m, 3H), 7.35 – 7.27 (m, 2H), 7.27 – 7.16 (m, 3H), 6.83 – 6.76 (m, 1H), 6.75 – 6.26 (m, 2H), 4.52 

(s, 1H), 4.20 (dd, J = 151.6, 13.3 Hz, 2H), 3.62 (s, 3H), 2.83 (dd, J = 89.7, 17.7 Hz, 2H), 1.93 (s, 

3H); 13C NMR (101 MHz, CDCl3) δ 200.5, 194.7, 169.5, 150.9, 141.0, 136.6, 136.0, 133.2, 130.1, 

129.1, 128.5, 128.2, 126.7, 126.3, 125.4, 115.7, 93.1, 55.1, 53.7, 36.2, 34.2, 29.8; HRMS (ESI): 

m/z [M + Na]+ calcd for [C28H24NaO4]+: 447.1567, found: 447.1574; HPLC: Daicel Chiralpak IC, 

n-hexane/i-PrOH = 70/30, flow rate = 1 mL/min, λ = 254 nm, tmajor = 33.41 min and tminor =14.05 

min. 

(2R,3R)-4-acetyl-5-benzyl-3-(2-chlorophenyl)-3H-spiro[furan-2,2'-inden]-1'(3'H)-one (3t): 

 

Followed the general procedure, using 1a (0.2 mmol, 29.4 mg), 2f (0.2 mmol, 56.3 mg) and L1 

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

to afforded 3t as a light yellow oil (58.6 mg, 65% yield, 6:1 dr); [α]D
20 = -109.8 (c = 3.0, DCM, 89% 

ee); 1H NMR (400 MHz, CDCl3) δ 7.82 (d, J = 7.7 Hz, 1H), 7.59 – 7.54 (m, 1H), 7.43 – 7.38 (m, 

3H), 7.35 – 7.29 (m, 3H), 7.27 – 7.18 (m, 4H), 7.15 – 7.10 (m, 1H), 5.24 (s, 1H), 4.20 (dd, J = 97.7, 

14.3 Hz, 2H), 2.79 (dd, J = 94.9, 17.8 Hz, 2H), 1.91 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 200.0, 

194.5, 169.8, 150.9, 137.2, 136.3, 136.1, 134.3, 133.1, 129.8, 129.4, 129.1, 129.0, 128.6, 128.2, 

127.7, 126.8, 126.2, 125.4, 115.1, 92.6, 49.2, 36.4, 34.2, 29.5; HRMS (ESI): m/z [M + Na]+ calcd 

for [C27H21ClNaO3]+: 451.1071, found: 451.1078; HPLC: Daicel Chiralpak IC, n-hexane/i-PrOH = 

70/30, flow rate = 1 mL/min, λ = 254 nm, tmajor =15.07 min and tminor =11.42 min. 

(2R,3R)-4-acetyl-5-benzyl-3-(2-methoxyphenyl)-3H-spiro[furan-2,2'-inden]-1'(3'H)-one (3u): 

 

Followed the general procedure, using 1a (0.2 mmol, 29.4 mg), 2g (0.2 mmol, 55.2 mg) and L1 

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

to afforded 3u as a light yellow oil (51.0 mg, 57% yield, >20:1 dr); [α]D
20 = -70.6 (c = 2.0, DCM, 

89% ee); 1H NMR (400 MHz, CDCl3) δ 7.83 (d, J = 7.6 Hz, 1H), 7.55 – 7.51 (m, 1H), 7.42 (d, J = 

7.3 Hz, 2H), 7.40 – 7.36 (m, 1H), 7.33 – 7.29 (m, 2H), 7.26 – 7.21 (m, 2H), 7.14 (d, J = 7.6 Hz, 1H), 

7.06 – 7.03 (m, 1H), 6.93 (t, J = 7.4 Hz, 1H), 6.72 (d, J = 8.1 Hz, 1H), 5.13 (s, 1H), 4.19 (dd, J = 

107.2, 14.4 Hz, 2H), 3.24 (s, 3H), 2.75 (dd, J = 74.3, 17.7 Hz, 2H), 1.92 (s, 3H); 13C NMR (101 

MHz, CDCl3) δ 201.3, 195.2, 169.4, 156.9, 151.2, 136.6, 135.6, 133.6, 129.0, 128.9, 128.5, 128.4, 

127.8, 127.4, 126.6, 126.0, 125.0, 121.0, 114.2, 110.1, 92.8, 54.6, 46.9, 36.6, 34.2, 29.4; HRMS 

(ESI): m/z [M + Na]+ calcd for [C28H24NaO4]+: 447.1567, found: 447.1574;  HPLC: Daicel 

Chiralpak IC, n-hexane/i-PrOH = 70/30, flow rate = 1 mL/min, λ = 254 nm, tmajor =27.71 min and 
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tminor =18.73 min.  

(2R,3R)-4-acetyl-5-benzyl-3-(naphthalen-2-yl)-3H-spiro[furan-2,2'-inden]-1'(3'H)-one (3v): 

 

Followed the general procedure, using 1a (0.2 mmol, 29.4 mg), 2h (0.2 mmol, 59.2 mg) and L1 

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

to afforded 3v as a light yellow oil (68.2 mg, 73% yield, >20:1 dr); [α]D
20 = -280.7 (c = 3.0, DCM, 

93% ee); 1H NMR (400 MHz, CDCl3) δ 7.87 – 7.76 (m, 3H), 7.70 – 7.65 (m, 1H), 7.54 – 7.44 (m, 

6H), 7.40 – 7.33 (m, 3H), 7.30 – 7.25 (m, 1H), 7.20 – 6.93 (m, 2H), 4.73 (s, 1H), 4.26 (dd, J = 115.1, 

14.1 Hz, 2H), 2.82 (dd, J = 103.9, 17.7 Hz, 2H), 1.92 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 200.5, 

194.7, 169.6, 150.8, 136.9, 136.5, 136.1, 133.4, 133.2, 133.0, 129.1, 128.6, 128.3, 127.9, 127.8, 

126.8, 126.6, 126.3, 125.4, 116.1, 93.1, 53.9, 36.3, 34.3, 29.9; HRMS (ESI): m/z [M + Na]+ calcd 

for [C31H24NaO3]+: 467.1618, found: 467.1616; HPLC: Daicel Chiralpak IC, n-hexane/i-PrOH = 

70/30, flow rate = 1 mL/min, λ = 254 nm, tmajor =28.91 min and tminor =13.78 min.   

(2R,3R)-4-acetyl-5-benzyl-3-(thiophen-2-yl)-3H-spiro[furan-2,2'-inden]-1'(3'H)-one (3w): 

 

Followed the general procedure, using 1a (0.2 mmol, 29.4 mg), 2i (0.2 mmol, 50.4 mg) and L1 

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

to afforded 3w as a light yellow oil (46.5 mg, 55% yield, 2.5:1 dr); [α]D
20 = -206.5 (c = 2.0, DCM, 

98%/98% ee); 1H NMR (400 MHz, CDCl3) δ 7.86 – 7.73 (m, 1H), 7.62 – 7.55 (m, 1H), 7.43 – 7.36 

(m, 3H), 7.35 – 7.29 (m, 3H), 7.27 – 7.22 (m, 2H), 6.99 – 6.94 (m, 1H), 6.72 (d, J = 3.4 Hz, 1H), 

4.82 (s, 1H), 4.47 – 4.31 (m, 1H), 4.14 – 3.95 (m, 1H), 3.05 – 2.98 (m, 1H), 2.91 – 2.82 (m, 1H), 

2.01 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 200.1, 194.3, 169.6, 150.8, 143.9, 136.3, 136.2, 133.2, 

129.0, 128.5, 128.3, 127.5, 126.7, 126.4, 126.2, 125.8, 125.4, 116.2, 93.0, 48.7, 35.7, 34.2, 29.5; 

HRMS (ESI): m/z [M + Na]+ calcd for [C25H20NaO3S]+: 423.1025, found: 423.1029; HPLC: Daicel 

Chiralpak IC, n-hexane/i-PrOH = 70/30, flow rate = 1 mL/min, λ = 254 nm, major product: tmajor = 

23.17 min and tminor = 12.34 min; minor product: tmajor = 20.17 min and tminor = 11.43 min.   

(2R,3R)-5-benzyl-1'-oxo-3-phenyl-1',3'-dihydro-3H-spiro[furan-2,2'-indene]-4-carbaldehyde 

(3x): 
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Followed the general procedure, using 1a (0.2 mmol, 29.4 mg), 2j (0.2 mmol, 46.4 mg) and L1 

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

to afforded 3x as a light yellow oil (52.4 mg, 65% yield, >20:1 dr); [α]D
20 = -303.0 (c = 2.0, DCM, 

98% ee); 1H NMR (400 MHz, CDCl3) δ 9.85 (s, 1H), 7.80 (d, J = 7.7 Hz, 1H), 7.58 – 7.52 (m, 1H), 

7.41 – 7.34 (m, 5H), 7.31 – 7.28 (m, 1H), 7.26 – 7.22 (m, 3H), 7.16 (d, J = 7.7 Hz, 1H), 7.00 – 6.90 

(m, 2H), 4.54 (s, 1H), 4.08 (dd, J = 35.9, 15.1 Hz, 2H), 2.86 (dd, J = 101.7, 17.7 Hz, 2H); 13C NMR 

(101 MHz, CDCl3) δ 200.1, 184.2, 174.5, 150.6, 138.2, 136.2, 135.0, 133.2, 128.9, 128.8, 128.8, 

128.3, 128.1, 127.7, 127.4, 126.3, 125.4, 119.6, 94.4, 51.3, 35.8, 33.2; HRMS (ESI):  m/z  [M + 

Na]+ calcd for [C26H20NaO3]+: 403.1305, found: 403.1308; HPLC: Daicel Chiralpak IC, n-hexane/i-

PrOH = 70/30, flow rate = 1 mL/min, λ = 254 nm, tmajor =46.57 min and tminor =50.78 min. 

(2R,3R)-5-benzyl-3-phenyl-4-propionyl-3H-spiro[furan-2,2'-inden]-1'(3'H)-one (3y): 

 

Followed the general procedure, using 1a (0.2 mmol, 29.4 mg), 2k (0.2 mmol, 52.0 mg) and L1 

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

to afforded 3y as a light yellow oil (72.4 mg, 84% yield, 10:1 dr); [α]D
20 = -272.1 (c = 2.7, DCM, 

99%/92% ee); 1H NMR (400 MHz, CDCl3) δ 7.81 (d, J = 7.6 Hz, 1H), 7.54 (t, J = 7.1 Hz, 1H), 7.46 

– 7.41 (m, 2H), 7.38 (t, J = 7.4 Hz, 1H), 7.35 – 7.31 (m, 2H), 7.31 – 7.19 (m, 4H), 7.15 (d, J = 7.7 

Hz, 1H), 7.08 – 6.86 (m, 2H), 4.57 (s, 1H), 4.35 (d, J = 14.3 Hz, 1H), 4.08 (d, J = 14.3 Hz, 1H), 

2.92 (d, J = 17.6 Hz, 1H), 2.67 (d, J = 17.7 Hz, 1H), 2.47 – 2.32 (m, 1H), 1.98 – 1.84 (m, 1H), 0.89 

(t, J = 7.2 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 200.5, 197.5, 168.9, 150.8, 139.5, 136.6, 136.0, 

133.3, 129.7, 129.1, 128.5, 128.2, 127.9, 126.6, 126.3, 125.3, 115.6, 93.1, 53.4, 36.2, 34.6, 34.2, 7.6; 

HRMS (ESI): m/z [M + Na]+ calcd for [C28H24NaO3]+: 431.1618, found: 431.1621; HPLC: Daicel 

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

18.90 min and tminor = 23.60 min; minor product: tmajor = 17.56 min and tminor = 13.62 min. 

(2R,3R)-5-benzyl-4-butyryl-3-phenyl-3H-spiro[furan-2,2'-inden]-1'(3'H)-one (3z): 

 

Followed the general procedure, using 1a (0.2 mmol, 29.4 mg), 2l (0.2 mmol, 54.8 mg) and L1 

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

to afforded 3z as a light yellow oil (67.7 mg, 76% yield, 5:1 dr); [α]D
20 = -255.1 (c = 2.0, DCM, 

94%/53% ee); 1H NMR (400 MHz, CDCl3) δ 7.81 (d, J = 7.6 Hz, 1H), 7.57 – 7.51 (m, 1H), 7.45 – 

7.36 (m, 3H), 7.34 – 7.30 (m, 2H), 7.29 – 7.21 (m, 4H), 7.16 (d, J = 7.6 Hz, 1H), 7.10 – 6.84 (m, 

2H), 4.58 (s, 1H), 4.33 (d, J = 14.3 Hz, 1H), 4.08 (d, J = 14.3 Hz, 1H), 2.80 (dd, J = 97.3, 17.6 Hz, 

2H), 2.41 – 2.26 (m, 1H), 2.00 – 1.84 (m, 1H), 1.58 – 1.33 (m, 2H), 0.72 (t, J = 7.4 Hz, 3H); 13C 

NMR (101 MHz, CDCl3) δ 200.6, 197.1, 168.9, 150.8, 139.5, 136.6, 136.0, 133.3, 129.0, 129.0, 

128.7, 128.5, 128.2, 127.9, 126.6, 126.3, 125.3, 115.8, 93.0, 53.5, 43.3, 36.2, 34.2, 17.1, 13.7; 

HRMS (ESI): m/z [M + Na]+ calcd for [C29H26NaO3]+: 445.1774, found: 445.1781; HPLC: Daicel 
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Chiralpak IC, n-hexane/i-PrOH = 70/30, flow rate = 1 mL/min, λ = 254 nm, major product: tmajor = 

9.34 min and tminor = 7.33 min; minor product: tmajor = 6.03 min and tminor = 8.75 min.  

(2R,3R)-4-benzoyl-5-benzyl-5'-methyl-3-phenyl-3H-spiro[furan-2,2'-inden]-1'(3'H)-one (3aa): 

 

Followed the general procedure, using 1e (0.2 mmol, 32.4 mg), 2m (0.2 mmol, 61.3 mg) and L1 

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

to afforded 3aa as a light yellow oil (65.8 mg, 70% yield, >20:1 dr); [α]D
20 = -66.2 (c = 2.0, DCM, 

96% ee); 1H NMR (400 MHz, CDCl3) δ 7.72 (d, J = 7.9 Hz, 1H), 7.65 – 7.56 (m, 2H), 7.42 – 7.35 (m, 

1H), 7.34 – 7.25 (m, 6H), 7.25 – 7.13 (m, 5H), 6.97 – 6.84 (m, 3H), 4.79 (s, 1H), 3.83 (dd, J = 48.3, 14.9 

Hz, 2H), 2.83 (dd, J = 77.9, 17.7 Hz, 2H), 2.35 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 200.5, 192.5, 

168.5, 151.5, 147.6, 140.5, 139.0, 136.2, 131.3, 131.1, 129.5, 129.0, 128.7, 128.5, 128.3, 127.9, 127.4, 

126.7, 126.7, 125.1, 117.3, 93.2, 55.0, 35.9, 34.4, 22.2; HRMS (ESI):  m/z [M + Na]+ calcd for 

[C33H26NaO3]+: 493.1774, found: 493.1767; HPLC: Daicel Chiralpak IC, n-hexane/i-PrOH = 70/30, 

flow rate = 1 mL/min, λ = 254 nm, tmajor =14.61 min and tminor =24.32 min. 

Methyl3-(((2R,3R)-4-acetyl-1'-oxo-3-phenyl-1',3'-dihydro-3H-spiro[furan-2,2'-inden]-5-

yl)methyl)benzoate (3ab): 

 

Followed the general procedure, using 1a (0.2 mmol, 29.4 mg), 2n (0.2 mmol, 60.8 mg) and L1 

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

to afforded 3ab as a light yellow oil (67.5 mg, 71% yield, >20:1 dr); [α]D
20 = -253.5 (c = 3.0, DCM, 

96% ee); 1H NMR (400 MHz, CDCl3) δ 8.10 (s, 1H), 7.93 (d, J = 7.7 Hz, 1H), 7.81 (d, J = 7.6 Hz, 

1H), 7.71 – 7.62 (m, 1H), 7.56 (t, J = 7.4 Hz, 1H), 7.45 – 7.37 (m, 2H), 7.35 – 7.26 (m, 3H), 7.21 – 

7.15 (m, 1H), 7.11 – 6.88 (m, 2H), 4.57 (s, 1H), 4.26 (dd, J = 77.0, 14.4 Hz, 2H), 3.91 (s, 3H), 2.82 

(dd, J = 95.9, 17.6 Hz, 2H), 1.90 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 200.3, 194.8, 168.6, 167.1, 

150.7, 139.2, 136.8, 136.1, 133.6, 133.2, 130.4, 130.1, 129.2, 128.6, 128.3, 128.1, 128.0, 126.3, 

125.4, 116.1, 93.2, 53.7, 52.1, 36.2, 33.9, 29.8; HRMS (ESI): m/z [M + Na]+ calcd for 

[C29H24NaO5]+: 475.1516, found: 475.1520; HPLC: Daicel Chiralpak IC, n-hexane/i-PrOH = 70/30, 

flow rate = 1 mL/min, λ = 254 nm, tmajor =42.66 min and tminor =25.21 min. 

(2R,3R)-4-acetyl-5-(4-ethylbenzyl)-3-phenyl-3H-spiro[furan-2,2'-inden]-1'(3'H)-one (3ac): 

 

Followed the general procedure, using 1a (0.2 mmol, 29.4 mg), 2o (0.2 mmol, 54.8 mg) and L1 

(0.02 mmol, 14.0 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 4:1) 
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to afforded 3ac as a light yellow oil (73.0 mg, 82% yield, >20:1 dr); [α]D
20 = -177.7 (c = 3.0, DCM, 

97% ee); 1H NMR (400 MHz, CDCl3) δ 7.81 (d, J = 7.7 Hz, 1H), 7.57 – 7.52 (m, 1H), 7.42 – 7.36 

(m, 1H), 7.35 – 7.31 (m, 2H), 7.30 – 7.24 (m, 3H), 7.18 – 7.12 (m, 3H), 7.07 – 6.86 (m, 2H), 4.57 

(s, 1H), 4.17 (dd, J = 92.4, 14.4 Hz, 2H), 2.81 (dd, J = 101.2, 17.8 Hz, 2H), 2.66 – 2.58 (m, 2H), 

1.91 (s, 3H), 1.23 (t, J = 7.6 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 200.5, 194.6, 169.7, 150.8, 

142.6, 139.4, 136.0, 133.5, 133.3, 129.1, 128.9, 128.2, 128.0, 127.9, 126.3, 125.3, 116.0, 93.1, 53.8, 

36.2, 33.8, 29.8, 28.5, 15.6; HRMS (ESI):  m/z [M + Na]+ calcd for [C29H26NaO3]+: 445.1774, 

found: 445.1783; HPLC: Daicel Chiralpak IC, n-hexane/i-PrOH = 70/30, flow rate = 1 mL/min, λ 

= 254 nm, tmajor =26.14 min and tminor =14.55 min. 

(2R,3R)-4-acetyl-5-(2-chlorobenzyl)-3-phenyl-3H-spiro[furan-2,2'-inden]-1'(3'H)-one (3ad): 

 

Followed the general procedure, using 1a (0.2 mmol, 29.4 mg), 2p (0.2 mmol, 56.3 mg) and L1 

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

to afforded 3ad as a light yellow oil (72.2 mg, 80% yield, >20:1 dr); [α]D
20 = -246.2 (c = 3.0, DCM, 

95% ee); 1H NMR (400 MHz, CDCl3) δ 7.80 (d, J = 7.7 Hz, 1H), 7.56 – 7.50 (m, 2H), 7.42 – 7.29 

(m, 5H), 7.27 – 7.23 (m, 1H), 7.19 – 7.13 (m, 2H), 7.13 – 6.81 (m, 2H), 4.58 (s, 1H), 4.44 – 4.34 

(m, 2H), 2.83 (dd, J = 93.6, 17.7 Hz, 2H), 1.92 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 200.6, 194.5, 

168.1, 150.7, 139.3, 136.1, 134.2, 134.0, 133.2, 130.4, 129.3, 129.2, 128.2, 128.1, 128.0, 127.0, 

126.3, 125.3, 117.0, 93.2, 53.9, 36.2, 32.1, 29.7; HRMS (ESI):  m/z [M + Na]+ calcd for 

[C27H21ClNaO3]+: 451.1071, found: 451.1077; HPLC: Daicel Chiralpak IC, n-hexane/i-PrOH = 

70/30, flow rate = 1 mL/min, λ = 254 nm, tmajor =21.77 min and tminor =11.16 min. 

(2R,3R)-4-acetyl-3-phenyl-5-(thiophen-2-ylmethyl)-3H-spiro[furan-2,2'-inden]-1'(3'H)-one 

(3ae): 

 

Followed the general procedure, using 1a (0.2 mmol, 29.4 mg), 2q (0.2 mmol, 50.4 mg) and L1 

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

to afforded 3ae as a light yellow oil (58.4 mg, 69% yield, >20:1 dr); [α]D
20 = -285.8 (c = 2.0, DCM, 

97% ee); 1H NMR (400 MHz, CDCl3) δ 7.82 (d, J = 7.7 Hz, 1H), 7.58 – 7.53 (m, 1H), 7.42 – 7.38 

(m, 1H), 7.35 – 7.26 (m, 3H), 7.20 – 7.16 (m, 2H), 7.13 – 6.97 (m, 3H), 6.96 – 6.93 (m, 1H), 4.58 

(s, 1H), 4.38 (dd, J = 139.2, 14.9 Hz, 2H), 2.84 (dd, J = 109.1, 17.7 Hz, 2H), 1.90 (s, 3H); 13C NMR 

(101 MHz, CDCl3) δ 200.4, 194.6, 168.0, 150.8, 139.2, 137.8, 136.1, 133.3, 129.2, 128.3, 128.0, 

126.8, 126.3, 126.3, 125.4, 124.4, 115.6, 93.3, 53.7, 36.3, 29.7, 28.7; HRMS (ESI): m/z [M + Na]+ 

calcd for [C25H20NaO3S]+: 423.1025, found: 423.1029; HPLC: Daicel Chiralpak IC, n-hexane/i-

PrOH = 70/30, flow rate = 1 mL/min, λ = 254 nm, tmajor =30.73 min and tminor =13.43 min.  

(2R,3R)-4-acetyl-5'-methyl-5-pentyl-3-phenyl-3H-spiro[furan-2,2'-inden]-1'(3'H)-one (3af): 
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Followed the general procedure, using 1e (0.2 mmol, 32.4 mg), 2r (0.2 mmol, 45.4 mg) and L1 

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

to afforded 3af as a light yellow oil (42.7 mg, 55% yield, >20:1 dr); [α]D
20 = -156.8 (c = 2.0, DCM, 

96% ee); 1H NMR (400 MHz, CDCl3) δ 7.64 (d, J = 7.9 Hz, 1H), 7.31 – 7.18 (m, 3H), 7.14 (d, J = 7.9 

Hz, 1H), 7.09 – 6.94 (m, 2H), 6.92 (s, 1H), 4.43 (s, 1H), 2.88 – 2.82 (m, 1H), 2.82 – 2.68 (m, 2H), 2.64 

– 2.55 (m, 1H), 2.32 (s, 3H), 1.81 (s, 3H), 1.67 – 1.56 (m, 2H), 1.39 – 1.26 (m, 4H), 0.84 (t, J = 7.1 Hz, 

3H); 13C NMR (101 MHz, CDCl3) δ 199.0, 193.5, 171.5, 150.2, 146.5, 138.7, 129.9, 128.4, 128.0, 126.7, 

125.6, 124.1, 114.4, 92.0, 52.7, 35.1, 30.6, 28.7, 27.3, 25.5, 21.3, 21.2, 13.0; HRMS (ESI): m/z [M + 

Na]+ calcd for [C26H28NaO3]+: 411.1931, found: 411.1927; HPLC: Daicel Chiralpak IC, n-hexane/i-

PrOH = 70/30, flow rate = 1 mL/min, λ = 254 nm, tmajor =20.38 min and tminor = 8.37 min. 

(2R,3R)-4-acetyl-5-benzyl-5'-bromo-3-(4-chlorophenyl)-3H-spiro[furan-2,2'-inden]-1'(3'H)-

one (3ag): 

 

Followed the general procedure, using 1d (0.2 mmol, 45.2 mg), 2b (0.2 mmol, 56.4 mg) and L1 

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

to afforded 3ag as a light yellow oil (79.4 mg, 75% yield, >20:1 dr); [α]D
20 = -147.9 (c = 3.0, DCM, 

98% ee); 1H NMR (400 MHz, CDCl3) δ 7.65 (d, J = 8.2 Hz, 1H), 7.56 – 7.52 (m, 1H), 7.44 – 7.36 

(m, 3H), 7.35 – 7.28 (m, 3H), 7.28 – 7.23 (m, 2H), 6.98 – 6.88 (m, 2H), 4.53 (s, 1H), 4.18 (dd, J = 

86.3, 14.4 Hz, 2H), 2.79 (dd, J = 105.4, 17.9 Hz, 2H), 1.95 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 

199.0, 194.0, 169.4, 151.9, 137.7, 136.0, 134.0, 132.1, 132.0, 131.7, 129.6, 129.5, 128.9, 128.6, 

126.9, 126.5, 116.1, 92.6, 53.1, 35.8, 34.2, 29.7;  HRMS (ESI): m/z [M + Na]+ calcd for 

[C27H20BrClNaO3]+: 529.0177, found: 529.0187; HPLC: Daicel Chiralpak IC, n-hexane/i-PrOH = 

70/30, flow rate = 1 mL/min, λ = 254 nm, tmajor =31.28 min and tminor =17.28 min. 

(2R,3R)-4-acetyl-5-(2-chlorobenzyl)-6'-methoxy-3-phenyl-3H-spiro[furan-2,2'-inden]-

1'(3'H)-one (3ah): 
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Followed the general procedure, using 1k (0.2 mmol, 35.4 mg), 2p (0.2 mmol, 56.3 mg) and L1 

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

to afforded 3ah as a light yellow oil (80.8 mg, 84% yield, >20:1 dr); [α]D
20 = -170.2 (c = 3.0, DCM, 

92% ee); 1H NMR (400 MHz, CDCl3) δ 7.57 – 7.52 (m, 1H), 7.37 – 7.27 (m, 4H), 7.26 – 7.23 (m, 

1H), 7.23 – 7.21 (m, 1H), 7.20 – 7.17 (m, 1H), 7.17 – 7.13 (m, 1H), 7.13 – 7.09 (m, 1H), 7.09 – 7.00 

(m, 2H), 4.57 (s, 1H), 4.45 – 4.31 (m, 2H), 3.82 (s, 3H), 2.75 (dd, J = 93.8, 17.3 Hz, 2H), 1.92 (s, 

3H); 13C NMR (101 MHz, CDCl3) δ 200.6, 194.5, 168.2, 159.9, 143.6, 139.3, 134.3, 134.2, 134.0, 

130.4, 129.3, 129.1, 128.1, 128.0, 127.0, 127.0, 125.4, 116.9, 106.4, 93.9, 55.7, 54.1, 35.5, 32.1, 

29.7; HRMS (ESI): m/z [M + Na]+ calcd for [C28H23ClNaO4]+: 481.1177, found: 481.1181; HPLC: 

Daicel Chiralpak IC, n-hexane/i-PrOH = 70/30, flow rate = 1 mL/min, λ = 254 nm, tmajor =37.74 min 

and tminor =12.65 min.   

(2R,3R)-4-acetyl-5'-chloro-5-(3,4-dichlorobenzyl)-3-phenyl-3H-spiro[furan-2,2'-inden]-

1'(3'H)-one (3ai): 

 

Followed the general procedure, using 1c (0.2 mmol, 36.5 mg), 2s (0.2 mmol, 63.4 mg) and L1 

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

to afforded 3ai as a light yellow oil (81.0 mg, 78% yield, >20:1 dr); [α]D
20 = -156.7 (c = 3.0, DCM, 

99% ee); 1H NMR (400 MHz, CDCl3) δ 7.75 (d, J = 8.2 Hz, 1H), 7.53 – 7.48 (m, 1H), 7.41 – 7.37 

(m, 2H), 7.36 – 7.28 (m, 3H), 7.27 – 7.24 (m, 1H), 7.21 – 7.16 (m, 1H), 7.04 – 6.90 (m, 2H), 4.54 

(s, 1H), 4.21 – 4.07 (m, 2H), 2.80 (dd, J = 92.5, 17.9 Hz, 2H), 1.88 (s, 3H); 13C NMR (101 MHz, 

CDCl3) δ 198.9, 194.8, 167.9, 152.0, 142.8, 138.7, 136.5, 132.4, 131.5, 131.0, 130.8, 130.4, 129.4, 

129.2, 128.5, 128.3, 126.6, 126.5, 117.0, 116.1, 93.2, 53.7, 35.9, 33.2, 29.8; HRMS (ESI): m/z [M 

+ Na]+ calcd for [C27H19Cl3NaO3]+: 519.0292, found: 519.0300; HPLC: Daicel Chiralpak IC, n-

hexane/i-PrOH = 70/30, flow rate = 1 mL/min, λ = 254 nm, tmajor =14.98 min and tminor =8.89 min. 

Scale-up reaction 

 

Under a nitrogen atmosphere, a solution of diethylzinc (200 μL, 1.0 M in hexane, 0.2 mmol) 

was added dropwise to a solution of L1 (0.1 mmol, 70 mg) in toluene (6 mL). After the mixture was 

stirred for 30 min at 40 °C. Then, α-hydroxy-1-indanone 1a (1.0 mmol, 0.15 g), yne-enone 2a (1.0 

mmol, 0.25 g) and 2-Br-4-ClPhOH (0.2 mmol, 41.6 mg) were added. The reaction mixture was 

stirred for 48 h at 40 °C. The reaction was quenched with NH4Cl solution (10 mL), and the aqueous 

layer was extracted with CH2Cl2 (3 × 5 mL). The combined organic layer was washed with brine 
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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 (0.29 g) as a yellow oil. 

The late-stage functionalization 

 

Followed the literature,2 the α-bromo-α,β-enone was dissolved in anhydrous THF (0.2 M), 

followed by addition of Pd(PPh3)2Cl2 (0.02 equiv.) and CuI (0.04 equiv.). The reaction mixture was 

cooled to 0 oC and degassed with argon. Alkyne3 (1.5 equiv.) and Et3N (3.0 equiv.) was added and 

the mixture was stirred overnight at ambient temperature. Upon completion, the reaction mixture 

was diluted with H2O (40 mL). The aqueous phase was extracted with Et2O (3 x 40 mL), washed 

with brine and the combined organic phase was dried over MgSO4. Then, it was filtered and the 

solvent removed. 

(8R,9S,13S,14S)-3-(3-((E)-benzylidene)-4-oxopent-1-yn-1-yl)-13-methyl-

6,7,8,9,11,12,13,14,15,16-decahydro-17H-cyclopenta[a]phenanthren-17-one (2t): 

 

Light yellow solid in 70% isolated yield; m.p. = 182.5-183.0 ℃; 1H NMR (400 MHz, CDCl3) δ 8.14 

– 8.03 (m, 2H), 7.79 (s, 1H), 7.47 – 7.38 (m, 3H), 7.36 – 7.27 (m, 3H), 2.98 – 2.87 (m, 2H), 2.60 (s, 

3H), 2.56 – 2.47 (m, 1H), 2.47 – 2.38 (m, 1H), 2.36 – 2.28 (m, 1H), 2.22 – 2.10 (m, 1H), 2.09 – 1.96 

(m, 3H), 1.67 – 1.45 (m, 6H), 0.92 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 220.6, 196.3, 142.5, 

141.2, 137.0, 134.6, 131.8, 130.7, 130.7, 128.8, 128.6, 125.7, 120.1, 120.1, 99.4, 86.5, 50.5, 47.9, 

44.5, 38.0, 35.8, 31.6, 29.2, 28.2, 26.3, 25.6, 21.6, 13.9; HRMS (ESI): m/z [M + H]+ calcd for 

[C30H31O2]+: 423.2319, found: 423.2321. 

 

 

Under a nitrogen atmosphere, a solution of diethylzinc (40 μL, 1.0 M in hexane, 0.04 mmol) 
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was added dropwise to a solution of L1 (0.02 mmol, 14.0 mg) in toluene (4 mL). After the mixture 

was stirred for 30 min at 40 °C. Then, α-hydroxy-1-indanone 1d (0.2 mmol, 45.2 mg), yne-enone 

2t (0.2 mmol, 84.4 mg) and 2-Br-4-ClPhOH (0.04 mmol, 8.28 mg) were added. The reaction mixture 

was stirred for 48 h at 40 °C. 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 

(5/1) to afford the desired product 3aj as a white solid. 

(2R,3R)-4-acetyl-5'-bromo-5-(((8R,9S,13S,14S)-13-methyl-17-oxo-7,8,9,11,12,13,14,15,16,17-

decahydro-6H-cyclopenta[a]phenanthren-3-yl)methyl)-3-phenyl-3H-spiro[furan-2,2'-inden]-

1'(3'H)-one (3aj): 

 

White solid in 80% isolated yield (107.4 mg, >20:1 dr); m.p. = 174.6-175.0 ℃; [α]D
20 = -38.9 (c = 

1.0, DCM, >20:1 de); 1H NMR (400 MHz, CDCl3) δ 7.66 (d, J = 8.2 Hz, 1H), 7.52 (d, J = 8.2 Hz, 

1H), 7.36 – 7.28 (m, 4H), 7.23 (s, 1H), 7.19 – 7.16 (m, 1H), 7.13 (s, 1H), 7.10 – 6.95 (m, 2H), 4.57 

(s, 1H), 4.14 (dd, J = 48.9, 14.7 Hz, 2H), 2.96 – 2.89 (m, 3H), 2.74 – 2.65 (m, 1H), 2.55 – 2.39 (m, 

2H), 2.32 – 2.24 (m, 1H), 2.20 – 1.98 (m, 4H), 1.93 (s, 3H), 1.70 – 1.54 (m, 3H), 1.52 – 1.43 (m, 

3H), 0.91 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 221.0, 199.4, 194.4, 169.2, 152.2, 139.2, 138.1, 

136.6, 133.5, 132.2, 132.0, 131.6, 129.6, 129.5, 129.2, 128.1, 126.5, 126.2, 125.6, 116.2, 92.8, 53.8, 

50.5, 48.0, 44.4, 38.2, 36.0, 35.9, 33.6, 31.6, 29.8, 29.4, 26.6, 25.7, 21.6, 13.9; HRMS (ESI): m/z 

[M + Na]+ calcd for [C39H37BrNaO4]+: 671.1767, found: 671.1776. 

Derivatization 

 

The mixture of 3p (42.8 mg, 0.1 mmol, 1.0 eq) in MeOH (2 mL) was treated with NaBH4 (3.8 

mg, 0.1 mmol, 1.0 eq) at 0 °C. The reaction was allowed to stir at the same temperature for 24 h. 

Upon completion as shown by TLC, the reaction mixture was washed with brine (2 mL) and 

extracted using dichloromethane (3 x 2 mL). The organic layer was dried over Na2SO4 and 

concentrated in vacuo. The residue was purified by flash chromatography with petroleum ether/ethyl 

acetate (3/1) to provide the product 4 as a yellow oil. 
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1-((1'R,2R,3R)-5-benzyl-3-(4-chlorophenyl)-1'-hydroxy-1',3'-dihydro-3H-spiro[furan-2,2'-

inden]-4-yl)ethan-1-one (4): 

 

Light yellow oil in 90% isolated yield (38.8 mg, >20:1 dr); [α]D
20 = -40.4 (c = 0.9, DCM, 98% ee); 

1H NMR (400 MHz, CDCl3) δ 7.37 – 7.31 (m, 3H), 7.31 – 7.26 (m, 4H), 7.26 – 7.24 (m, 1H), 7.23 

– 7.20 (m, 2H), 7.04 – 6.94 (m, 3H), 4.89 (s, 1H), 4.48 – 4.41 (m, 1H), 4.37 (s, 1H), 3.89 – 3.81 (m, 

1H), 2.80 – 2.72 (m, 1H), 2.40 – 2.29 (m, 1H), 1.90 (s, 3H), 1.85 (s, 1H); 13C NMR (101 MHz, 

CDCl3) δ 194.8, 169.6, 141.1, 138.9, 138.5, 136.9, 133.6, 129.2, 128.9, 127.4, 127.2, 124.7, 124.4, 

115.9, 112.0, 99.1, 82.5, 54.0, 38.3, 34.1, 29.8; HRMS (ESI): m/z [M + H]+ calcd for [C27H24ClO3]+: 

431.1408, found: 431.1409; HPLC: Daicel Chiralpak IC, n-hexane/i-PrOH = 70/30, flow rate = 1 

mL/min, λ = 254 nm, tmajor = 9.89 min and tminor = 9.00 min.  

 

The mixture of 4 (43.1 mg, 0.1 mmol, 1.0 eq), Et3N (15.1 mg, 0.15 mmol, 1.2 eq) and DMAP 

(1.2 mg, 0.12 mmol, 0.1 eq) in DCM (2 mL) was treated with TsCl (22.9 mg, 0.12 mmol, 1.2 eq) at 

0 °C. The reaction was allowed to stir at room temperature for 36 h. Upon completion as shown by 

TLC, the reaction mixture was washed with saturated NH4Cl (1 mL) and extracted using 

dichloromethane (3 x 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 (3/1) to 

provide the product 5 as a light yellow oil. 

(1'R,2R,3R)-4-acetyl-5-benzyl-3-(4-chlorophenyl)-1',3'-dihydro-3H-spiro[furan-2,2'-inden]-

1'-yl 4-methylbenzenesulfonate (5): 

 

Light yellow oil in 75% isolated yield (45.5 mg, >20:1 dr); [α]D
20 = -152.6 (c = 2.0, DCM, 98% ee); 

1H NMR (400 MHz, CDCl3) δ 7.77 – 7.62 (m, 2H), 7.30 – 7.27 (m, 3H), 7.24 – 7.16 (m, 5H), 7.15 

– 7.03 (m, 4H), 6.90 (d, J = 7.2 Hz, 1H), 6.67 (d, J = 8.4 Hz, 2H), 5.79 (s, 1H), 4.37 – 4.26 (m, 1H), 

4.06 (s, 1H), 3.58 – 3.49 (m, 1H), 2.84 – 2.73 (m, 1H), 2.39 (s, 3H), 2.34 – 2.27 (m, 1H), 1.81 (s, 
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3H). 13C NMR (101 MHz, CDCl3) δ 194.1, 170.3, 145.1, 139.7, 137.9, 136.3, 136.2, 133.8, 133.6, 

129.9, 129.2, 129.1, 128.5, 127.9, 127.7, 126.8, 125.7, 124.8, 115.5, 96.6, 86.5, 54.3, 37.9, 34.0, 

29.6, 21.7; HRMS (ESI): m/z [M + Na]+ calcd for [C34H29ClNaO5S]+: 607.1316, found: 607.1326; 

HPLC: Daicel Chiralpak IC, n-hexane/i-PrOH = 70/30, flow rate = 1 mL/min, λ = 254 nm, tmajor = 

18.78 min and tminor = 14.75 min. 

 

The mixture of 4 (43.1 mg, 0.1 mmol, 1.0 eq), Et3N (15.2 mg, 0.15 mmol, 1.2 eq), and DMAP 

(1.2 mg, 0.12 mmol, 0.1 eq) in DCM (2 mL) was treated with 3,5-dinitrobenzoyl chloride (27.6 mg, 

0.12 mmol, 1.2 eq) at 0 °C. The reaction was allowed to stir at room temperature for 24 h. Upon 

completion as shown by TLC, the reaction mixture was washed with saturated NH4Cl (1 mL) and 

extracted using dichloromethane (3 x 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 (3/1) to provide the product 6 as a white solid. 

(1'R,2R,3R)-4-acetyl-5-benzyl-3-(4-chlorophenyl)-1',3'-dihydro-3H-spiro[furan-2,2'-inden]-

1'-yl 3,5-dinitrobenzoate (6): 

 

White solid in 80% isolated yield (51.8 mg, >20:1 dr); m.p. = 188.1-189.1 ℃; [α]D
20 = -190.8 (c = 

2.3, DCM, 97% ee); 1H NMR (400 MHz, CDCl3) δ 9.19 – 9.13 (m, 1H), 8.88 – 8.77 (m, 2H), 7.54 

(d, J = 6.9 Hz, 1H), 7.48 – 7.21 (m, 5H), 7.19 (d, J = 7.3 Hz, 2H), 7.06 (d, J = 7.2 Hz, 1H), 6.96 – 

6.91 (m, 2H), 6.79 – 6.74 (m, 1H), 6.27 (s, 1H), 4.47 – 4.32 (m, 1H), 4.13 (s, 1H), 3.96 – 3.84 (m, 

1H), 3.35 – 3.22 (m, 1H), 2.53 – 2.41 (m, 1H), 1.95 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 194.5, 

169.9, 161.9, 148.4, 141.4, 136.8, 136.3, 136.2, 133.9, 133.3, 130.6, 129.4, 128.8, 128.2, 127.9, 

127.2, 126.3, 125.1, 122.3, 115.9, 95.2, 81.1, 55.0, 37.0, 34.1, 29.6; HRMS (ESI): m/z [M + Na]+ 

calcd for [C34H25ClN2NaO8]+: 647.1192, found: 647.1199; HPLC: Daicel Chiralpak IC, n-hexane/i-

PrOH = 70/30, flow rate = 1 mL/min, λ = 254 nm, tmajor = 52.94 min and tminor = 47.56 min. 
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HPLC spectra of compounds 
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Single-crystal X-ray diffraction of 6 (CCDC 2247366) 

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

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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