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1. General Information

Unless otherwise noted, all reactions were carried out under an atmosphere of nitrogen using standard 

Schlenk techniques. Materials were purchased from commercial suppliers and used without further 

purification. 1H NMR and 13C NMR spectra were recorded on a 400 MHz spectrometer. The chemical shifts 

for 1H NMR were recorded in ppm downfield from tetramethylsilane (TMS) with the solvent resonance as 

the internal standard. The chemical shifts for 13C NMR were recorded in ppm downfield using the central 

peak of deuterochloroform (77.16 ppm) as the internal standard. Coupling constants (J) are reported in Hz 

and refer to apparent peak multiplications. HRMS were obtained on an ESI-TOF mass spectrometer. Flash 

column chromatography was performed on silica gel (300-400 mesh). 

2. Preparation of Substrates

2.1 Representative Procedure for the Preparation of 2-Bromo-2-(4-methoxybenzyl)malonate. (2a-2c, 
2f-2h)1

To a solution of diethyl 2-bromomalonate (8.00 g, 33.46 mmol) in anhydrous DMF (40 mL) taken in a 

100 mL round-bottom flask at room temperature under nitrogen was added potassium carbonate (5.09 g, 

36.81 mmol) and 1-(bromomethyl)-4-methoxybenzene (8.07 g, 40.16 mmol). The mixture was stirred at 

room temperature for 15 h. Then, the mixture was poured into a separatory funnel containing Et2O and H2O. 

The layers were separated and the aqueous layer was extracted with Et2O. The combined organic phase was 

dried over Na2SO4 and concentrated. The crude product was purified by silica-gel column chromatography 

eluting with PE / EA (20:1) to give 2-bromo-2-(4-methoxybenzyl)malonate as colorless liquid (8.90 g, 74% 

yield). 

2.2 The Preparation of 2-Bromo-2-(4-methoxybenzyl)-3-oxobutanoate (2d) and Ethyl 
2-bromo-3-(4-methoxyphenyl)propanoate (2e).
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2.2.1 The Preparation of 2-bromo-2-(4-methoxybenzyl)-3-oxobutanoate (2d)2 

A mixture of ethyl 2-(4-methoxybenzyl)-3-oxobutanoate (6.00 g, 24 mmol), NBS (4.48 g, 25 mmol) 

and NH4OAc (0.18 g, 2.4 mmol) in CCl4 (30 mL) was stirred at reflux for 4 h. After the reaction mixture was 

cooled to room temperature, the solvent was removed in a vacuum. Et2O (80 mL) was added, the mixture 

was filtered and the filtrate was washed with water, dried and evaporated. The residue was purified by 

silica-gel column chromatography eluting with PE/EA (30:1) to give 

2-bromo-2-(4-methoxybenzyl)-3-oxobutanoate as yellow liquid (5.76 g, 73% yield).

2.2.2 The Preparation of ethyl 2-bromo-3-(4-methoxyphenyl)propanoate (2e)3 

To a solution of NaOEt (0.36 g, 5.25 mmol) in ethanol (15 mL) was slowly added ethyl 

2-(4-methoxybenzyl)-3-oxobutanoate (1.25 g, 5.0 mmol) and NBS (0.89 g, 5.05 mmol) at -35 °C. The 

mixture was allowed to warm to room temperature and stirred for 5 h. The reaction mixture was quenched 

with water, and then the mixture was extracted with Et2O. The combined organic layer was washed with 

brine, dried over Na2SO4 and concentrated. The crude product was purified by silica-gel column 

chromatography eluting with PE / EA (40:1) to give ethyl 2-bromo-3-(4-methoxyphenyl)propanoate as 

colorless liquid (1.21 g, 84% yield). 

2.3. Spectral Data for Substrates 

2-Bromo-2-(4-methoxybenzyl)malonate

O

O

O

O

Br

O

2a

Colorless liquid, 8.90 g, 74% yield. 1H NMR (400 MHz, CDCl3) δ 7.19 – 7.14 (m, 2H), 6.84 – 6.79 (m, 2H), 

4.26 (qd, J = 7.2, 2.0 Hz, 4H), 3.78 (s, 3H), 3.58 (s, 2H), 1.27 (t, J = 7.1 Hz, 6H). 13C NMR (100 MHz, 

CDCl3) δ 166.7, 159.1, 131.5, 126.4, 113.6, 63.8, 63.1, 55.2, 42.8, 13.9. HRMS-ESI (m/z): Calculated for 

C15H20BrO5 (M + H)+: 359.0494, Found: 359.0486. 

Diethyl 2-(4-(benzyloxy)benzyl)-2-bromomalonate 
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O
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OBn
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Yellow liquid, 0.40 g, 42% yield. 1H NMR (400 MHz, CDCl3) δ 7.46 – 7.30 (m, 5H), 7.19 (d, J = 8.8 Hz, 

2H), 6.92 (d, J = 8.4 Hz, 2H), 5.05 (s, 2H), 4.27 (q, J = 7.2 Hz, 4H), 3.54 (s, 2H), 1.28 (t, J = 7.2 Hz, 6H). 

13C NMR (100 MHz, CDCl3) δ 166.6, 158.4, 137.0, 131.7, 131.6, 128.6, 128.0, 127.5, 126.0, 114.61, 114.56, 

71.1, 70.0, 63.0, 42.3, 13.9. HRMS-ESI (m/z): Calculated for C21H24BrO5 (M + H)+: 435.0807, Found: 

435.0830. 

Diethyl 2-bromo-2-(4-((tert-butyldimethylsilyl)oxy)benzyl)malonate 

O

O

O

O

Br

OTBS
2c

Yellow liquid, 0.43 g, 40% yield as a mixture of major: minor = 4.9:1 isomer. For major-isomer: 1H NMR 

(400 MHz, CDCl3) δ 7.10 (d, J = 8.4 Hz, 2H), 6.74 (d, J = 8.8 Hz, 2H), 4.24 (qq, J = 6.8, 4.0 Hz, 4H), 3.57 

(s, 2H), 1.26 (t, J = 6.8 Hz, 6H), 0.97 (s, 9H), 0.18 (s, 6H). 13C NMR (100 MHz, CDCl3) δ 166.8, 155.3, 

131.6, 127.1, 119.8, 63.6, 63.1, 43.0, 25.8, 18.3, 13.9, -4.3. HRMS-ESI (m/z): Calculated for C20H32BrO5Si 

(M + H)+: 459.1202, Found: 459.1197. 

2-Bromo-2-(4-methoxybenzyl)-3-oxobutanoate

O

O

O

Br

O
2d

Yellow liquid, 0.51 g, 38% yield. 1H NMR (400 MHz, CDCl3) δ 7.14 – 7.11 (m, 2H), 6.82 – 6.77 (m, 2H), 
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4.25 – 4.16 (m, 2H), 3.77 (s, 3H), 3.51 (dd, J = 14.8 Hz, 2H), 2.33 (s, 2H), 1.23 (t, J = 6.8 Hz, 3H). 13C NMR 

(100 MHz, CDCl3) δ 198.0, 167.2, 159.0, 131.5, 126.6, 113.6, 69.3, 63.1, 55.2, 41.9, 27.0, 13.8. HRMS-ESI 

(m/z): Calculated for C14H18BrO4 (M + H)+: 329.0388, Found: 329.0355. 

Ethyl 2-bromo-3-(4-methoxyphenyl)propanoate 

O

O

Br
O

2e

Yellow liquid, 0.63 g, 52% yield. 1H NMR (400 MHz, CDCl3) δ 7.13 (d, J = 8.8 Hz, 2H), 6.83 (d, J = 8.8 Hz, 

2H), 4.33 (dd, J = 8.8, 6.4 Hz, 1H), 4.17 (qd, J = 7.2, 3.6 Hz, 2H), 3.79 (s, 3H), 3.39 (dd, J = 14.4, 8.8 Hz, 

1H), 3.18 (dd, J = 14.0, 6.8 Hz, 1H), 1.23 (t, J = 7.2 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 169.6, 158.9, 

130.4, 129.0, 114.1, 62.1, 55.4, 45.9, 40.4, 14.0. HRMS-ESI (m/z): Calculated for C12H16BrO3 (M + H)+: 

287.0283, Found: 287.0284. 

Diethyl 2-bromo-2-(3,4-dimethoxybenzyl)malonate 

O

O

O

O

Br

O

2f

O

Yellow liquid, 0.63 g, 52% yield. 1H NMR (400 MHz, CDCl3) δ 6.79 (s, 1H), 6.77 (s, 2H), 4.25 (qd, J = 7.2, 

3.2 Hz, 4H), 3.84 (s, 6H), 3.57 (s, 2H), 1.27 (t, J = 7.2 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 166.8, 148.7, 

148.6, 126.9, 122.8, 113.9, 110.9, 63.7, 63.2, 55.94, 55.92, 43.3, 14.0. HRMS-ESI (m/z): Calculated for 

C16H22BrO6 (M + H)+: 389.0600, Found: 389.0598. 

Diethyl 2-bromo-2-(3-bromo-4-methoxybenzyl)malonate 

O

O

O

O

Br

O

2g

Br
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Yellow liquid, 0.63 g, 52% yield. 1H NMR (400 MHz, CDCl3) δ 7.40 (d, J = 2.0 Hz, 1H), 7.18 (dd, J = 8.4, 

2.4 Hz, 1H), 6.81 (d, J = 8.4 Hz, 1H), 4.26 (q, J = 7.2 Hz, 4H), 3.86 (s, 3H), 3.54 (s, 2H), 1.28 (t, J = 6.8 Hz, 

6H). 13C NMR (100 MHz, CDCl3) δ 166.5, 155.4, 135.1, 130.6, 127.8, 111.4, 111.2, 63.2, 56.2, 42.4, 13.9. 

HRMS-ESI (m/z): Calculated for C15H19Br2O5 (M + H)+: 436.9599, Found: 436.9607. 

Diethyl 2-bromo-2-((4-methoxynaphthalen-1-yl)methyl)malonate 

O

O

O

O

Br

O

2h

Yellow liquid, 0.63 g, 52% yield. 1H NMR (400 MHz, CDCl3) δ 8.31 (d, J = 8.4 Hz, 1H), 8.04 (d, J = 8.4 Hz, 

1H), 7.54 – 7.44 (m, 3H), 6.77 (d, J = 8.0 Hz, 1H), 4.18 (qd, J = 7.2, 3.6 Hz, 4H), 4.13 (s, 2H), 3.99 (s, 3H), 

1.19 (t, J = 7.2 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 167.0, 155.2, 133.5, 128.6, 126.3, 125.8, 124.8, 

123.8, 122.8, 122.5, 103.1, 63.4, 63.1, 55.4, 38.5, 13.7. HRMS-ESI (m/z): Calculated for C19H22BrO5 (M + 

H)+: 409.0651, Found: 409.0651. 

3. General Procedure and Spectral Data of Products

3.1. General Procedure 

+
fac-Ir(ppy)3  (1 mol %)

O

EtO2C Br
EtO2C

O

EtO2C CO2Et

DMA (0.1 M), blue LED 
Na2CO3 , 12 h

1a 2a 3aa

To a 25 mL dried Schlenk flask equipped with a magnetic stir bar was added 1a (30.64 mg, 0.30 mmol), 2a 

(215.53 mg, 0.60 mmol), fac-Ir(ppy)3 (4.20 mg, 0.003 mmol) and Na2CO3 (38.16 mg, 0.36 mmol). Then 3 

mL DMA was added into the reaction tube via a syringe. The resulting mixture was degassed by the 

freeze-pump-thaw method and then stirred at a distance of ~5 cm from a 7 W blue LED bulb at room 

temperature for 12 h. After the completion of the reaction, it was quenched by water (20 mL) and extracted 

with a mixture of diethyl ether and ethyl acetate (10:1, 3 x 20 mL). The organic layers were combined and 

the pure product was obtained by flash chromatography on silica-gel (PE / EA = 10:1). 
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3.2. Gram-scale synthesis of compound 3aa 

+

O

EtO2C Br
EtO2C

O

EtO2C CO2Et

fac-Ir(ppy)3 (1 mol %) 

DMA (0.1 M), blue LED 

Na2CO3 , 12 h

1a 2a 3aa

1a (510.68 mg, 5.00 mmol), 2a (3.59 g, 10.0 mmol), fac-Ir(ppy)3 (7.00 mg, 0.005 mmol) and Na2CO3 

(635.93 mg, 6.0 mmol) were dissolved in DMA (50.00 mL). Then, the resulting mixture was degassed by the 

freeze-pump-thaw method and then stirred at a distance of ~5 cm from a 7 W blue LED bulb at room 

temperature for 12 h. After the completion of the reaction, it was quenched by water (50 mL) and extracted 

with a mixture of diethyl ether and ethyl acetate (10:1, 3 x 40 mL). Then, the solvent was removed by 

vacuum and the crude product was purified by flash chromatography on silica-gel (PE / EA = 5:1) to give 

the pure product 3aa as a colorless liquid (1.74 g) in 95% yield. 

3.3. Spectral Data of Products 

Diethyl 8-oxo-4-phenylspiro[4.5]deca-3,6,9-triene-2,2-dicarboxylate 

EtO2C CO2Et

O

3aa

Colorless liquid, 107.9 mg, 98% yield. 1H NMR (400 MHz, CDCl3) δ 7.32 (dd, J = 7.6, 2.0 Hz, 2H), 7.28 – 

7.21 (m, 4H), 6.99 (d, J = 10.0 Hz, 2H), 6.40 (s, 1H), 6.34 (d, J = 10.0 Hz, 2H), 4.27 (qt, J = 7.2, 3.6 Hz, 4H), 

2.81 (s, 2H), 1.30 (t, J = 7.2 Hz, 6H). 13C NMR (100 MHz, CDCl3)  δ  185.5, 170.3, 153.7, 148.0, 133.9, 

129.1, 129.0, 128.7, 128.5, 126.5, 65.0, 62.3, 55.4, 43.2, 14.1. HRMS-ESI (m/z): Calculated for C22H23O5 (M 

+ H)+: 367.1545, Found: 367.1545.

Diethyl 8-oxo-4-(p-tolyl)spiro[4.5]deca-3,6,9-triene-2,2-dicarboxylate 

3ba

O

EtO2C CO2Et
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Colorless solid, 103.6 mg, 91% yield, M.P.: 88.4-90.2 oC. 1H NMR (400 MHz, CDCl3) δ 7.21 (d, J = 8.0 Hz, 

2H), 7.05 (d, J = 7.9 Hz, 2H), 6.98 (d, J = 9.9 Hz, 2H), 6.35 (s, 2H), 6.32 (s, 1H), 4.26 (qd, J = 7.1, 3.2 Hz, 

4H), 2.80 (s, 2H), 2.30 (s, 3H), 1.30 (t, J = 7.1 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 185.5, 170.4, 153.9, 

148.0, 139.0, 131.1, 129.2, 129.0, 127.8, 126.4, 65.0, 62.3, 55.4, 43.3, 21.3, 14.2. HRMS-ESI (m/z): 

Calculated for C23H25O5 (M + H)+: 381.1702, Found: 381.1702. 

Diethyl 4-(4-methoxyphenyl)-8-oxospiro[4.5]deca-3,6,9-triene-2,2-dicarboxylate 
EtO2C CO2Et

O

3ca O

Colorless solid, 112.9 mg, 95% yield, M.P.: 97.1-98.3 oC. 1H NMR (400 MHz, CDCl3) δ 7.27 (d, J = 8.0 Hz, 

3H), 6.99 (d, J = 10.0 Hz, 2H), 6.76 (d, J = 8.8 Hz, 2H), 6.34 (d, J = 10.0 Hz, 2H), 6.30 (s, 1H), 4.26 (qt, J = 

7.2, 3.6 Hz, 4H), 3.77 (s, 3H), 2.79 (s, 2H), 1.30 (t, J = 7.2 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 185.5, 

170.4, 160.1, 154.0, 147.4, 129.0, 127.8, 126.7, 126.5, 113.9, 64.9, 62.3, 55.3, 43.3, 14.1. HRMS-ESI (m/z): 

Calculated for C23H25O6 (M + H)+: 397.1651, Found: 397.1643. 

Diethyl 4-(4-fluorophenyl)-8-oxospiro[4.5]deca-3,6,9-triene-2,2-dicarboxylate 

3da

O

EtO2C CO2Et

F

Yellow solid, 102.9 mg, 89% yield, M.P.: 82.3-83.2 oC. 1H NMR (400 MHz, CDCl3) δ 7.31 – 7.27 (m, 2H), 

6.98 – 6.91 (m, 4H), 6.36 (s, 1H), 6.33 (d, J = 2.8 Hz, 2H), 4.27 (qt, J = 7.6, 3.6 Hz, 4H), 2.81 (s, 2H), 1.30 

(t, J = 7.2 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 185.3, 170.2, 163.0 (d, JC-F = 247.8 Hz), 153.4, 147.1, 

130.1 (d, JC-F = 3.4 Hz), 129.3, 128.6, 128.4 (d, JC-F = 8.0 Hz) 115.7, 115.5, 65.0, 62.4, 55.5, 43.2, 14.2. 19F 

NMR (376 MHz, CDCl3) δ = -112.0 (s, 1F). HRMS-ESI (m/z): Calculated for C22H22FO5 (M + H)+: 

385.1451, Found: 385.1455. 

Diethyl 4-(4-chlorophenyl)-8-oxospiro[4.5]deca-3,6,9-triene-2,2-dicarboxylate 
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3ea

O

EtO2C CO2Et

Cl

Yellow solid, 118.1 mg, 98% yield, M.P.: 113.6-114.3 oC. 1H NMR (400 MHz, CDCl3) δ 7.24 – 7.20 (m, 

4H), 6.95 (d, J = 10.0 Hz, 2H), 6.38 (s, 1H), 6.34 (d, J = 10.0 Hz, 2H), 4.27 (qt, J = 7.2, 3.6 Hz, 4H), 2.81 (s, 

2H), 1.30 (t, J = 7.2 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 185.1, 170.0, 153.1, 146.9, 134.8, 132.3, 129.2, 

128.7, 127.8, 64.9, 62.3, 55.3, 43.1, 14.1. HRMS-ESI (m/z): Calculated for C22H22O5Cl (M + H)+: 401.1156, 

Found: 401.1157. 

Diethyl 4-(4-bromophenyl)-8-oxospiro[4.5]deca-3,6,9-triene-2,2-dicarboxylate 

3fa

O

EtO2C CO2Et

Br

White solid, 120.1 mg, 90% yield, M.P.: 121.4-122.9 oC. 1H NMR (400 MHz, CDCl3) δ 7.37 (d, J = 8.4 Hz, 

2H), 7.18 (d, J = 8.4 Hz, 2H), 6.95 (d, J = 10.0 Hz, 2H), 6.39 (s, 1H), 6.34 (d, J = 10.0 Hz, 2H), 4.27 (qt, J = 

8.0, 3.6 Hz, 4H), 2.81 (s, 2H), 1.30 (t, J = 7.2 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 185.2, 170.1, 153.2, 

147.0, 132.8, 131.7, 129.4, 129.3, 128.1, 123.2, 65.0, 62.4, 55.3, 43.2, 14.1. HRMS-ESI (m/z): Calculated 

for C22H22BrO5 (M + H)+: 445.0651, Found: 445.0648. 

Diethyl 4-(4-cyanophenyl)-8-oxospiro[4.5]deca-3,6,9-triene-2,2-dicarboxylate 

3ga

O

EtO2C CO2Et

CN

Yellow solid, 95.7 mg, 81% yield, M.P.: 110.4-111.8 oC. 1H NMR (400 MHz, CDCl3) δ 7.54 (d, J = 8.4 Hz, 

2H), 7.41 (d, J = 8.8 Hz, 2H), 6.94 (d, J = 10.0 Hz, 2H), 6.52 (s, 1H), 6.36 (d, J = 10.4 Hz, 2H), 4.28 (qt, J = 
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7.2, 3.6 Hz, 4H), 2.83 (s, 2H), 1.31 (t, J = 7.2 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 185.0, 169.8, 152.6, 

146.4, 138.4, 132.3, 131.9, 129.6, 127.2, 118.4, 112.5, 65.1, 62.6, 55.2, 43.2, 14.1. HRMS-ESI (m/z): 

Calculated for C23H22NO5 (M + H)+: 392.1498, Found: 392.1497. 

Diethyl 4-(4-(methoxycarbonyl)phenyl)-8-oxospiro[4.5]deca-3,6,9-triene-2,2-dicarboxylate 

3ha

O

EtO2C CO2Et

CO2Me

Light yellow solid, 114.2 mg, 90% yield, M.P.: 88.0-89.4 oC. 1H NMR (400 MHz, CDCl3) δ 7.91 (d, J = 8.4 

Hz, 2H), 7.37 (d, J = 8.4 Hz, 2H), 6.97 (d, J = 10.0 Hz, 2H), 6.49 (s, 1H), 6.35 (d, J = 10.4 Hz, 2H), 4.28 (qt, 

J = 7.2, 3.6 Hz, 4H), 3.89 (s, 3H), 2.83 (s, 2H), 1.31 (t, J = 7.2 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 

185.2, 170.0, 166.5, 153.0, 147.3, 138.3, 130.8, 130.4, 129.8, 129.4, 126.6, 65.1, 62.5, 55.4, 52.3, 43.3, 14.2. 

HRMS-ESI (m/z): Calculated for C24H25O7 (M + H)+: 425.1600, Found: 425.1595. 

Diethyl 8-oxo-4-(4-(trifluoromethyl)phenyl)spiro[4.5]deca-3,6,9-triene-2,2-dicarboxylate 

3ia

O

EtO2C CO2Et

CF3

White solid, 123.8 mg, 95% yield, M.P.: 107.0-108.2 oC. 1H NMR (400 MHz, CDCl3) δ 7.51 (d, J = 8.4 Hz, 

2H), 7.42 (d, J = 8.4 Hz, 2H), 6.96 (d, J = 10.0 Hz, 2H), 6.48 (s, 1H), 6.36 (d, J = 9.6 Hz, 2H), 4.28 (qd, J = 

7.6, 3.2 Hz, 4H), 2.84 (s, 2H), 1.31 (t, J = 7.2 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 185.1, 170.0, 152.9, 

146.9, 137.5, 130.8 (d, JC-F = 33.8 Hz), 129.5, 126.9, 125.5 (q, JC-F = 3.5 Hz), 123.9 (d, JC-F = 270.7 Hz), 65.1, 

62.5, 55.4, 43.3, 14.1. 19F NMR (376 MHz, CDCl3) δ = -62.9 (s, 3F). HRMS-ESI (m/z): Calculated for 

C23H22F3O5 (M + H)+: 435.1419, Found: 435.1419. 

Diethyl 4-(4-nitrophenyl)-8-oxospiro[4.5]deca-3,6,9-triene-2,2-dicarboxylate 
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3ja

O

EtO2C CO2Et

NO2

Yellow solid, 54.8 mg, 44% yield, M.P.: 124.0-124.8 oC. 1H NMR (400 MHz, CDCl3) δ 8.11 (d, J = 8.8 Hz, 

2H), 7.47 (d, J = 8.8 Hz, 2H), 6.95 (d, J = 10.4 Hz, 2H), 6.56 (s, 1H), 6.38 (d, J = 10.0 Hz, 2H), 4.28 (qd, J = 

7.2, 3.6 Hz, 4H), 2.85 (s, 2H), 1.31 (t, J = 7.2 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 185.0, 169.7, 152.4, 

147.8, 146.2, 140.3, 132.5, 129.7, 127.5, 123.8, 65.2, 62.6, 55.3, 43.3, 14.1. HRMS-ESI (m/z): Calculated 

for C22H22NO7 (M + H)+: 412.1396, Found: 412.1393. 

Diethyl 4-(3-fluorophenyl)-8-oxospiro[4.5]deca-3,6,9-triene-2,2-dicarboxylate 

3ka

O

EtO2C CO2Et

F

Colorless liquid, 113.1 mg, 98% yield. 1H NMR (400 MHz, CDCl3) δ 7.21 (td, J = 8.0, 6.0 Hz, 1H), 7.09 – 

7.01 (m, 2H), 6.99 – 6.95 (m, 3H), 6.41 (s, 1H), 6.35 (d, J = 10.0 Hz, 2H), 4.28 (qq, J = 7.6, 3.6 Hz, 4H), 

2.82 (s, 2H), 1.31 (t, J = 7.2 Hz, 6H) 13C NMR (100 MHz, CDCl3) δ 185.2, 170.1, 162.6 (d, JC-F = 245.0 Hz), 

153.1, 147.0, 146.9 (d, JC-F =2.3 Hz), 136.0 (d, JC-F =7.8 Hz), 130.1 (d, JC-F =8.2 Hz), 130.0, 129.3, 122.2 (d, 

JC-F =2.9 Hz), 115.8 (d, JC-F =21.0 Hz), 113.6 (d, JC-F =22.4 Hz), 65.0, 62.4, 55.3, 43.2. 19F NMR (376 MHz, 

CDCl3) δ = -112.3 (s, 1F). HRMS-ESI (m/z): Calculated for C22H22FO5 (M + H)+: 385.1451, Found: 

385.1454. 

Diethyl 8-oxo-4-(m-tolyl)spiro[4.5]deca-3,6,9-triene-2,2-dicarboxylate 

3la

O

EtO2C CO2Et

11



White solid, 110.1 mg, 96% yield, M.P.: 71.2-73.1 oC. 1H NMR (400 MHz, CDCl3) δ 7.16 (s, 1H), 7.13 – 

7.07 (m, 3H), 6.98 (d, J = 10.0 Hz, 2H), 6.37 (s, 1H), 6.34 (d, J = 10.0 Hz, 2H), 4.26 (qt, J = 7.2, 3.6 Hz, 4H), 

2.80 (s, 2H), 2.28 (s, 3H), 1.30 (t, J = 7.2 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 185.4, 170.3, 153.7, 148.2, 

138.1, 133.9, 129.7, 129.0, 128.5, 128.4, 127.3, 123.5, 65.0, 62.3, 55.4, 43.2, 21.4, 14.1. HRMS-ESI (m/z): 

Calculated for C23H25O5 (M + H)+: 381.1702, Found: 381.1697. 

Diethyl 4-(2-fluorophenyl)-8-oxospiro[4.5]deca-3,6,9-triene-2,2-dicarboxylate 

3ma

O

EtO2C CO2Et

F

Colorless solid, 105.0 mg, 91% yield, M.P.: 83.3-84.5 oC. 1H NMR (400 MHz, CDCl3) δ 7.24 – 7.20 (m, 1H), 

7.12 – 7.00 (m, 2H), 7.00 – 6.95 (m, 3H), 6.47 (s, 1H), 6.28 (d, J = 10.0 Hz, 2H), 4.28 (qd, J = 7.2, 3.6 Hz, 

4H), 2.81 (s, 2H), 1.30 (t, J = 6.8 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 185.3, 170.2, 160.2 (d, JC-F =248.6 

Hz), 152.8, 141.6 (d, JC-F =2.2 Hz), 133.3 (d, JC-F =8.3 Hz), 130.2 (d, JC-F =8.5 Hz), 129.2, 129.0 (d, JC-F =2.6 

Hz), 123.9 (d, JC-F =3.5 Hz), 121.6 (d, JC-F =13.5 Hz), 116.2, 115.9, 65.9, 62.4, 56.6, 42.4, 14.1. 19F NMR 

(376 MHz, CDCl3) δ = -111.3 (s, 1F). HRMS-ESI (m/z): Calculated for C22H22FO5 (M + H)+: 385.1451, 

Found: 385.1441. 

Diethyl 4-butyl-8-oxospiro[4.5]deca-3,6,9-triene-2,2-dicarboxylate 

3na
O

EtO2C CO2Et

Colorless liquid, 48.2 mg, 45% yield. 1H NMR (400 MHz, CDCl3) δ 6.75 (d, J = 10.0 Hz, 2H), 6.29 (d, J = 

10.0 Hz, 2H), 5.81 (s, 1H), 4.24 (qd, J = 7.2, 1.6 Hz, 4H), 2.68 (s, 2H), 1.77 – 1.73 (m, 2H), 1.46 (q, J = 7.6 

Hz, 2H), 1.30 – 1.21 (m, 10H), 0.86 (t, J = 6.8 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 185.6, 170.8, 152.6, 

150.2, 129.2, 126.0, 65.6, 62.0, 56.6, 41.2, 31.4, 27.4, 27.3, 22.4, 14.0, 13.9. HRMS-ESI (m/z): Calculated 

for C21H29O5 (M + H)+: 361.2015, Found: 361.2008. 

12



2,2-Diethyl 3-methyl 8-oxospiro[4.5]deca-3,6,9-triene-2,2,3-tricarboxylate 

O

EtO2C CO2Et

3oa

O

OMe

by NOE

Colorless liquid, 37.4 mg, 36% yield. 1H NMR (400 MHz, CDCl3) δ 7.04 (s, 1H), 6.77 – 6.73 (m, 2H), 6.31 

– 6.27 (m, 2H), 4.26 (qd, J = 7.2, 3.6 Hz, 4H), 3.67 (s, 3H), 2.76 (s, 2H), 1.29 (t, J = 7.2 Hz, 6H). 13C NMR

(100 MHz, CDCl3) δ 185.5, 169.0, 162.8, 150.7, 143.0, 140.4, 129.1, 65.6, 62.8, 53.0, 52.1, 42.1, 14.1. 

HRMS-ESI (m/z): Calculated for C18H21O7 (M + H)+: 349.1287, Found: 349.1273. 

Diethyl 3-benzoyl-8-oxospiro[4.5]deca-3,6,9-triene-2,2-dicarboxylate 

O

EtO2C CO2Et

3pa

O

by NOE

Yellow liquid, 85.2 mg, 72% yield. 1H NMR (400 MHz, CDCl3) δ 7.83 (d, J = 7.6 Hz, 2H), 7.60 (t, J = 7.2 

Hz, 1H), 7.49 (d, J = 8.0 Hz, 2H), 6.86 (d, J = 10.4 Hz, 2H), 6.62 (s, 1H), 6.30 (d, J = 10.0 Hz, 2H), 4.29 (qq, 

J = 7.2, 4.0 Hz, 4H), 2.82 (s, 2H), 1.31 (t, J = 7.2 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 191.2, 185.2, 

169.1, 150.6, 146.2, 141.3, 137.0, 133.5, 129.4, 128.8, 128.7, 66.2, 62.7, 41.8, 14.0. HRMS-ESI (m/z): 

Calculated for C23H23O6 (M + H)+: 395.1495, Found: 395.1490. 

Diethyl 8-oxo-4-(trimethylsilyl)spiro[4.5]deca-3,6,9-triene-2,2-dicarboxylate 

3qa

SiO

EtO2C CO2Et

Colorless liquid, 49.8 mg, 46% yield. 1H NMR (400 MHz, CDCl3) δ 6.78 – 6.74 (m, 2H), 6.27 (s, 1H), 6.26 

– 6.23 (m, 2H), 4.24 (qt, J = 7.2, 3.6 Hz, 4H), 2.62 (s, 2H), 1.28 (t, J = 7.2 Hz, 6H), 0.04 (s, 9H). 13C NMR

13



(100 MHz, CDCl3) δ 185.7, 170.3, 153.8, 151.9, 141.9, 128.3, 68.8, 62.2, 58.7, 42.9, 14.2, -0.32. HRMS-ESI 

(m/z): Calculated for C19H27O5Si (M + H)+: 363.1628, Found: 363.1622. 

Diethyl 3-methyl-8-oxo-4-phenylspiro[4.5]deca-3,6,9-triene-2,2-dicarboxylate 

3ra
O

EtO2C CO2Et

Ph

Yellow liquid, 23.5 mg, 21% yield. 1H NMR (400 MHz, CDCl3) δ 7.24 (dd, J = 4.8, 1.6 Hz, 3H), 7.04 – 7.01 

(m, 2H), 6.90 – 6.86 (m, 2H), 6.19 – 6.15 (m, 2H), 4.30 (q, J = 7.2 Hz, 4H), 2.80 (s, 2H), 1.85 (s, 3H), 1.32 

(t, J = 7.2 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 185.6, 170.7, 152.9, 143.6, 137.8, 134.6, 129.1, 128.5, 

128.2, 128.0, 68.4, 62.2, 56.4, 42.6, 14.2. HRMS-ESI (m/z): Calculated for C23H25O5 (M + H)+: 381.1702, 

Found: 381.1692. 

2,2-Diethyl 3-methyl 8-oxo-4-phenylspiro[4.5]deca-3,6,9-triene-2,2,3-tricarboxylate 

3sa
O

EtO2C CO2Et

CO2Me

Ph

Colorless liquid, 53.7 mg, 42% yield. 1H NMR (400 MHz, CDCl3) δ 7.05 (d, J = 6.0 Hz, 2H), 6.89 (d, J = 

10.0 Hz, 2H), 6.24 (d, J = 10.0 Hz, 2H), 4.32 (q, J = 7.6 Hz, 4H), 3.55 (s, 3H), 2.90 (s, 2H), 1.33 (t, J = 7.2 

Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 184.9, 170.4, 164.6, 155.3, 150.3, 133.19, 133.15, 129.9, 129.0, 

127.9, 127.3, 66.5, 62.3, 57.1, 51.8, 43.1, 14.0. HRMS-ESI (m/z): Calculated for C24H25O7 (M + H)+: 

425.1600, Found: 425.1588. 

Diethyl 8-oxo-4-(thiophen-2-yl)spiro[4.5]deca-3,6,9-triene-2,2-dicarboxylate 

O

EtO2C CO2Et

S

3ta

14



Colorless liquid, 88.7 mg, 79% yield. 1H NMR (400 MHz, CDCl3) δ 7.20 (dd, J = 5.2, 1.2 Hz, 1H), 7.00 – 

6.94 (m, 3H), 6.88 (dd, J = 5.2, 3.6 Hz, 1H), 6.38 (s, 1H), 6.34 (d, J = 8.8 Hz, 2H), 4.26 (qt, J = 7.6, 3.6 Hz, 

4H), 2.81 (s, 2H), 1.30 (t, J = 7.2 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 185.5, 170.2, 153.1, 141.6, 136.3, 

129.5, 127.6, 127.0, 126.3, 125.9, 65.4, 62.4, 55.5, 42.8, 14.2. HRMS-ESI (m/z): Calculated for C20H21O5S 

(M + H)+: 373.1110, Found: 373.1100. 

Diethyl 8-oxo-4-(thiophen-3-yl)spiro[4.5]deca-3,6,9-triene-2,2-dicarboxylate 

O

EtO2C CO2Et

S
3ua

Colorless liquid, 104.4 mg, 93% yield. 1H NMR (400 MHz, CDCl3) δ 7.25 – 7.23 (m, 1H), 7.19 – 7.17 (m, 

2H), 6.98 (d, J = 10.0 Hz, 2H), 6.38 (s, 1H), 6.35 (d, J = 5.2 Hz, 2H), 4.26 (qq, J = 7.2, 3.6 Hz, 4H), 2.79 (s, 

2H), 1.30 (t, J = 6.8 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 185.5, 170.4, 153.8, 142.8, 134.7, 129.2, 127.4, 

126.5, 126.0, 122.9, 65.2, 62.4, 55.3, 42.8, 14.2. HRMS-ESI (m/z): Calculated for C20H21O5S (M + H)+: 

373.1110, Found: 373.1100. 

Diethyl 8-oxo-4-(pyridin-2-yl)spiro[4.5]deca-3,6,9-triene-2,2-dicarboxylate 

O

EtO2C CO2Et

N

3va

Colorless liquid, 57.6 mg, 52% yield. 1H NMR (400 MHz, CDCl3) δ 8.51 (d, J = 4.8 Hz, 1H), 7.55 (t, J = 7.6 

Hz, 1H), 7.20 (d, J = 8.0 Hz, 1H), 7.15 (dd, J = 7.6, 4.8 Hz, 1H), 6.99 (d, J = 9.6 Hz, 2H), 6.95 (s, 1H), 6.36 

(d, J = 10.0 Hz, 2H), 4.27 (qq, J = 7.2, 3.6 Hz, 4H), 2.85 (s, 2H), 1.30 (t, J = 6.8 Hz, 6H). 13C NMR (100 

MHz, CDCl3) δ 185.6, 169.9, 153.4, 151.7, 149.6, 147.4, 136.4, 132.1, 128.8, 123.3, 120.7, 64.9, 62.3, 54.3, 

43.1, 14.0. HRMS-ESI (m/z): Calculated for C21H22NO5 (M + H)+: 368.1498, Found: 368.1497. 

Ethyl 2-acetyl-8-oxo-4-phenylspiro[4.5]deca-3,6,9-triene-2-carboxylate 

15



O Ph

CO2Et
O

3ad

Red liquid, 59.7 mg, 59% yield. 1H NMR (400 MHz, CDCl3) δ 7.32 – 7.30 (m, 2H), 7.28 – 7.24 (m, 3H), 

6.96 (dd, J = 10.4, 3.2 Hz, 1H), 6.87 (dd, J = 10.0, 2.8 Hz, 1H), 6.44 (s, 1H), 6.34 (d, J = 11.2 Hz, 2H), 4.29 

(qd, J = 6.8, 4.0 Hz, 2H), 2.82 – 2.73 (m, 2H), 2.32 (s, 3H), 1.32 (t, J = 7.2 Hz, 3H). 13C NMR (100 MHz, 

CDCl3) δ 201.9, 185.4, 170.7, 153.6, 153.3, 148.5, 133.9, 129.1, 129.0, 128.6, 128.4, 126.5, 71.7, 62.5, 55.3, 

41.8, 27.0, 14.1. HRMS-ESI (m/z): Calculated for C21H21O4 (M + H)+: 337.1440, Found: 337.1442. 

Ethyl 8-oxo-4-phenylspiro[4.5]deca-3,6,9-triene-2-carboxylate 

O Ph

CO2Et

3ae

Yellow liquid, 51.3 mg, 58% yield. 1H NMR (400 MHz, CDCl3) δ 7.29 – 7.23 (m, 5H), 7.07 (dd, J = 10.0, 

2.8 Hz, 1H), 6.97 (dd, J = 10.4, 3.2 Hz, 1H), 6.37 (dd, J = 5.2, 2.0 Hz, 1H), 6.35 – 6.34 (m, 2H), 4.26 – 4.20 

(m, 2H), 3.90 (ddd, J = 8.4, 6.0, 2.4 Hz, 1H), 2.62 (dd, J = 13.6, 6.4 Hz, 1H), 2.43 (dd, J = 13.6, 8.4 Hz, 1H), 

1.32 (t, J = 7.2 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 185.7, 172.9, 154.3, 153.6, 146.5, 134.5, 129.19, 

129.16, 128.8, 128.43, 128.41, 126.2, 61.3, 55.6, 49.0, 40.1, 14.2. HRMS-ESI (m/z): Calculated for 

C19H19O3 (M + H)+: 295.1334, Found: 295.1323. 

Diethyl 7-methoxy-8-oxo-4-phenylspiro[4.5]deca-3,6,9-triene-2,2-dicarboxylate 

O Ph

EtO2C CO2Et

O

3af

Light yellow liquid, 100.7 mg, 85% yield. 1H NMR (400 MHz, CDCl3) δ 7.31 – 7.28 (m, 2H), 7.25 – 7.20 

(m, 3H), 6.99 (dd, J = 9.6, 2.4 Hz, 1H), 6.36 (t, J = 4.8 Hz, 2H), 5.91 (d, J = 2.4 Hz, 1H), 4.27 (qq, J = 7.2, 

3.6 Hz, 4H), 3.63 (s, 3H), 2.84 (q, J = 14.4 Hz, 2H), 1.30 (td, J = 7.2, 3.2 Hz, 6H). 13C NMR (100 MHz, 

16



CDCl3) δ 180.8, 170.6, 170.4, 154.0, 151.2, 148.8, 134.0, 128.9, 128.6, 128.5, 128.1, 126.6, 121.1, 64.9, 62.3, 

56.1, 55.1, 44.4, 14.21, 14.19. HRMS-ESI (m/z): Calculated for C23H25O6 (M + H)+: 397.1651, Found: 

397.1644. 

Diethyl 7-bromo-8-oxo-4-phenylspiro[4.5]deca-3,6,9-triene-2,2-dicarboxylate 

O Ph

EtO2C CO2Et

Br

3ag

Colorless liquid, 79.5 mg, 60% yield. 1H NMR (400 MHz, CDCl3) δ 7.45 (d, J = 2.8 Hz, 1H), 7.29 – 7.24 (m, 

5H), 7.01 (dd, J = 9.6, 2.8 Hz, 1H), 6.41 (d, J = 8.8 Hz, 2H), 4.27 (qq, J = 7.2, 4.0 Hz, 4H), 2.89 – 2.81 (m, 

2H), 1.30 (td, J = 7.2, 4.0 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 178.4, 170.1, 170.0, 153.7, 153.6, 153.6, 

147.4, 133.6, 129.3, 129.2, 128.8, 127.4, 126.5, 124.7, 65.1, 62.53, 62.49, 58.6, 42.7, 14.2. HRMS-ESI (m/z): 

Calculated for C22H22BrO5 (M + H)+: 445.0651, Found: 445.0647. 

Diethyl 4'-oxo-2-phenyl-4'H-spiro[cyclopentane-1,1'-naphthalen]-2-ene-4,4-dicarboxylate 

O Ph

EtO2C CO2Et

3ah

Yellow solid, 103.5 mg, 83% yield, M.P.: 90.1-91.1 oC. 1H NMR (400 MHz, CDCl3) δ 8.18 (d, J = 7.2 Hz, 

1H), 7.47 (td, J = 7.2, 1.6 Hz, 1H), 7.38 – 7.34 (m, 2H), 7.17 (d, J = 10.0 Hz, 1H), 7.15 – 7.05 (m, 5H), 6.56 

(s, 1H), 6.51 (d, J = 10.0 Hz, 1H), 4.27 (qq, J = 6.8, 3.2 Hz, 4H), 3.17 (d, J = 14.8 Hz, 1H), 2.93 (d, J = 14.8 

Hz, 1H), 1.31 (td, J = 7.2, 4.8 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 184.6, 170.7, 170.5, 154.2, 149.5, 

147.2, 133.43, 133.40, 131.3, 128.51, 128.49, 128.3, 127.6, 127.5, 126.8, 126.7, 65.1, 62.3, 62.1, 56.0, 48.2, 

14.1. HRMS-ESI (m/z): Calculated for C26H25O5 (M + H)+: 417.1702, Found: 417.1694. 

5. Reference

(1) Arceo, E.; Montroni, E.; Melchiorre, P. Angew. Chem. Int. Ed. 2014, 53, 12064-12068.
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(3) Kondoh, A.; Tran, H. T. Q.; Kimura, K.; Terada, M. Chem. Commun. 2016, 52, 5726-5729..
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