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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. α-Hydroxy-1-indanone1 and 

methyleneindolinone2 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) was added 

dropwise to a solution of L (0.01 mmol) in solvent (2 mL). After the mixture was stirred for 30 min at 

20 °C, then, α-hydroxy-1-indanone 1a (0.1 mmol, 14.8 mg), methyleneindolinone 2a (0.1 mmol, 34.9 

mg), and additives 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 organic 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[1-indanone-γ-butyrolactones] 

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

dropwise to a solution of L4 (0.02 mmol, 19.0 mg) in THF (2 mL). After the mixture was stirred for 30 

min at 20 °C. Then, α-hydroxy-1-indanone 1a (0.2 mmol, 29.6 mg), methyleneindolinone 2a (0.2 mmol, 

69.8 mg) and 2-Br-4-ClPhOH (2.0 eq, 82.8 mg) were added. The reaction mixture was stirred for 24 h at 

the same temperature. The reaction was quenched with NH4Cl solution (4 mL), and the organic 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 3. 

tert-Butyl(2-((2R,3R,4S)-3-benzoyl-1',5-dioxo-1',3',4,5-tetrahydro-3H-spiro[furan-2,2'-inden]-4-

yl)phenyl)carbamate (3a): 

 



S3 
 

Followed the general procedure, using 1a (0.2 mmol, 29.6 mg), 2a (0.2 mmol, 69.8 mg) and L4 (0.02 

mmol, 19.0 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 4:1) to 

afforded 3a as a white solid (64.6 mg, 65% yield, 10:1 dr); [α]D
20 = -19.9 (c = 1.0, THF, 95% ee); m.p. 

= 108.0-109.2 oC; 1H NMR (400 MHz, CDCl3) δ 7.75 – 7.64 (m, 1H), 7.64 – 7.56 (m, 3H), 7.54 – 7.44 

(m, 2H), 7.39 – 7.28 (m, 3H), 7.24 (d, J = 7.4 Hz, 2H), 7.20 – 7.13 (m, 3H), 5.02 – 4.75 (m, 2H), 3.37 

(dd, J = 44.2, 17.7 Hz, 2H), 1.60 (s, 9H); 13C NMR (101 MHz, CDCl3) δ 199.2, 196.1, 174.0, 153.9, 

150.0, 136.9, 136.8, 135.2, 134.5, 133.8, 129.1, 129.0, 128.7, 128.5, 126.4, 125.4, 125.0, 84.7, 80.6, 56.5, 

44.2, 35.9, 28.4; HRMS (ESI): m/z [M + Na]+ calcd for [C30H27NNaO6]+: 520.1731, found: 520.1726; 

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

tmajor = 21.16 min and tminor = 15.95 min; minor product: tmajor = 12.29 min and tminor = 11.00 min.  

tert-Butyl(2-((2R,3R,4S)-3-benzoyl-5'-methyl-1',5-dioxo-1',3',4,5-tetrahydro-3H-spiro[furan-2,2'-

inden]-4-yl)phenyl)carbamate (3b): 

 

Followed the general procedure, using 1b (0.2 mmol, 32.8 mg), 2a (0.2 mmol, 70.2 mg) and L4 (0.02 

mmol, 19.0 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 4:1) to 

afforded 3b as a light yellow oil (54.2 mg, 53% yield, 10:1 dr); [α]D
20 = -23.6 (c = 1.0, THF, 90% ee); 

1H NMR (400 MHz, CDCl3) δ 7.74 – 7.65 (m, 1H), 7.63 (d, J = 7.4 Hz, 2H), 7.58 – 7.47 (m, 2H), 7.41 

– 7.34 (m, 1H), 7.34 – 7.27 (m, 2H), 7.25 – 7.11 (m, 3H), 7.09 – 6.99 (m, 2H), 5.00 – 4.91 (m, 2H), 3.31 

(dd, J = 39.6, 17.7 Hz, 2H), 2.33 (s, 3H), 1.59 (s, 9H); 13C NMR (101 MHz, CDCl3) δ 198.4, 196.2, 

174.1, 153.8, 150.5, 148.6, 136.9, 135.2, 134.5, 131.5, 129.8, 129.1, 128.9, 128.7, 128.6, 126.6, 125.3, 

124.9, 85.0, 80.6, 56.3, 44.2, 35.8, 28.4, 22.2; HRMS (ESI):  m/z  [M + Na]+ calcd for 

[C31H29NNaO6]+: 534.1887, found: 534.1885; HPLC: Daicel Chiralpak IF, n-hexane/i-PrOH = 70/30, 

flow rate = 1 mL/min, λ = 254 nm, tmajor = 29.73 min and tminor = 17.43 min. 

tert-Butyl(2-((2R,3R,4S)-3-benzoyl-5'-fluoro-1',5-dioxo-1',3',4,5-tetrahydro-3H-spiro[furan-2,2'-

inden]-4-yl)phenyl)carbamate (3c): 

 
Followed the general procedure, using 1c (0.2 mmol, 33.6 mg), 2a (0.2 mmol, 69.5 mg) and L4 (0.02 

mmol, 19.0 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 4:1) to 

afforded 3c as a light yellow oil (65.9 mg, 64% yield, 17:1 dr); [α]D
20 = -131.0 (c = 1.0, THF, 90% ee); 

1H NMR (400 MHz, CDCl3) δ 7.75 – 7.57 (m, 4H), 7.45 (s, 1H), 7.42 – 7.36 (m, 1H), 7.34 – 7.27 (m, 

2H), 7.25 – 7.14 (m, 3H), 7.00 – 6.87 (m, 2H), 5.00 – 4.90 (m, 2H), 3.36 (dd, J = 45.0, 18.0 Hz, 2H), 

1.60 (s, 9H); 13C NMR (101 MHz, CDCl3) δ 197.3, 196.0, 173.8, 168.1 (d, J = 260.9 Hz), 153.9, 153.0 

(d, J = 10.8 Hz), 136.9, 135.1, 134.7, 130.2, 129.2, 129.1, 128.8, 128.5, 127.7, 127.6, 125.5, 117.1 (d, J 

= 23.9 Hz), 113.3 (d, J = 22.9 Hz), 84.7, 80.6, 56.4, 44.2, 35.8, 28.4; 19F NMR (376 MHz, CDCl3) δ -
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97.7; HRMS (ESI):  m/z  [M + Na]+ calcd for [C30H26FNNaO6]+: 538.1636, found: 538.1632; HPLC: 

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

= 18.87 min and tminor = 14.53 min; minor product: tmajor = 11.05 min and tminor = 12.35 min.  

tert-Butyl(2-((2R,3R,4S)-3-benzoyl-5'-chloro-1',5-dioxo-1',3',4,5-tetrahydro-3H-spiro[furan-2,2'-

inden]-4-yl)phenyl)carbamate (3d): 

 

Followed the general procedure, using 1d (0.2 mmol, 37.2 mg), 2a (0.2 mmol, 69.8 mg) and L4 (0.02 

mmol, 19.0 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 4:1) to 

afforded 3d as a light yellow oil (64.8 mg, 61% yield 16:1 dr); [α]D
20 = -121.0 (c = 1.0, THF, 92% ee); 

1H NMR (400 MHz, CDCl3) δ 7.74 – 7.64 (m, 1H), 7.64 – 7.57 (m, 2H), 7.54 (d, J = 8.2 Hz, 1H), 7.46 

– 7.36 (m, 2H), 7.35 – 7.27 (m, 2H), 7.25 – 7.12 (m, 5H), 5.03 – 4.84 (m, 2H), 3.34 (dd, J = 43.8, 17.9 

Hz, 2H), 1.60 (s, 9H); 13C NMR (101 MHz, CDCl3) δ 197.8, 196.0, 173.8, 153.9, 151.4, 143.5, 136.9, 

135.1, 134.7, 132.2, 129.4, 129.2, 129.1, 128.8, 128.6, 126.6, 126.1, 125.5, 84.6, 80.7, 56.4, 44.2, 35.7, 

28.4; HRMS (ESI):  m/z  [M + Na]+ calcd for [C30H26ClNNaO6]+: 554.1341, found: 554.1340; HPLC: 

Daicel Chiralpak IF, n-hexane/i-PrOH = 70/30, flow rate = 1 mL/min, λ = 254 nm, tmajor = 23.70 min and 

tminor = 15.24 min. 

tert-Butyl(2-((2R,3R,4S)-3-benzoyl-5'-bromo-1',5-dioxo-1',3',4,5-tetrahydro-3H-spiro[furan-2,2'-

inden]-4-yl)phenyl)carbamate (3e): 

 

Followed the general procedure, using 1e (0.2 mmol, 45.5 mg), 2a (0.2 mmol, 70.3 mg) and L4 (0.02 

mmol, 19.0 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 4:1) to 

afforded 3e as a light yellow oil (51.8 mg, 45% yield, 15:1 dr); [α]D
20 = -98.6 (c = 1.0, THF, 93% ee); 1H 

NMR (400 MHz, CDCl3) δ 7.72 – 7.64 (m, 1H), 7.60 (d, J = 7.4 Hz, 2H), 7.51 – 7.35 (m, 5H), 7.34 – 

7.28 (m, 2H), 7.25 – 7.14 (m, 3H), 4.99 – 4.89 (m, 2H), 3.35 (dd, J = 42.8, 17.9 Hz, 2H), 1.60 (s, 9H); 

13C NMR (101 MHz, CDCl3) δ 198.1, 196.0, 173.8, 153.9, 151.4, 136.9, 135.1, 134.7, 132.6, 132.5, 

132.3, 129.7, 129.2, 129.1, 128.8, 128.6, 126.1, 125.5, 84.5, 80.7, 56.4, 44.2, 35.6, 28.4; HRMS (ESI):  

m/z  [M + Na]+ calcd for [C30H26BrNNaO6]+: 598.0836, found: 598.0835; HPLC: Daicel Chiralpak IF, 

n-hexane/i-PrOH = 80/20, flow rate = 1 mL/min, λ = 254 nm, tmajor = 44.15 min and tminor = 25.05 min. 

tert-Butyl(2-((2R,3R,4S)-3-benzoyl-6'-methoxy-1',5-dioxo-1',3',4,5-tetrahydro-3H-spiro[furan-

2,2'-inden]-4-yl)phenyl)carbamate (3f): 
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Followed the general procedure, using 1f (0.2 mmol, 36.8 mg), 2a (0.2 mmol, 68.3 mg) and L4 (0.02 

mmol, 19.0 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 2:1) to 

afforded 3f as a light yellow oil (61.2 mg, 58% yield, 10:1 dr); [α]D
20 = -103.0 (c = 1.0, THF, 91% ee); 

1H NMR (400 MHz, CDCl3) δ 7.76 – 7.65 (m, 1H), 7.58 (d, J = 8.1 Hz, 2H), 7.52 (s, 1H), 7.39 – 7.28 

(m, 3H), 7.24 – 7.14 (m, 3H), 7.13 – 7.04 (m, 2H), 6.99 – 6.94 (m, 1H), 4.99 – 4.87 (m, 2H), 3.72 (s, 

3H), 3.28 (dd, J = 51.6, 17.3 Hz, 2H), 1.59 (s, 9H); 13C NMR (101 MHz, CDCl3) δ 199.1, 196.1, 174.0, 

160.0, 153.9, 142.8, 136.9, 135.3, 135.0, 134.4, 129.2, 129.0, 128.7, 128.4, 127.2, 127.2, 126.2, 125.4, 

105.9, 85.4, 80.6, 56.7, 55.6, 44.2, 35.1, 28.4; HRMS (ESI):  m/z  [M + Na]+ calcd for 

[C31H29NNaO7]+: 550.1836, found: 550.1837; HPLC: Daicel Chiralpak IF, n-hexane/i-PrOH = 80/20, 

flow rate = 1 mL/min, λ = 254 nm, tmajor = 47.80 min and tminor = 30.66 min. 

tert-Butyl(2-((2R,3R,4S)-3-benzoyl-6'-methyl-1',5-dioxo-1',3',4,5-tetrahydro-3H-spiro[furan-2,2'-

inden]-4-yl)phenyl)carbamate (3g): 

 

Followed the general procedure, using 1g (0.2 mmol, 31.6mg), 2a (0.2 mmol, 71.2 mg) and L4 (0.02 

mmol, 19.0 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 4:1) to 

afforded 3g as a light yellow oil (61.3 mg, 60% yield, 11:1 dr); [α]D
20 = -26.3 (c = 1.0, THF, 93% ee); 

1H NMR (400 MHz, CDCl3) δ 7.74 – 7.64 (m, 1H), 7.62 – 7.57 (m, 2H), 7.53 (s, 1H), 7.40 – 7.28 (m, 

5H), 7.21 – 7.13 (m, 3H), 7.11 (d, J = 7.8 Hz, 1H), 4.95 (s, 2H), 3.30 (dd, J = 44.2, 17.6 Hz, 2H), 2.27 

(s, 3H), 1.60 (s, 9H); 13C NMR (101 MHz, CDCl3) δ 199.1, 196.2, 174.1, 153.9, 147.4, 138.7, 138.1, 

136.9, 135.2, 134.3, 133.9, 129.1, 129.0, 128.7, 128.5, 126.1, 125.4, 124.8, 85.1, 80.6, 56.5, 44.2, 35.5, 

28.4, 21.0; HRMS (ESI):  m/z  [M + Na]+ calcd for [C31H29NNaO6]+: 534.1887, found: 534.1888; 

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

tmajor = 35.26 min and tminor = 26.62 min; minor product: tmajor = 17.84 min and tminor = 24.76 min.  

tert-Butyl(2-((2R,3R,4S)-3-benzoyl-6'-chloro-1',5-dioxo-1',3',4,5-tetrahydro-3H-spiro[furan-2,2'-

inden]-4-yl)phenyl)carbamate (3h): 
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Followed the general procedure, using 1h (0.2 mmol, 37.8 mg), 2a (0.2 mmol, 67.2 mg) and L4 (0.02 

mmol, 19.0 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 4:1) to 

afforded 3h as a white solid (53.1 mg, 50% yield, 10:1 dr); [α]D
20 = -69.5 (c = 1.0, THF, 90% ee); m.p. 

= 87.5-88.3 oC; 1H NMR (400 MHz, CDCl3) δ 7.72 – 7.62 (m, 1H), 7.61 – 7.55 (m, 2H), 7.54 – 7.49 (m, 

J = 1.8 Hz, 1H), 7.48 – 7.35 (m, 3H), 7.33 – 7.28 (m, 2H), 7.25 – 7.13 (m, 4H), 5.00 – 4.87 (m, 2H), 3.33 

(dd, J = 50.7, 17.8 Hz, 2H), 1.60 (s, 9H); 13C NMR (101 MHz, CDCl3) δ 198.2, 196.0, 173.80, 154.0, 

147.9, 136.9, 136.7, 135.2, 134.6, 129.2, 129.1, 128.9, 128.5, 127.6, 125.6, 124.6, 84.9, 80.7, 56.6, 44.2, 

35.5, 28.4; HRMS (ESI):  m/z  [M + Na]+ calcd for [C30H26ClNNaO6]+: 554.1341, found: 554.1340; 

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

tmajor = 20.27 min and tminor = 15.94 min; minor product: tmajor = 10.74 min and tminor = 14.87 min.  

tert-Butyl(2-((2R,3R,4S)-3-benzoyl-4'-methoxy-1',5-dioxo-1',3',4,5-tetrahydro-3H-spiro[furan-

2,2'-inden]-4-yl)phenyl)carbamate (3i): 

 

Followed the general procedure, using 1i (0.2 mmol, 36.2 mg), 2a (0.2 mmol, 71.4 mg) and L4 (0.02 

mmol, 19.0 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 2:1) to 

afforded 3i as a light yellow oil (61.2 mg, 58% yield, 9:1 dr); [α]D
20 = -15.8 (c = 1.0, THF, 95% ee); 1H 

NMR (400 MHz, CDCl3) δ 7.76 – 7.65 (m, 1H), 7.62 (d, J = 7.5 Hz, 2H), 7.59 (s, 1H), 7.38 – 7.27 (m, 

3H), 7.24 – 7.12 (m, 5H), 6.95 – 6.87 (m, 1H), 5.01 – 4.88 (m, 2H), 3.79 (s, 2H), 3.23 (dd, J = 54.4, 18.2 

Hz, 2H), 1.60 (s, 9H); 13C NMR (101 MHz, CDCl3) δ 199.4, 196.2, 174.1, 156.3, 153.8, 139.1, 137.0, 

135.2, 135.0, 134.4, 130.1, 129.1, 128.9, 128.7, 128.6, 128.5, 127.1, 125.3, 116.8, 116.4, 84.6, 80.6, 

56.66, 55.6, 44.0, 32.8, 28.4; HRMS (ESI):  m/z  [M + Na]+ calcd for [C31H29NNaO7]+: 550.1836, 

found: 550.1838; HPLC: Daicel Chiralpak IF, n-hexane/i-PrOH = 70/30, flow rate = 1 mL/min, λ = 254 

nm, tmajor = 21.19 min and tminor = 13.89 min.  

tert-Butyl(2-((2R,3R,4S)-3-benzoyl-4'-methyl-1',5-dioxo-1',3',4,5-tetrahydro-3H-spiro[furan-2,2'-

inden]-4-yl)phenyl)carbamate (3j): 

 
Followed the general procedure, using 1j (0.2 mmol, 32.8 mg), 2a (0.2 mmol, 70.4 mg) and L4 (0.02 

mmol, 19.0 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 3:1) to 

afforded 3j as a light yellow oil (56.2 mg, 55% yield, 11:1 dr); [α]D
20 = -47.3 (c = 1.0, THF, 92% ee); 1H 

NMR (400 MHz, CDCl3) δ 7.68 (m, 1H), 7.60 (d, J = 7.5 Hz, 2H), 7.52 (s, 1H), 7.49 – 7.44 (m, 1H), 

7.36 – 7.31 (m, 2H), 7.29 (d, J = 7.4 Hz, 2H), 7.21 – 7.12 (m, 4H), 5.02 – 4.93 (m, 2H), 3.22 (dd, J = 

39.7, 17.7 Hz, 2H), 2.18 (s, 3H), 1.59 (s, 9H); 13C NMR (101 MHz, CDCl3) δ 199.5, 196.3, 174.1, 153.9, 

149.0, 137.2, 136.9, 135.7, 135.2, 134.5, 133.6, 129.1, 129.0, 128.8, 128.7, 128.6, 128.4, 127.2, 125.4, 

122.4, 84.8, 80.6, 56.4, 44.2, 34.8, 28.4, 17.7; HRMS (ESI):  m/z  [M + Na]+ calcd for 
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[C31H29NNaO6]+: 534.1887, found: 534.1887; HPLC: Daicel Chiralpak IE, n-hexane/i-PrOH = 80/20, 

flow rate = 1 mL/min, λ = 254 nm, major product: tmajor = 48.91 min and tminor = 41.19 min; minor product: 

tmajor = 34.80 min and tminor = 45.42 min.  

tert-Butyl(2-((2R,3R,4S)-3-benzoyl-4'-chloro-1',5-dioxo-1',3',4,5-tetrahydro-3H-spiro[furan-2,2'-

inden]-4-yl)phenyl)carbamate (3k): 

 

Followed the general procedure, using 1k (0.2 mmol, 37.5 mg), 2a (0.2 mmol, 68.8 mg) and L4 (0.02 

mmol, 19.0 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 4:1) to 

afforded 3k as a light yellow oil (46.7 mg, 44% yield, 20:1 dr); [α]D
20 = -174.0 (c = 1.0, THF, 90% ee); 

1H NMR (400 MHz, CDCl3) δ 7.74 – 7.65 (m, 1H), 7.64 – 7.57 (m, 2H), 7.56 – 7.52 (m, 1H), 7.51 – 

7.42 (m, 2H), 7.38 – 7.28 (m, 3H), 7.25 – 7.14 (m, 4H), 5.01 – 4.92 (m, 2H), 3.33 (dd, J = 43.8, 18.3 Hz, 

2H), 1.60 (s, 9H); 13C NMR (101 MHz, CDCl3) δ 198.7, 196.1, 173.8, 153.9, 147.9, 136.9, 136.2, 135.6, 

135.2, 134.6, 132.6, 129.9, 129.2, 129.1, 128.8, 128.4, 125.5, 123.2, 84.2, 80.7, 56.6, 44.0, 35.1, 28.4; 

HRMS (ESI):  m/z  [M + Na]+ calcd for [C30H26ClNNaO6]+: 554.1341, found: 554.1344; HPLC: 

Daicel Chiralpak IF, n-hexane/i-PrOH = 80/20, flow rate = 1 mL/min, λ = 254 nm, tmajor = 25.85 min and 

tminor = 18.19 min. 

tert-Butyl(2-((2R,3R,4S)-3-benzoyl-4'-bromo-1',5-dioxo-1',3',4,5-tetrahydro-3H-spiro[furan-2,2'-

inden]-4-yl)phenyl)carbamate (3l): 

 
Followed the general procedure, using 1l (0.2 mmol, 46.5 mg), 2a (0.2 mmol, 69.8 mg) and L4 (0.02 

mmol, 19.0 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 4:1) to 

afforded 3l as a light yellow oil (52.9 mg, 46% yield, 8:1 dr); [α]D
20 = -41.5 (c = 1.0, THF, 90% ee); 1H 

NMR (400 MHz, CDCl3) δ 7.75 – 7.63 (m, 2H), 7.63 – 7.54 (m, 3H), 7.45 (s, 1H), 7.39 – 7.28 (m, 3H), 

7.24 – 7.11 (m, 4H), 5.01 – 4.91 (m, 2H), 3.36 – 3.20 (m, 2H), 1.60 (s, 9H); 13C NMR (101 MHz, CDCl3) 

δ 198.9, 196.1, 173.8, 153.9, 149.9, 139.3, 136.9, 135.7, 135.2, 134.5, 130.9, 130.1, 129.2, 129.1, 128.8, 

128.4, 127.3, 125.5, 123.7, 121.7, 84.3, 80.7, 56.7, 44.0, 37.2, 28.4; HRMS (ESI):  m/z  [M + Na]+ 

calcd for [C30H26BrNNaO6]+: 598.0836, found: 598.0837; HPLC: Daicel Chiralpak IF, n-hexane/i-PrOH 

= 70/30, flow rate = 1 mL/min, λ = 254 nm, tmajor = 18.12 min and tminor = 13.14 min. 

tert-Butyl(2-((2R,3R,4S)-3-benzoyl-1',5-dioxo-1',3',4,5-tetrahydro-3H-spiro[furan-2,2'-inden]-4-

yl)-4-methoxyphenyl)carbamate (3m): 
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Followed the general procedure, using 1a (0.2 mmol, 30.5 mg), 2b (0.2 mmol, 76.8 mg) and L4 (0.02 

mmol, 19.0 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 2.5:1) to 

afforded 3m as a light yellow oil (53.8 mg, 51% yield, 5:1 dr); [α]D
20 = -35.6 (c = 1.0, THF, 88% ee); 1H 

NMR (400 MHz, CDCl3) δ 7.63 – 7.55 (m, 3H), 7.52 – 7.41 (m, 2H), 7.38 – 7.32 (m, 1H), 7.26 – 7.14 

(m, 4H), 6.99 (s, 1H), 6.89 – 6.80 (m, 2H), 5.03 – 4.84 (m, 2H), 3.78 (s, 3H), 3.36 (dd, J = 56.0, 17.7 Hz, 

2H), 1.59 (s, 9H); 13C NMR (101 MHz, CDCl3) δ 199.1, 195.7, 174.1, 157.5, 154.6, 149.9, 136.7, 135.4, 

134.3, 133.8, 130.1, 129.5, 128.7, 128.7, 128.5, 128.5, 126.4, 125.0, 114.6, 85.0, 80.5, 55.8, 55.6, 45.1, 

35.8, 28.4; HRMS (ESI):  m/z  [M + Na]+ calcd for [C31H29NNaO7]+: 550.1836, found: 550.1841; 

HPLC: Daicel Chiralpak IF, n-hexane/i-PrOH = 70/30, flow rate = 1 mL/min, λ = 254 nm, tmajor = 12.27 

min and tminor = 17.89 min. 

tert-Butyl(2-((2R,3R,4S)-3-benzoyl-1',5-dioxo-1',3',4,5-tetrahydro-3H-spiro[furan-2,2'-inden]-4-

yl)-4-methylphenyl)carbamate (3n): 

 
Followed the general procedure, using 1a (0.2 mmol, 31.2 mg), 2c (0.2 mmol, 71.5 mg) and L4 (0.02 

mmol, 19.0 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 3:1) to 

afforded 3n as a light yellow oil (49.1mg, 48% yield, 7:1 dr); [α]D
20 = +27.7 (c = 1.0, THF, 96% ee); 1H 

NMR (400 MHz, CDCl3) δ 7.59 (d, J = 7.9 Hz, 3H), 7.54 – 7.43 (m, 2H), 7.38 – 7.29 (m, 2H), 7.25 – 

7.20 (m, 2H), 7.20 – 7.14 (m, 2H), 7.13 – 7.06 (m, 2H), 5.00 – 4.86 (m, 2H), 3.35 (dd, J = 49.6, 17.7 Hz, 

2H), 2.31 (s, 3H), 1.59 (s, 9H); 13C NMR (101 MHz, CDCl3) δ 199.2, 196.2, 174.2, 154.1, 150.0, 136.7, 

135.4, 135.3, 134.4, 134.2, 133.8, 129.8, 129.7, 128.7, 128.5, 128.5, 127.6, 126.4, 125.8, 125.0, 84.7, 

80.4, 56.7, 44.3, 35.8, 28.4, 20.9; HRMS (ESI):  m/z  [M + Na]+ calcd for [C31H29NNaO6]+: 534.1887, 

found: 534.1883; HPLC: Daicel Chiralpak IF, n-hexane/i-PrOH = 80/20, flow rate = 1 mL/min, λ = 254 

nm, major product: tmajor = 38.37 min and tminor = 24.81 min; minor product: tmajor = 15.45 min and tminor 

= 22.03 min. 

tert-Butyl(2-((2R,3R,4S)-3-benzoyl-1',5-dioxo-1',3',4,5-tetrahydro-3H-spiro[furan-2,2'-inden]-4-

yl)-5-methoxyphenyl)carbamate (3o): 
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Followed the general procedure, using 1a (0.2 mmol, 30.8 mg), 2d (0.2 mmol, 74.9 mg) and L4 (0.02 

mmol, 19.0 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 2:1) to 

afforded 3o as a light yellow oil (61.2 mg, 58% yield, 6 :1 dr); [α]D
20 = -28.8 (c = 1.0, THF, 95% ee); 1H 

NMR (400 MHz, CDCl3) δ 7.60 (d, J = 8.1 Hz, 4H), 7.52 – 7.44 (m, 1H), 7.41 – 7.31 (m, 2H), 7.26 – 

7.13 (m, 5H), 6.82 – 6.68 (m, 1H), 5.03 – 4.73 (m, 2H), 3.78 (s, 3H), 3.35 (dd, J = 45.0, 17.7 Hz, 2H), 

1.60 (s, 9H); 13C NMR (101 MHz, CDCl3) δ 199.3, 196.4, 174.3, 159.9, 153.6, 150.0, 138.2, 136.8, 

135.2, 134.5, 133.8, 129.9, 128.7, 128.5, 126.4, 125.0, 118.4, 111.6, 84.5, 80.6, 56.8, 55.4, 43.5, 35.8, 

28.4; HRMS (ESI):  m/z  [M + Na]+ calcd for [C31H29NNaO7]+:550.1836, found: 550.1834; HPLC: 

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

= 25.14 min and tminor = 35.06 min; minor product: tmajor = 21.82 min and tminor = 16.68 min. 

tert-butyl(2-((2R,3R,4S)-3-(2-methylbenzoyl)-1',5-dioxo-1',3',4,5-tetrahydro-3H-spiro[furan-2,2'-

inden]-4-yl)phenyl)carbamate (3p): 

 
Followed the general procedure, using 1a (0.2 mmol, 32.4 mg), 2e (0.2 mmol, 72.6 mg) and L4 (0.02 

mmol, 19.0 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 4:1) to 

afforded 3p as a white solid (76.7 mg, 75% yield, 16:1 dr); [α]D
20 = -41.3 (c = 1.0, THF, 98% ee); m.p. 

= 136.4-137.7 oC; 1H NMR (400 MHz, CDCl3) δ 7.82 – 7.68 (m, 1H), 7.66 (s, 1H), 7.56 – 7.42 (m, 2H), 

7.39 – 7.27 (m, 3H), 7.27 – 7.23 (m, 1H), 7.22 – 7.15 (m, 2H), 7.09 (t, J = 7.5 Hz, 1H), 6.95 (t, J = 7.6 

Hz, 1H), 6.84 (d, J = 7.6 Hz, 1H), 5.00 – 4.73 (m, 2H), 3.36 (dd, J = 48.6, 17.8 Hz, 2H), 2.25 (s, 3H), 

1.60 (s, 9H); 13C NMR (101 MHz, CDCl3) δ 199.1, 198.3, 174.2, 153.9, 149.5, 138.9, 137.0, 136.5, 

134.6, 133.9, 133.0, 132.0, 129.6, 129.3, 129.0, 128.5, 125.9, 125.8, 125.4, 124.7, 84.6, 80.6, 59.4, 43.9, 

35.7, 28.4, 21.2; HRMS (ESI):  m/z  [M + Na]+ calcd for [C31H29NNaO6]+: 534.1887, found: 534.1884; 

HPLC: Daicel Chiralpak IE, n-hexane/i-PrOH = 80/20, flow rate = 1 mL/min, λ = 254 nm, tmajor = 52.92 

min and tminor = 40.45 min. 

tert-Butyl(2-((2R,3R,4S)-3-(3-methoxybenzoyl)-1',5-dioxo-1',3',4,5-tetrahydro-3H-spiro[furan-

2,2'-inden]-4-yl)phenyl)carbamate (3q): 
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Followed the general procedure, using 1a (0.2 mmol, 30.1 mg), 2f (0.2 mmol, 76.4 mg) and L4 (0.02 

mmol, 19.0 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 2:1) to 

afforded 3q as a light yellow oil (55.9 mg, 53% yield, 7:1 dr); [α]D
20 = -34.4 (c = 1.0, THF, 96% ee); 1H 

NMR (400 MHz, CDCl3) δ 7.76 – 7.66 (m, 1H), 7.63 (d, J = 7.7 Hz, 1H), 7.57 – 7.45 (m, 2H), 7.42 – 

7.27 (m, 3H), 7.23 (s, 1H), 7.21 – 7.14 (m, 2H), 7.12 – 7.01 (m, 2H), 6.96 – 6.80 (m, 1H), 5.02 – 4.86 

(m, 2H), 3.71 (s, 3H), 3.45 – 3.26 (m, 2H), 1.60 (s, 9H); 13C NMR (101 MHz, CDCl3) δ 199.3, 196.0, 

174.0, 159.6, 153.9, 150.1, 136.9, 136.8, 136.4, 133.8, 129.8, 129.6, 129.2, 129.0, 128.6, 127.3, 126.4, 

125.4, 125.0, 121.7, 121.2, 112.0, 84.7, 80.6, 56.7, 55.4, 44.2, 36.0, 28.4; HRMS (ESI):  m/z  [M + 

Na]+ calcd for [C31H29NNaO7]+: 550.1836, found: 550.1836;HPLC: Daicel Chiralpak IF, n-hexane/i-

PrOH = 80/20, flow rate = 1 mL/min, λ = 254 nm, major product: tmajor = 35.93 min and tminor = 25.07 

min; minor product: tmajor = 19.43 min and tminor = 23.55 min. 

tert-Butyl(2-((2R,3R,4S)-3-(4-methoxybenzoyl)-1',5-dioxo-1',3',4,5-tetrahydro-3H-spiro[furan-

2,2'-inden]-4-yl)phenyl)carbamate (3r): 

 

Followed the general procedure, using 1a (0.2 mmol, 32.2 mg), 2g (0.2 mmol, 75.6 mg) and L4 (0.02 

mmol, 19.0 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 2:1) to 

afforded 3r as a light yellow oil (65.4 mg, 62% yield, 7:1 dr); [α]D
20 = -47.7 (c = 1.0, THF, 96% ee); 1H 

NMR (400 MHz, CDCl3) δ 7.77 – 7.58 (m, 5H), 7.51 (t, J = 7.5 Hz, 1H), 7.41 – 7.27 (m, 3H), 7.26 – 

7.21 (m, 1H), 7.15 (t, J = 7.5 Hz, 1H), 6.65 (d, J = 8.9 Hz, 2H), 5.01 – 4.78 (m, 2H), 3.72 (s, 3H), 3.36 

(dd, J = 56.1, 17.8 Hz, 2H), 1.59 (s, 9H); 13C NMR (101 MHz, CDCl3) δ 199.4, 194.0, 174.2, 164.7, 

153.8, 150.4, 137.0, 136.8, 133.8, 131.2, 129.1, 128.9, 128.4, 128.1, 126.5, 125.2, 125.1, 114.0, 84.8, 

80.5, 56.1, 55.6, 44.2, 35.9, 28.4; HRMS (ESI):  m/z  [M + Na]+ calcd for [C31H29NNaO7]+: 550.1836, 

found: 550.1839; HPLC: Daicel Chiralpak IF, n-hexane/i-PrOH = 80/20, flow rate = 1 mL/min, λ = 254 

nm, major product: tmajor = 40.97 min and tminor = 31.13 min; minor product: tmajor = 25.51 min and tminor 

= 33.82 min. 

tert-Butyl(2-((2R,3R,4S)-3-(4-methylbenzoyl)-1',5-dioxo-1',3',4,5-tetrahydro-3H-spiro[furan-2,2'-

inden]-4-yl)phenyl)carbamate (3s): 

 
Followed the general procedure, using 1a (0.2 mmol, 30.5 mg), 2h (0.2 mmol, 73.9 mg) and L4 (0.02 

mmol, 19.0 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 3:1) to 

afforded 3s as a light yellow oil (49.1 mg, 48% yield, 6:1 dr); [α]D
20 = -33.7 (c = 1.0, THF, 95% ee); 1H 

NMR (400 MHz, CDCl3) δ 7.76 – 7.67 (m, 1H), 7.63 (d, J = 7.7 Hz, 1H), 7.58 (s, 1H), 7.55 – 7.46 (m, 

3H), 7.37 – 7.28 (m, 2H), 7.27 – 7.20 (m, 2H), 7.15 (t, J = 7.7 Hz, 1H), 6.97 (d, J = 8.1 Hz, 2H), 5.01 – 

4.84 (m, 2H), 3.35 (dd, J = 46.4, 17.8 Hz, 2H), 2.22 (s, 3H), 1.59 (s, 9H); 13C NMR (101 MHz, CDCl3) 
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δ 199.3, 195.6, 174.1, 153.8, 150.2, 145.9, 137.0, 136.8, 133.8, 132.7, 129.4, 129.1, 128.9, 128.7, 128.6, 

128.4, 127.0, 126.4, 125.3, 125.1, 84.8, 80.5, 56.3, 44.2, 35.9, 28.4, 21.6; HRMS (ESI):  m/z  [M + 

Na]+ calcd for [C31H29NNaO6]+: 534.1887, found: 534.1882; HPLC: Daicel Chiralpak IF, n-hexane/i-

PrOH = 80/20, flow rate = 1 mL/min, λ = 254 nm, major product: tmajor = 33.88 min and tminor = 24.33 

min; minor product: tmajor = 21.60 min and tminor = 26.31 min. 

tert-Butyl(2-((2R,3R,4S)-3-(4-fluorobenzoyl)-1',5-dioxo-1',3',4,5-tetrahydro-3H-spiro[furan-2,2'-

inden]-4-yl)phenyl)carbamate (3t): 

 

Followed the general procedure, using 1a (0.2 mmol, 28.9 mg), 2i (0.2 mmol, 74.1 mg) and L4 (0.02 

mmol, 19.0 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 4:1) to 

afforded 3t as a light yellow oil (51.5 mg, 50% yield, 5:1 dr); [α]D
20 = -49.3 (c = 1.0, THF, 93% ee); 1H 

NMR (400 MHz, CDCl3) δ 7.73 – 7.58 (m, 4H), 7.57 – 7.48 (m, 1H), 7.38 (s, 1H), 7.35 – 7.27 (m, 3H), 

7.26 – 7.21 (m, 1H), 7.17 (t, J = 8.0 Hz, 1H), 6.86 (t, J = 8.5 Hz, 2H), 4.93 (s, 2H), 3.37 (dd, J = 41.5, 

17.7 Hz, 2H), 1.60 (s, 9H); 13C NMR (101 MHz, CDCl3) δ 199.1, 194.4, 173.9, 166.4 (d, J = 258.5 Hz), 

154.0, 145.0, 137.0, 136.9, 133.7, 131.7, 131.7, 131.5, 131.4, 129.3, 129.1, 128.6, 127.4, 126.4, 125.6, 

125.1, 116.1, 115.9, 84.7, 80.7, 56.3, 44.5, 35.8, 28.4; 19F NMR (376 MHz, CDCl3) δ -101.6; HRMS 

(ESI):  m/z  [M + Na]+ calcd for [C30H26FNNaO6]+: 538.1636, found: 538.1633; HPLC: Daicel 

Chiralpak IE, n-hexane/i-PrOH = 80/20, flow rate = 1 mL/min, λ = 254 nm, major product: tmajor =35.97 

min and tminor = 30.34 min; minor product: tmajor = 21.17 min and tminor = 32.06 min. 

tert-Butyl(2-((2R,3R,4S)-3-(4-chlorobenzoyl)-1',5-dioxo-1',3',4,5-tetrahydro-3H-spiro[furan-2,2'-

inden]-4-yl)phenyl)carbamate (3u): 

 

 

Followed the general procedure, using 1a (0.2 mmol, 29.5 mg), 2j (0.2 mmol, 77.3 mg) and L4 (0.02 

mmol, 19.0 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 4:1) to 

afforded 3u as a light yellow oil (58.4 mg, 55% yield, 6:1 dr); [α]D
20 = -29.1 (c = 1.0, THF, 90 % ee); 1H 

NMR (400 MHz, CDCl3) δ 7.73 – 7.60 (m, 2H), 7.58 – 7.50 (m, 3H), 7.36 – 7.27 (m, 4H), 7.26 – 7.22 

(m, 1H), 7.20 – 7.09 (m, 3H), 4.92 (s, 2H), 3.36 (dd, J = 16.0 Hz, 2H), 1.60 (s, 9H); 13C NMR (101 MHz, 

CDCl3) δ 199.0, 194.9, 173.9, 154.0, 149.9, 141.2, 137.0, 136.8, 133.7, 133.6, 129.9, 129.3, 129.1, 129.1, 

128.6, 127.5, 126.4, 125.9, 125.7, 125.1, 84.7, 80.7, 56.3, 44.6, 35.8, 28.4; HRMS (ESI):  m/z  [M + 

Na]+ calcd for [C30H26ClNNaO6]+: 554.1341, found: 554.1343; HPLC: Daicel Chiralpak IE, n-hexane/i-

PrOH = 80/20, flow rate = 1 mL/min, λ = 254 nm, major product: tmajor = 36.25 min and tminor = 29.07 

min; minor product: tmajor = 20.69 min and tminor = 31.57 min. 
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tert-Butyl(2-((2R,3R,4S)-1',5-dioxo-3-(thiophene-2-carbonyl)-1',3',4,5-tetrahydro-3H-spiro[furan-

2,2'-inden]-4-yl)phenyl)carbamate (3v): 

 
Followed the general procedure, using 1a (0.2 mmol, 30.6 mg), 2k (0.2 mmol, 71.8 mg) and L4 (0.02 

mmol, 19.0 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 3:1) to 

afforded 3v as a light yellow oil (60.4 mg, 60% yield, 11:1 dr); [α]D
20 = -29.8 (c = 1.0, THF, 91% ee); 

1H NMR (400 MHz, CDCl3) δ 7.72 (d, J = 7.7 Hz, 1H), 7.70 – 7.62 (m, 1H), 7.60 – 7.51 (m, 2H), 7.45 

(d, J = 3.4 Hz, 1H), 7.40 – 7.27 (m, 5H), 7.22 – 7.09 (m, 1H), 6.93 – 6.81 (m, 1H), 5.02 – 4.67 (m, 2H), 

3.45 (dd, J = 78.3, 17.8 Hz, 2H), 1.59 (s, 9H); 13C NMR (101 MHz, CDCl3) δ 199.1, 187.6, 173.8, 153.9, 

150.4, 142.4, 137.0, 137.0, 136.9, 134.7, 133.7, 129.1, 129.0, 128.7, 128.6, 127.0, 126.6, 125.5, 125.1, 

84.9, 80.6, 57.0, 44.2, 35.9, 28.4; HRMS (ESI):  m/z  [M + Na]+ calcd for [C28H25NNaO6S]+: 

526.1295, found: 526.1298; HPLC: Daicel Chiralpak IF, n-hexane/i-PrOH = 70/30, flow rate = 1 

mL/min, λ = 254 nm, major product: tmajor = 21.57 min and tminor = 17.36 min; minor product: tmajor = 

15.40 min and tminor = 18.07 min. 

tert-Butyl(2-((2R,3R,4S)-3-(2-naphthoyl)-1',5-dioxo-1',3',4,5-tetrahydro-3H-spiro[furan-2,2'-

inden]-4-yl)phenyl)carbamate (3w): 

 

Followed the general procedure, using 1a (0.2 mmol, 31.1 mg), 2l (0.2 mmol, 80.6 mg) and L4 (0.02 

mmol, 19.0 mg). Purified by flash column chromatography (petroleum ether/ethyl acetate 3:1) to 

afforded 3w as a light yellow oil (71.1 mg, 65% yield, 9:1 dr); [α]D
20 = -28.3 (c = 1.0, THF, 93% ee); 1H 

NMR (400 MHz, CDCl3) δ 8.09 (s, 1H), 7.78 (d, J = 8.1 Hz, 1H), 7.74 – 7.64 (m, 3H), 7.60 (d, J = 8.7 

Hz, 1H), 7.58 – 7.51 (m, 2H), 7.51 – 7.44 (m, 2H), 7.41 – 7.28 (m, 3H), 7.22 – 7.11 (m, 2H), 7.00 (t, J = 

7.5 Hz, 1H), 5.17 – 4.77 (m, 2H), 3.37 (dd, J = 48.5, 17.7 Hz, 2H), 1.62 (s, 9H); 13C NMR (101 MHz, 

CDCl3) δ 199.4, 195.9, 174.2, 154.0, 150.0, 137.0, 136.6, 135.8, 133.8, 132.4, 131.9, 131.5, 129.7, 129.5, 

129.3, 129.0, 128.8, 128.3, 127.6, 127.1, 126.2, 125.5, 124.7, 123.2, 84.9, 80.6, 56.6, 44.3, 36.0, 28.5; 

HRMS (ESI):  m/z  [M + Na]+ calcd for [C34H29NNaO6]+: 570.1887, found: 570.1892; HPLC: Daicel 

Chiralpak IE, n-hexane/i-PrOH = 70/30, flow rate = 1 mL/min, λ = 254 nm, major product: tmajor = 35.56 

min and tminor = 28.23 min; minor product: tmajor = 21.55 min and tminor = 31.18 min. 

Mmol-scale reaction  
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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 L4 (0.1 mmol, 90 mg) in THF (5 mL). After the mixture was stirred for 30 min 

at room temperature. Then, α-hydroxy-1-indanone 1a (1.0 mmol, 0.15 g), methyleneindolinone 2e (1.0 

mmol, 0.36 g) and 2-Br-4-ClPhOH (2.0 eq, 0.41 g) were added. The reaction mixture was stirred for 24 

h at the same temperature. The reaction was quenched with NH4Cl solution (10 mL), and the organic 

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 3p (0.36g) as a white solid. 

Derivatization 

 

Synthesis of 43: The mixture of 3a (50.0 mg, 0.1 mmol, 1.0 equiv), PhI(OAc)2 (65.0 mg, 0.2 mmol, 

2.0 equiv), and Cs2CO3 (39.5 mg, 0.12 mmol, 1.2 equiv) in CHCl3 (2 mL) was treated with Bu4NI (59.0 

mg, 0.16 mmol, 1.6 equiv) at 0 °C. The reaction was allowed to stir at same temperature for 48 h. Upon 

completion as shown by TLC, the reaction mixture was washed with saturated Na2S2O3 (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 purified by flash chromatography with petroleum ether/ethyl acetate 

(5/1) to provide the product 4 as a light yellow oil. 

tert-Butyl (R)-(2-(3-benzoyl-1',5-dioxo-1',3'-dihydro-5H-spiro[furan-2,2'-inden]-4-

yl)phenyl)carbamate (4): 

 
Light yellow oil (44.6 mg) in 90% isolated yield; [α]D

20 = -20.2 (c = 1.0, THF, 95% ee); 1H NMR (400 

MHz, CDCl3) δ 7.84 (d, J = 7.7 Hz, 1H), 7.70 – 7.60 (m, 1H), 7.49 (d, J = 8.2 Hz, 1H), 7.47 – 7.39 (m, 

4H), 7.32 – 7.25 (m, 1H), 7.16 – 7.04 (m, 4H), 6.98 (s, 1H), 6.90 – 6.80 (m, 1H), 3.84 – 3.56 (m, 2H), 

1.47 (s, 9H); 13C NMR (101 MHz, CDCl3) δ 195.4, 190.2, 171.0, 155.0, 153.0, 150.8, 136.7, 136.6, 

134.5, 133.9, 133.6, 131.0, 130.7, 129.3, 128.6, 128.5, 126.7, 125.9, 124.0, 123.4, 120.8, 90.0, 80.5, 35.0, 

28.3; HRMS (ESI):  m/z  [M + Na]+ calcd for [C30H25NNaO6]+: 518.1574, found: 518,1578; HPLC: 
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Daicel Chiralpak IC, n-hexane/i-PrOH = 80/20, flow rate = 1 mL/min, λ = 254 nm, tmajor = 20.10 min and 

tminor = 17.88 min. 

Further applications 

 

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

added dropwise to a solution of L4 (0.02 mmol, 19.0 mg) in THF (2 mL). After the mixture was stirred 

for 30 min at 20 °C. Then, α-hydroxyacetophenone 1m (0.2 mmol, 27.5 mg), methyleneindolinone 2 (0.2 

mmol, 69.8 mg) and 2-Br-4-ClPhOH (2.0 eq, 83.0 mg) were added. The reaction mixture was stirred for 

24 h at the same temperature. The reaction was quenched with NH4Cl solution (4 mL), and the organic 

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 5. 

tert-Butyl (2-((3S,4R,5R)-4,5-dibenzoyl-2-oxotetrahydrofuran-3-yl)phenyl)carbamate (5): 

 

Light yellow oil (67.9 mg, >20:1dr) in 70% isolated yield; [α]D
20 = -4.2 (c = 1.0, THF, 84% ee); 1H NMR 

(400 MHz, CDCl3) δ 7.74 – 7.60 (m, 5H), 7.53 (s, 1H), 7.50 – 7.42 (m, 2H), 7.35 – 7.28 (m, 3H), 7.27 – 

7.22 (m, 2H), 7.21 – 7.16 (m, 1H), 7.16 – 7.10 (m, 1H), 6.25 (d, J = 8.5 Hz, 1H), 5.01 – 4.86 (m, 1H), 

4.77 (d, J = 10.4 Hz, 1H), 1.57 (s, 9H); 13C NMR (101 MHz, CDCl3) δ 195.0, 193.7, 175.3, 154.2, 136.8, 

135.9, 134.3, 134.3, 134.1, 129.0, 129.0, 128.9, 128.8, 128.6, 128.2, 126.2, 125.7, 80.6, 76.6, 55.6, 43.0, 

28.4; HRMS (ESI):  m/z  [M + Na]+ calcd for [C29H27NNaO6]+: 508.1731, found: 508.1736; HPLC: 

Daicel Chiralpak AD, n-hexane/i-PrOH = 80/20, flow rate = 1 mL/min, λ = 254 nm, tmajor = 21.03 min 

and tminor = 42.17 min. 

 

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

dropwise to a solution of L4 (0.02 mmol, 19.0 mg) in THF (2 mL). After the mixture was stirred for 30 

min at 20 °C. Then, α-hydroxyacetophenone 1a (0.2 mmol, 31.1 mg), methyleneindolinone 2m (0.2 

mmol, 57.8 mg) and 2-Br-4-ClPhOH (2.0 eq, 83.0 mg) were added. The reaction mixture was stirred for 



S15 
 

24 h at the same temperature. The reaction was quenched with NH4Cl solution (4 mL), and the organic 

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 6. 

tert-butyl(2-(3-acetyl-1',5-dioxo-1',3',4,5-tetrahydro-3H-spiro[furan-2,2'-inden]-4-

yl)phenyl)carbamate (6): 

 

Light yellow oil (39.2 mg, >20:1dr) in 45% isolated yield; [α]D
20 = -26.0 (c = 1.0, THF, 91% ee); 1H 

NMR (400 MHz, CDCl3) δ 7.85 (d, J = 7.7 Hz, 1H), 7.71 – 7.57 (m, 2H), 7.50 – 7.38 (m, 3H), 7.27 – 

7.20 (m, 1H), 7.17 – 7.05 (m, 2H), 4.56 (d, J = 12.0 Hz, 1H), 4.12 (d, J = 12.0 Hz, 1H), 3.39 – 3.23 (m, 

2H), 1.66 (s, 3H), 1.49 (s, 9H); 13C NMR (101 MHz, CDCl3) δ 204.0, 198.6, 173.7, 153.8, 150.3, 137.4, 

136.9, 133.6, 129.1, 129.0, 129.0, 127.1, 126.9, 125.5, 125.4, 83.7, 80.6, 62.0, 43.4, 36.1, 30.4, 28.4; 

HRMS (ESI):  m/z  [M + Na]+ calcd for [C25H25NNaO6]+: 458.1574, found: 458.1579; HPLC: Daicel 

Chiralpak IF, n-hexane/i-PrOH = 70/30, flow rate = 1 mL/min, λ = 254 nm, tmajor = 21.08 min and tminor 

= 10.35 min. 

 

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

dropwise to a solution of L4 (0.02 mmol, 19.0 mg) in THF (2 mL). After the mixture was stirred for 30 

min at 20 °C. Then, α-hydroxyacetophenone 1a (0.2 mmol, 31.1 mg), methyleneindolinone 2n (0.2 mmol, 

63.4 mg) and 2-Br-4-ClPhOH (2.0 eq, 83.0 mg) were added. The reaction mixture was stirred for 24 h at 

the same temperature. The reaction was quenched with NH4Cl solution (4 mL), and the organic 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 7. 

ethyl 4-(2-((tert-butoxycarbonyl)amino)phenyl)-1',5-dioxo-1',3',4,5-tetrahydro-3H-spiro[furan-

2,2'-indene]-3-carboxylate (7): 



S16 
 

 

Light yellow oil (55.8 mg, 10:1dr) in 61% isolated yield; [α]D
20 = -42.6 (c = 1.0, THF, 89% ee); 1H NMR 

(400 MHz, CDCl3) δ 7.89 (d, J = 7.7 Hz, 1H), 7.76 – 7.65 (m, 3H), 7.53 – 7.42 (m, 2H), 7.38 – 7.29 (m, 

1H), 7.27 – 7.15 (m, 2H), 4.62 (d, J = 12.3 Hz, 1H), 3.94 (d, J = 12.3 Hz, 1H), 3.90 – 3.74 (m, 2H), 3.54 

– 3.36 (m, 2H), 1.56 (s, 9H), 0.62 (t, J = 7.1 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 198.5, 173.5, 169.4, 

153.7, 150.2, 137.1, 136.8, 134.1, 128.9, 128.8, 128.7, 127.0, 126.4, 125.3, 125.1, 83.6, 80.5, 62.2, 55.8, 

43.5, 36.5, 28.4, 13.1; HRMS (ESI):  m/z  [M + Na]+ calcd for [C26H27NNaO7]+: 488.1680, found: 

488.1691; HPLC: Daicel Chiralpak IF, n-hexane/i-PrOH = 70/30, flow rate = 1 mL/min, λ = 254 nm, 

major product: tmajor = 21.30 min and tminor = 11.35 min; minor product: tmajor = 10.32 min and tminor = 

12.68 min. 

 

Synthesis of 8: The mixture of 3a (50.0 mg, 0.1 mmol, 1.0 equiv) in DCM (2 mL) was treated with 

CF3COOH (45.5 mg, 0.4 mmol, 4.0 equiv). The reaction was allowed to stir at rt for 24 h. Upon 

completion as shown by TLC, the reaction mixture was washed with saturated NaHCO3 (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 purified by flash chromatography with petroleum ether/ethyl acetate 

(10/1) to provide the product 8 as a colourless oil. 

(E)-3-(2-oxo-1-(1-oxo-2,3-dihydro-1H-inden-2-yl)-2-phenylethylidene)indolin-2-one (8): 

 
Colourless oil (25.0 mg) in 60% isolated yield; 1H NMR (400 MHz, CDCl3) δ 8.15 (d, J = 8.4 Hz, 1H), 
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7.87 (s, 1H), 7.84 (d, J = 7.6 Hz, 1H), 7.75 – 7.55 (m, 5H), 7.53 – 7.32 (m, 6H), 4.40 – 4.14 (m, 1H), 

3.73 – 3.46 (m, 1H), 3.29 – 3.08 (m, 1H); 13C NMR (101 MHz, CDCl3) δ 206.3, 160.9, 153.2, 146.7, 

140.4, 136.4, 135.3, 135.0, 132.6, 129.6, 129.4, 129.3, 128.5, 128.4, 128.0, 127.6, 127.2, 126.7, 126.4, 

124.4, 50.2, 37.7; HRMS (ESI):  m/z  [M + H]+ calcd for [C25H18NO3]+: 380.1281, found: 380.1284. 
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NMR Spectra of compounds 
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HPLC spectra of compounds
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Single-crystal X-ray diffraction of 3p (CCDC 2167416) 
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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