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General information 

Unless otherwise noted, all reagents were used as received from commercial suppliers. 

Pd(OAc)2 was obtained from Pressure Chemicals and used without further purification. 

Pd(TFA)2 was purchased from Sigma-Aldrich. THF and diethyl ether were obtained from 

a VAC Solvent Purifier. The Graphite electrode and the platinum plated electrode were 

obtained from IKA. Electrochemical experiments were performed using a AXIOMET AX-

3003P potentiostat which can provide a constant input current during standard experiments. 

Reactions were monitored using thin-layer chromatography (SiO2). TLC plates were 

visualized with UV light (254 nm) or KMnO4 stain. Flash chromatography was carried out 

with 60Å (particle size 35-70 μm) normal flash silica gel. NMR spectra were recorded at 

400 MHz (1H) and at 101 MHz (13C), respectively. Chemical shifts (δ) are reported in ppm, 

using the residual solvent peak in CDCl3 (H = 7.26 and C = 77.0 ppm) as internal standard, 

and coupling constants (J) are given in Hz.  
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Typical procedure for the preparation of starting materials 

Enallenols 1a~1i and 1l~1m were prepared according to reported literature.1 

 

To a solution of S1 (5.0 mmol), Et3N (1.47 mL, 7.5 mmol) and 4-dimethylaminopyridine 

(DMAP, 31.3 mg, 0.25 mmol) in DCM (20 mL) was added benzoyl chloride (1.06 g, 7.5 

mmol) dropwise at 0 oC. The mixture was refluxed at 50 oC for 12 h, then cooled to room 

temperature and carefully quenched with NH4Cl (sat. aq., 20 mL). The organic layer was 

separated, and the aqueous layer was extracted with DCM (2 × 30 mL). The combined 

organic layers were dried over Na2SO4, filtered, and concentrated in vacuo. The residue 

was purified via column chromatography on silica gel (eluent: petroleum ether/diethyl 

ether = 20/1) to afford S2, which was used as the starting material in the next step.  

To a solution of S2 (4.0 mmol) in dry THF (20 mL) was added lithium diisopropylamide 

(LDA, 4.4 mL, 4.4 mmol, 1.0 M/THF) dropwise at -78 oC under Ar atmosphere. The 

mixture was stirred for 10 min at this temperature. After that, the appropriate aldehyde (4.8 

mmol) was added, and the reaction mixture was allowed to stir at room temperature for 2 

h. After the reaction was completed, the mixture was carefully quenched with H2O (10 

mL), and diluted with Et2O (20 mL). The organic layer was separated, and the aqueous 

layer was extracted with Et2O (2 × 30 mL). The combined organic layers were dried over 

Na2SO4, filtered, and concentrated in vacuo. The residue was purified via column 

chromatography on silica gel (eluent: petroleum ether/diethyl ether = 2/1) to afford S3, 

which was used as the starting material in the next step.  

Compound S3 (3.6 mmol) and Fe(acac)3 (63.6 mg, 0.18 mmol) in dry Et2O (20 mL) under 

Ar atmosphere was stirred at -20 oC for 10 min, and then RMgCl (3.8 mL, 7.6 mmol, 2.0 

M/Et2O) was added dropwise. The reaction mixture was stirred for another 40 min at this 

temperature, and then slowly quenched with HCl (aq., 1.0 M, 15 mL), extracted with Et2O 

(2 × 30 mL) and the combined organic layers were dried over Na2SO4, filtered, and 
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concentrated in vacuo. The residue was purified via column chromatography on silica gel 

(eluent: petroleum ether/diethyl ether = 8/1) to afford enallenol 1. 

 

 

4-Benzyl-6-methylhepta-1,4,5-trien-3-ol (1a). Colorless oil. 1H NMR (400 MHz, CDCl3) δ 7.31 – 

7.25 (m, 2H), 7.23 – 7.14 (m, 3H), 5.83 (ddd, J = 17.0, 10.2, 6.7 Hz, 1H), 5.31 – 5.21 (m, 1H), 5.21 

– 5.12 (m, 1H), 4.45 – 4.35 (m, 1H), 3.37 (d, J = 15.0 Hz, 1H), 3.24 (d, J = 15.1 Hz, 1H), 1.79 (d, 

J = 5.5 Hz, 1H), 1.66 (d, J = 5.6 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 197.9, 139.9, 139.5, 129.1, 

128.3, 126.2, 115.7, 105.7, 101.5, 72.8, 36.5, 20.8, 20.8. 

 

 

6-Methyl-4-phenethylhepta-1,4,5-trien-3-ol (1b). Colorless oil. 1H NMR (400 MHz, CDCl3) δ 7.31 

– 7.25 (m, 2H), 7.22 – 7.14 (m, 3H), 5.80 (ddd, J = 17.0, 10.2, 6.6 Hz, 1H), 5.26 (dt, J = 17.1, 1.4 

Hz, 1H), 5.14 (dt, J = 10.3, 1.3 Hz, 1H), 4.40 (dd, J = 6.7, 5.3 Hz, 1H), 2.73 (t, J = 7.8 Hz, 2H), 

2.36 – 2.18 (m, 2H), 1.81 (d, J = 5.4 Hz, 1H), 1.68 (d, J = 1.3 Hz, 6H). 13C NMR (101 MHz, CDCl3) 

δ 196.5, 142.2, 139.6, 128.5, 128.4, 125.9, 115.6, 105.7, 102.3, 73.6, 34.1, 30.6, 21.0, 21.0. 

 

 

6-Methyl-4-phenylhepta-1,4,5-trien-3-ol (1c). Colorless oil. 1H NMR (400 MHz, CDCl3) δ 7.46 – 

7.38 (m, 2H), 7.32 (dd, J = 8.5, 6.9 Hz, 2H), 7.25 – 7.17 (m, 1H), 6.01 (ddd, J = 17.1, 10.3, 5.8 Hz, 

1H), 5.36 (dt, J = 17.1, 1.4 Hz, 1H), 5.17 (dt, J = 10.4, 1.4 Hz, 1H), 5.13 – 5.05 (m, 1H), 1.90 (d, J 

= 6.5 Hz, 1H), 1.85 (d, J = 2.4 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 200.3, 139.5, 136.0, 128.5, 

127.0, 126.9, 115.5, 108.0, 102.8, 71.3, 20.6, 20.5. 
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4-(2-Methylprop-1-en-1-ylidene)oct-1-en-3-ol (1d). Colorless oil. 1H NMR (400 MHz, CDCl3) δ 

5.79 (dddd, J = 17.1, 10.2, 6.7, 0.7 Hz, 1H), 5.31 – 5.19 (m, 1H), 5.13 (dq, J = 10.2, 1.1 Hz, 1H), 

4.36 (t, J = 6.1 Hz, 1H), 1.92 (q, J = 7.5 Hz, 2H), 1.84 (d, J = 5.4 Hz, 1H), 1.73 (d, J = 3.8 Hz, 6H), 

1.44 – 1.27 (m, 4H), 0.95 – 0.85 (m, 3H). 13C NMR (101 MHz, CDCl3) δ 196.1, 139.8, 115.4, 106.4, 

101.8, 73.5, 30.1, 28.8, 22.5, 21.1, 14.2. 

 

 

6-Methyl-4-propylhepta-1,4,5-trien-3-ol (1e). Colorless oil. 1H NMR (400 MHz, CDCl3) δ 5.80 

(ddd, J = 17.0, 10.2, 6.7 Hz, 1H), 5.25 (d, J = 17.1 Hz, 1H), 5.13 (d, J = 10.3 Hz, 1H), 4.42 – 4.31 

(m, 1H), 1.96 – 1.87 (m, 2H), 1.84 (d, J = 5.4 Hz, 1H), 1.73 (d, J = 3.8 Hz, 6H), 1.48 – 1.36 (m, 

2H), 0.91 (t, J = 7.3 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 196.1, 139.8, 115.4, 106.2, 101.8, 

73.5, 31.3, 21.1, 21.1, 14.0. 

 

 

4-Isopropyl-6-methyl-hepta-1,4,5-trien-3-ol (1f). Colorless oil. 1H NMR (400 MHz, CDCl3) δ 5.79 

(ddd, J = 17.1, 10.3, 6.8 Hz, 1H), 5.25 (d, J = 17.1 Hz, 1H), 5.12 (d, J = 10.2 Hz, 1H), 4.43 (t, J = 

6.2 Hz, 1H), 2.14 (p, J = 6.7 Hz, 1H), 1.81 (d, J = 5.7 Hz, 1H), 1.74 (d, J = 4.9 Hz, 6H), 1.01 (dd, J 

= 12.0, 6.7 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 195.3, 140.1, 115.3, 113.6, 103.3, 72.4, 28.6, 

22.8, 22.5, 21.1, 21.1. 
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4-(Tert-butyl)-6-methylhepta-1,4,5-trien-3-ol (1g). Colorless oil. 1H NMR (400 MHz, CDCl3) δ 

5.86 (ddd, J = 16.8, 10.2, 6.5 Hz, 1H), 5.22 (dt, J = 17.1, 1.4 Hz, 1H), 5.06 (dt, J = 10.2, 1.3 Hz, 

1H), 4.59 – 4.48 (m, 1H), 1.72 (d, J = 8.9 Hz, 6H), 1.58 – 1.53 (m, 2H), 1.08 (s, 9H). 13C NMR (101 

MHz, CDCl3) δ 197.4, 141.5, 116.3, 114.1, 101.5, 70.4, 29.9, 21.0, 20.6. 

 

 

4-Cyclopentyl-6-methylhepta-1,4,5-trien-3-ol (1h). Colorless oil. 1H NMR (400 MHz, CDCl3) δ 

5.81 (ddd, J = 17.0, 10.2, 6.8 Hz, 1H), 5.26 (dt, J = 17.1, 1.4 Hz, 1H), 5.13 (dt, J = 10.2, 1.4 Hz, 

1H), 4.41 (dd, J = 6.8, 3.2 Hz, 1H), 2.31 (p, J = 7.7 Hz, 1H), 1.87 – 1.77 (m, 3H), 1.73 (d, J = 4.1 

Hz, 6H), 1.65 – 1.48 (m, 5H), 1.43 – 1.32 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 195.0, 140.1, 

115.3, 111.6, 102.7, 73.1, 39.8, 33.0, 32.6, 25.1, 25.0, 21.1. 

 

 

4-Cyclohexyl-6-methyl-hepta-1,4,5-trien-3-ol (1i). Colorless oil. 1H NMR (400 MHz, CDCl3) δ 

5.79 (ddd, J = 17.0, 10.2, 6.8 Hz, 1H), 5.25 (d, J = 17.1 Hz, 1H), 5.11 (d, J = 10.2 Hz, 1H), 4.46 – 

4.39 (m, 2H), 1.81 (d, J = 5.8 Hz, 2H), 1.72 (s, 5H), 1.68 – 1.58 (m, 1H), 1.30 – 1.02 (m, 7H). 13C 

NMR (101 MHz, CDCl3) δ 196.0, 140.1, 115.2, 112.5, 102.7, 72.3, 38.3, 33.4, 33.0, 26.6, 26.6, 

26.4, 21.2. 

 

 

4-(Cyclopentylidene-methylene)oct-1-en-3-ol (1l). Colorless oil. 1H NMR (400 MHz, CDCl3) δ 5.80 

(ddd, J = 17.0, 10.2, 6.7 Hz, 1H), 5.26 (dt, J = 17.1, 1.4 Hz, 1H), 5.13 (dt, J = 10.2, 1.3 Hz, 1H), 

4.43 – 4.33 (m, 1H), 2.37 (tt, J = 6.2, 2.0 Hz, 4H), 1.94 (q, J = 7.4 Hz, 2H), 1.89 (d, J = 5.4 Hz, 1H), 

1.75 – 1.62 (m, 4H), 1.46 – 1.27 (m, 4H), 0.89 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 

191.3, 139.9, 115.4, 110.6, 109.0, 73.7, 31.6, 31.6, 30.0, 29.0, 27.2, 22.5, 14.2. 
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(E)-5-(2-Methyl-prop-1-en-1-ylidene)non-2-en-4-ol (1m). Colorless oil. 1H NMR (400 MHz, 

CDCl3) δ 5.75 – 5.63 (m, 1H), 5.40 (ddq, J = 15.2, 7.7, 1.6 Hz, 1H), 4.29 (dd, J = 7.6, 4.9 Hz, 1H), 

1.96 – 1.82 (m, 3H), 1.77 – 1.67 (m, 9H), 1.43 – 1.27 (m, 4H), 0.89 (t, J = 7.1 Hz, 3H). 13C NMR 

(101 MHz, CDCl3) δ 195.5, 132.9, 127.7, 107.0, 101.9, 73.1, 30.1, 29.0, 22.5, 21.2, 21.1, 17.8, 14.2. 

 

Synthesis of enallenols 1j and 1k 

 

To a solution of S1 (5.0 mmol) in dry THF (20 mL) was added n-BuLi (11.0 mL, 11.0 

mmol, 1.0 M/hexane) dropwise at -78 oC under Ar atmosphere. The reaction was stirred 

for 1 h at this temperature, and then, acrylaldehyde (336 mg, 6.0 mmol) was added 

dropwise, and the mixture was stirred at room temperature for 2 h. Then the mixture was 

carefully quenched with H2O (5 mL), and diluted with Et2O (10 mL). The organic layer 

was separated, and the aqueous layer was extracted with Et2O (2 × 30 mL). The combined 

organic layers were dried over Na2SO4, filtered, and concentrated in vacuo. The residue 

was purified via column chromatography on silica gel (eluent: petroleum ether/diethyl 

ether = 2/1) to afford S4, which was used as the starting material in the next step. 

To a solution of S4 (4.5 mmol) in DCM (10 mL) was added pyridinium p-toluenesulfonate 

(PPTS, 58.0 mg, 0.23 mmol) and ethoxyethene (324 mg, 4.5 mmol) at 0 oC. The mixture 

was stirred at 0 oC for 6 h, and then concentrated in vacuo and purified via column 

chromatography on silica gel (eluent: petroleum ether/diethyl ether = 4/1) to afford S5, 

which was used as the starting material in the next step. 

A dry round-bottomed flask was equipped with a distillation receiver and a condenser. 

Triethyl orthoacetate (8 mL), propanoic acid (44.4 mg. 0.45 mmol), and S5 (4.0 mmol) 

were added sequentially. After the reaction was stirred at 140 oC for 8 h, the mixture was 

cooled down to 0 oC in an ice bath, and Et2O (20 mL) and HCl (aq., 1 M, 10 mL) were 

added slowly. The organic layer was separated quickly, and the aqueous layer was 
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extracted with Et2O (2 × 20 mL). The combined organic layers were dried over Na2SO4, 

filtered, evaporated and purified via column chromatography on silica gel (eluent: 

petroleum ether/diethyl ether = 3/1) to afford the desired enallenol. 

 

 

Ethyl 3-(1-hydroxyallyl)-5-methylhexa-3,4-dienoate (1j). Colorless oil. 1H NMR (400 MHz, CDCl3) 

δ 5.83 (ddd, J = 17.2, 10.4, 5.8 Hz, 1H), 5.30 (dt, J = 17.2, 1.5 Hz, 1H), 5.16 (dt, J = 10.3, 1.5 Hz, 

1H), 4.60 (ddt, J = 6.2, 5.0, 1.4 Hz, 1H), 4.14 (q, J = 7.2 Hz, 2H), 3.05 (d, J = 15.8 Hz, 1H), 2.97 

(d, J = 15.9 Hz, 1H), 2.54 (d, J = 4.9 Hz, 1H), 1.72 (d, J = 1.1 Hz, 6H), 1.26 (t, J = 7.1 Hz, 3H). 13C 

NMR (101 MHz, CDCl3) δ 199.8, 172.7, 138.9, 115.6, 100.0, 98.2, 73.6, 61.0, 35.7, 20.6, 20.6, 

14.3. 

 

 

Ethyl 3-(cyclopentylidene-methylene)-4-hydroxyhex-5-enoate (1k). Colorless oil. 1H NMR (400 

MHz, CDCl3) δ 5.84 (ddd, J = 17.3, 10.4, 5.9 Hz, 1H), 5.30 (dt, J = 17.2, 1.6 Hz, 1H), 5.15 (dt, J = 

10.4, 1.5 Hz, 1H), 4.61 (d, J = 5.8 Hz, 1H), 4.20 – 4.07 (m, 2H), 3.03 (q, J = 15.8 Hz, 2H), 2.38 

(ddd, J = 7.6, 5.2, 3.0 Hz, 4H), 1.74 – 1.63 (m, 4H), 1.26 (td, J = 7.2, 0.6 Hz, 3H). 13C NMR (101 

MHz, CDCl3) δ 195.2, 172.8, 139.0, 115.5, 108.7, 100.7, 73.7, 61.0, 35.8, 31.4, 31.3, 27.2, 14.3. 

 

Enallenols 4a~4f were prepared according to a reported literature procedure.2 

 

Ethyl 3-(2-(hydroxymethyl)allyl)-5-methyl-hexa-3,4-dienoate (4a). Light yellow oil. 1H NMR (400 

MHz, CDCl3) δ 5.08 (s, 1H), 4.94 (s, 1H), 4.18 – 4.06 (m, 4H), 2.92 (s, 2H), 2.80 (s, 2H), 1.67 (s, 

6H), 1.25 (t, J = 7.2 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 201.4, 172.1, 146.4, 111.9, 96.5, 93.1, 

65.3, 60.8, 38.6, 38.1, 20.5, 14.3. 
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Ethyl 3-(cyclopentylidene-methylene)-5-(hydroxymethyl)hex-5-enoate (4b). Light yellow oil. 1H 

NMR (400 MHz, CDCl3) δ 5.07 (s, 1H), 4.93 (s, 1H), 4.19 – 4.05 (m, 4H), 2.94 (s, 2H), 2.82 (s, 

2H), 2.38 – 2.26 (m, 4H), 1.87 (s, 1H), 1.72 – 1.59 (m, 4H), 1.32 – 1.20 (m, 3H). 13C NMR (101 

MHz, CDCl3) δ 196.9, 172.1, 146.4, 111.9, 105.2, 95.7, 65.4, 60.8, 38.8, 38.2, 31.1, 27.1, 14.3. 

 

 

Ethyl 3-(cyclohexylidene-methylene)-5-(hydroxymethyl)hex-5-enoate (4c). Light yellow oil. 1H 

NMR (400 MHz, CDCl3) δ 5.08 (d, J = 1.5 Hz, 1H), 4.93 (d, J = 0.9 Hz, 1H), 4.20 – 4.05 (m, 4H), 

2.94 (s, 2H), 2.81 (d, J = 1.1 Hz, 2H), 2.08 (td, J = 6.2, 2.1 Hz, 4H), 1.65 – 1.44 (m, 6H), 1.25 (t, J 

= 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 197.8, 172.1, 146.5, 111.9, 104.1, 93.1, 65.4, 60.8, 

38.9, 38.3, 31.6, 27.8, 26.2, 14.3. 

 

 

 

4-Benzyl-6-methyl-2-methylene-hepta-4,5-dien-1-ol (4d). Colorless oil. 1H NMR (400 MHz, CDCl3) 

δ 7.33 – 7.26 (m, 2H), 7.20 (td, J = 6.7, 1.7 Hz, 3H), 5.10 (d, J = 1.6 Hz, 1H), 4.93 (d, J = 1.4 Hz, 

1H), 4.08 (s, 2H), 3.24 (s, 2H), 2.68 (d, J = 1.1 Hz, 2H), 1.64 (s, 6H). 13C NMR (101 MHz, CDCl3) 

δ 201.1, 146.8, 140.2, 129.1, 128.2, 126.1, 111.4, 99.0, 95.5, 65.5, 39.4, 37.3, 20.8. 
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Ethyl 3-(2-(hydroxymethyl)allyl)-5-phenyl-hexa-3,4-dienoate (4e). Light yellow oil. 1H NMR (400 

MHz, CDCl3) δ 7.46 – 7.37 (m, 2H), 7.32 (dd, J = 8.5, 6.9 Hz, 2H), 7.25 – 7.15 (m, 1H), 5.13 (d, J 

= 1.6 Hz, 1H), 5.00 (d, J = 1.3 Hz, 1H), 4.17 – 4.05 (m, 4H), 3.09 (s, 2H), 3.01 – 2.88 (m, 2H), 2.09 

(s, 3H), 1.89 – 1.80 (m, 1H), 1.23 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 204.0, 171.7, 

145.9, 137.2, 128.4, 126.9, 126.0, 112.5, 101.8, 97.5, 65.3, 61.0, 38.4, 37.7, 17.1, 14.3. 

 

 

4-(2-Methyl-prop-1-en-1-ylidene)-2-methylenehexane-1,6-diol (4f). Colorless oil. 1H NMR (400 

MHz, CDCl3) δ 5.09 (d, J = 1.6 Hz, 1H), 4.94 (d, J = 1.3 Hz, 1H), 4.09 (s, 2H), 3.69 (d, J = 3.7 Hz, 

2H), 2.75 (s, 2H), 2.17 (t, J = 6.0 Hz, 2H), 1.70 (s, 6H), 1.59 (s, 1H). 13C NMR (101 MHz, CDCl3) 

δ 199.6, 146.6, 111.7, 96.8, 96.4, 65.5, 61.2, 38.5, 35.3, 20.9. 
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The optimization of electrochemical reaction condition using CO gas:a 

 

 

Entry Pd-Cat. Current (mA) Yield(2a%)b Yield(3a%)b 

1 Pd(OAc)2 4.0 trace 37 

2 Pd(TFA)2 3.5 6 68 

3 Pd(TFA)2 4.0 19 61 

4 Pd(TFA)2 4.5 25 52 

5 Pd(TFA)2 6.6 33 35 

6c Pd(TFA)2 3.5 8 75 

7d Pd(TFA)2 3.5 20 37 

8e Pd(TFA)2 4.0 trace 83 

9 f Pd(TFA)2 4.0 NR NR 

10 g Pd(TFA)2 4.0 NR NR 

11h Pd(TFA)2 4.0 29 42 

12i Pd(TFA)2 4.0 NR NR 

13j Pd(TFA)2 0 12 50 

14k Pd(TFA)2 4.0 - 51 

a The reaction was conducted in methanol solvent (10 mL) at room temperature using 1a (0.2 mmol), 

BQ (20 mol%) and acetic acid (HOAc, 1.1 µL, 10 mol%) in the presence of Pd source (5 mol%), 

graphite plate anode, platinum plate cathode, with LiClO4 (2.0 equiv) as electrolyte, which 

generated cell voltage of 0.9~1.3 V. b isolated yield. c HOAc (2.2 µL, 20 mol%) was used as additive. 
d without HOAc. e LiClO4 (4.0 equiv) as electrolyte. f Acetonitrile (10 mL) as solvent. g a mixture 

solvent of methanol and water (1:1, v/v). h n-Bu4NClO4 (4.0 equiv) was used as electrolyte. i without 

BQ, 70% of starting material recovered. j without power supply, BQ (1.1 equiv) was used as oxidant. 
k 2,6-dimethylbenzoquinone was used in place of BQ as ETM. 
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The calculation details for the faradaic yield 

 

The quantity of electric charge (Q) provided at 4.0 mA for 5.0 h was calculated: 

Q = I × t = 4.0 mA × 10-3 × 5.0 h × 3600 s = 72 Coulomb 

 

The quantity of electrons was calculated: (F, faraday constant, 9.65 × 104 C⸳mol-1) 

n = 
𝑄

𝐹
 = 

72 C 

9.65 × 104 C⸳mol−1
 = 7.46 × 10-4 mol  

 

The quantity of electrons transferred for the desired product was calculated: 

n = 0.2 mmol × 10-3 × 0.83 × 2 = 3.32 × 10-4 mol  

 

The faradaic yield was calculated: 

𝑌𝑖𝑒𝑙𝑑 =
3.32 × 10−4

7.46 × 10−4 = 45% 

 

 

 

 

 

 

 

 

 

 

 

 

 



S13 
 

 

 

 

Typical procedure for the electro-oxidative synthesis of 3 using CO gas 

 

In a 25 mL Schlenk tube was charged Pd(TFA)2 (3.3 mg, 0.01 mmol), BQ (4.3 mg, 0.04 

mmol) and LiClO4 (84 mg, 0.8 mmol, 4.0 equiv), 9.0 mL of methanol was added to 

dissolve the mixture. As shown in Figure S1, the Schlenk tube was sealed with a septum 

and then purged with CO gas using a balloon for three times under the Schlenk line. A 

solution of the enallenol (0.2 mmol) and acetic acid (2.2 uL, 0.04 mmol, 0.2 equiv) in 1.0 

mL of methanol was injected into the Schlenk tube via a syringe. A two-electrode setup 

was used having a graphite plate as anode (surface area = 2cm2) and a platinum plate as 

cathode (surface area = 2cm2). The constant current electrolysis was performed at 4.0 mA. 

After the electrolysis, the reaction mixture was washed with 20 mL of water, and extracted 

with dichloromethane (15 mL×2). The combined organic layers were dried over Na2SO4, 

filtered and evaporated under low vacuum on the rotavapor. The residue was purified via 

column chromatography on silica gel (n-pentane/diethyl ether = 30/1, v/v) to afford the 

desired product 3. 
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Figure S1. A graphic illustration of the home-made electrolysis set-up 

 

      

4-Benzyl-3-(prop-1-en-2-yl)-5-vinylfuran-2(5H)-one (3a). Colorless oil. Isolated yield 83%. 1H 

NMR (400 MHz, CDCl3) δ 7.31 (q, J = 8.3 Hz, 3H), 7.11 (d, J = 6.9 Hz, 2H), 5.61 (ddd, J = 16.7, 

10.4, 7.6 Hz, 1H), 5.43 – 5.30 (m, 3H), 5.19 (s, 1H), 5.04 (d, J = 7.7 Hz, 1H), 4.10 (d, J = 15.1 Hz, 

1H), 3.47 (d, J = 15.2 Hz, 1H), 2.08 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 172.1, 160.6, 136.6, 

135.1, 130.1, 132.4, 129.1, 128.8, 127.3, 121.3, 119.1, 82.8, 32.9, 22.0. 

 

      

4-Phenethyl-3-(prop-1-en-2-yl)-5-vinylfuran-2(5H)-one (3b). Colorless oil. Isolated yield 63%. 1H 

NMR (400 MHz, CDCl3) δ 7.30 (t, J = 7.2 Hz, 2H), 7.23 (t, J = 7.3 Hz, 1H), 7.14 (d, J = 6.8 Hz, 

2H), 5.66 – 5.51 (m, 1H), 5.51 – 5.38 (m, 2H), 5.26 (t, J = 1.7 Hz, 1H), 5.10 – 4.99 (m, 2H), 2.99 – 

2.87 (m, 1H), 2.87 – 2.78 (m, 2H), 2.55 (dt, J = 13.0, 7.4 Hz, 1H), 1.96 (s, 3H). 13C NMR (101 MHz, 

CDCl3) δ 172.1, 161.5, 140.0, 135.3, 132.6, 129.9, 128.9, 128.4, 126.9, 121.3, 118.7, 83.4, 34.3, 

28.7, 21.8. 
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4-Phenyl-3-(prop-1-en-2-yl)-5-vinylfuran-2(5H)-one (3c). Colorless oil. Isolated yield 71%. 1H 

NMR (400 MHz, CDCl3) δ 7.41 (d, J = 2.1 Hz, 5H), 5.70 – 5.59 (m, 2H), 5.54 – 5.45 (m, 1H), 5.35 

(dt, J = 5.1, 1.5 Hz, 2H), 5.33 – 5.26 (m, 1H), 1.85 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 172.0, 

158.1, 134.5, 132.5, 131.4, 130.2, 128.8, 128.4, 128.3, 120.8, 120.5, 82.3, 21.8. 

 

       

4-Butyl-3-(prop-1-en-2-yl)-5-vinylfuran-2(5H)-one (3d). Colorless oil. Isolated yield 63%. 1H 

NMR (400 MHz, CDCl3) δ 5.62 (ddd, J = 17.1, 9.8, 7.4 Hz, 1H), 5.55 – 5.48 (m, 1H), 5.41 (d, J = 

9.7 Hz, 1H), 5.29 – 5.24 (m, 1H), 5.18 (d, J = 7.4 Hz, 1H), 5.07 (s, 1H), 2.58 (ddd, J = 13.8, 9.7, 

6.5 Hz, 1H), 2.24 (ddd, J = 13.9, 9.4, 5.4 Hz, 1H), 2.01 (s, 3H), 1.49 – 1.32 (m, 4H), 0.92 (t, J = 7.2 

Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 172.3, 163.0, 135.3, 132.7, 129.0, 121.0, 118.6, 83.2, 30.3, 

26.7, 22.8, 21.9, 13.8. 

 

       

3-(Prop-1-en-2-yl)-4-propyl-5-vinylfuran-2(5H)-one (3e). Colorless oil. Isolated yield 83%. 1H 

NMR (400 MHz, CDCl3) δ 5.62 (ddd, J = 17.1, 9.8, 7.4 Hz, 1H), 5.52 (d, J = 15.8 Hz, 1H), 5.41 (d, 

J = 9.7 Hz, 1H), 5.26 (t, J = 1.7 Hz, 1H), 5.18 (d, J = 7.4 Hz, 1H), 5.06 (s, 1H), 2.54 (ddd, J = 13.8, 

9.6, 6.8 Hz, 1H), 2.24 (ddd, J = 14.4, 9.5, 5.5 Hz, 1H), 2.01 (s, 3H), 1.57 – 1.41 (m, 2H), 0.95 (t, J 

= 7.4 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 172.3, 162.7, 135.3, 132.7, 129.3, 121.0, 118.6, 83.2, 

28.9, 22.0, 21.6, 14.2. 

 

   

4-Isopropyl-3-(prop-1-en-2-yl)-5-vinylfuran-2(5H)-one (3f). Colorless oil. Isolated yield 70%. 1H 

NMR (400 MHz, CDCl3) δ 5.67 (ddd, J = 17.4, 8.9, 8.0 Hz, 1H), 5.55 (d, J = 17.0 Hz, 1H), 5.42 (d, 

J = 9.8 Hz, 1H), 5.31 – 5.21 (m, 2H), 4.98 (s, 1H), 3.01 (p, J = 7.1 Hz, 1H), 1.99 (s, 3H), 1.23 – 
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1.14 (m, 6H). 13C NMR (101 MHz, CDCl3) δ 172.4, 167.5, 135.8, 133.5, 129.1, 121.2, 118.6, 82.8, 

28.0, 22.3, 22.2, 20.6. 

   

      

4-Cyclopentyl-3-(prop-1-en-2-yl)-5-vinylfuran-2(5H)-one (3h). Colorless oil. Isolated yield 78%. 

1H NMR (400 MHz, CDCl3) δ 5.66 (ddd, J = 17.3, 9.7, 7.9 Hz, 1H), 5.59 – 5.51 (m, 1H), 5.46 – 

5.38 (m, 1H), 5.30 – 5.24 (m, 1H), 5.21 (d, J = 7.9 Hz, 1H), 4.98 (s, 1H), 2.62 (tt, J = 12.2, 3.3 Hz, 

1H), 1.99 (s, 3H), 1.81 – 1.64 (m, 5H), 1.57 – 1.42 (m, 2H), 1.31 – 1.16 (m, 3H). 13C NMR (101 

MHz, CDCl3) δ 172.4, 165.5, 135.9, 133.3, 129.7, 121.0, 118.5, 83.1, 39.3, 32.6, 31.7, 25.9, 25.6, 

22.3. 

 

  

4-Cyclohexyl-3-(prop-1-en-2-yl)-5-vinylfuran-2(5H)-one (3i). Colorless oil. Isolated yield 73%. 1H 

NMR (400 MHz, CDCl3) δ 5.66 (ddd, J = 17.3, 9.7, 7.9 Hz, 1H), 5.59 – 5.51 (m, 1H), 5.46 – 5.38 

(m, 1H), 5.30 – 5.24 (m, 1H), 5.21 (d, J = 7.9 Hz, 1H), 4.98 (s, 1H), 2.62 (tt, J = 12.2, 3.3 Hz, 1H), 

1.99 (s, 3H), 1.81 – 1.64 (m, 5H), 1.57 – 1.42 (m, 2H), 1.31 – 1.16 (m, 3H). 13C NMR (101 MHz, 

CDCl3) δ 172.5, 166.7, 135.9, 133.4, 129.2, 121.2, 118.5, 83.1, 38.8, 32.2, 30.9, 26.4, 26.3, 25.9, 

22.5. 

 

       

Ethyl 2-(5-oxo-4-(prop-1-en-2-yl)-2-vinyl-2,5-dihydrofuran-3-yl)acetate (3j). Colorless oil. 

Isolated yield 81%. 1H NMR (400 MHz, CDCl3) δ 5.62 (ddd, J = 16.8, 9.3, 7.4 Hz, 1H), 5.57 – 5.49 

(m, 1H), 5.47 – 5.39 (m, 2H), 5.30 (t, J = 1.6 Hz, 1H), 5.12 (s, 1H), 4.18 (q, J = 7.1 Hz, 2H), 3.64 

– 3.55 (m, 1H), 3.28 (d, J = 16.2 Hz, 1H), 2.03 (s, 3H), 1.28 (t, J = 7.2 Hz, 3H). 13C NMR (101 

MHz, CDCl3) δ 171.5, 168.4, 153.8, 135.0, 132.3, 121.7, 119.5, 83.6, 61.8, 32.8, 21.5, 14.3. 
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Ethyl 2-(4-(cyclopent-1-en-1-yl)-5-oxo-2-vinyl-2,5-dihydrofuran-3-yl)acetate (3k). Colorless oil. 

Isolated yield 73%. 1H NMR (400 MHz, CDCl3) δ 6.60 (s, 1H), 5.64 – 5.54 (m, 1H), 5.56 – 5.48 

(m, 1H), 5.45 – 5.39 (m, 1H), 5.36 (d, J = 7.0 Hz, 1H), 4.18 (q, J = 7.1 Hz, 2H), 3.67 (d, J = 16.2 

Hz, 1H), 3.32 (d, J = 16.2 Hz, 1H), 2.68 (tq, J = 6.3, 2.0 Hz, 2H), 2.47 (dt, J = 5.2, 2.7 Hz, 2H), 

1.95 (q, J = 7.4 Hz, 2H), 1.27 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 171.9, 168.6, 

151.0, 136.2, 132.6, 126.0, 121.8, 83.4, 61.8, 34.2, 33.0, 23.3, 14.3. 

 

   

4-Butyl-3-(cyclopent-1-en-1-yl)-5-vinylfuran-2(5H)-one (3l). Colorless oil. Isolated yield 65%. 1H 

NMR (400 MHz, CDCl3) δ 6.52 (t, J = 2.4 Hz, 1H), 5.60 (ddd, J = 17.1, 9.7, 7.4 Hz, 1H), 5.54 – 

5.46 (m, 1H), 5.40 (d, J = 9.5 Hz, 1H), 5.14 (d, J = 7.4 Hz, 1H), 2.71 – 2.58 (m, 3H), 2.51 – 2.43 

(m, 2H), 2.27 (ddd, J = 13.8, 9.6, 5.7 Hz, 1H), 1.94 (q, J = 7.6 Hz, 2H), 1.51 – 1.43 (m, 2H), 1.40 – 

1.33 (m, 2H), 0.92 (t, J = 7.2 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 172.7, 160.8, 134.6, 133.1, 

132.9, 123.0, 120.9, 83.1, 34.4, 33.0, 30.9, 27.0, 23.3, 23.0, 13.9. 

 

   

(E)-4-Butyl-5-(prop-1-en-1-yl)-3-(prop-1-en-2-yl)furan-2(5H)-one (3m). Colorless oil. Isolated 

yield 20%. 1H NMR (400 MHz, CDCl3) δ 6.04 – 5.90 (m, 1H), 5.31 – 5.18 (m, 2H), 5.14 (d, J = 8.5 

Hz, 1H), 5.06 (s, 1H), 2.55 (ddd, J = 13.8, 9.6, 6.4 Hz, 1H), 2.22 (ddd, J = 14.2, 9.4, 5.5 Hz, 1H), 

2.01 (s, 3H), 1.81 – 1.75 (m, 3H), 1.49 – 1.33 (m, 4H), 0.91 (t, J = 7.2 Hz, 3H). 13C NMR (101 

MHz, CDCl3) δ 172.4, 163.5, 135.5, 133.6, 129.0, 125.8, 118.4, 83.2, 30.3, 26.7, 22.8, 22.0, 18.0, 

13.8. 
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Typical procedure for the electro-oxidative synthesis of 5 using CO gas 

 

In a 25 mL Schlenk tube was charged Pd(TFA)2 (3.3 mg, 0.01 mmol), BQ (4.3 mg, 0.04 

mmol) and LiClO4 (84 mg, 0.8 mmol, 4.0 equiv), 9.0 mL of methanol was added to 

dissolve the mixture. The Schlenk tube was sealed with a septum and then purged with CO 

gas using a balloon for three times under the Schlenk line. A solution of the enallenol 4 

(0.2 mmol) and acetic acid (2.2 uL, 0.04 mmol, 0.2 equiv) in 1.0 mL of methanol was 

injected into the Schlenk tube via a syringe. The constant current electrolysis was 

performed at 4.0 mA. After the electrolysis, the reaction mixture was washed with 20 mL 

of water, and extracted with dichloromethane (15 mL×2). The combined organic layers 

were dried over Na2SO4, filtered and evaporated under low vacuum on the rotavapor. The 

residue was purified via column chromatography on silica gel (n-pentane/diethyl ether = 

30/1, v/v) to afford the desired product 5. 

 

 

Ethyl 2-(3,9-dioxo-8-(prop-1-en-2-yl)-2-oxaspiro[4.4]non-7-en-7-yl)acetate (5a). Colorless oil. 

Isolated yield 80%. 1H NMR (400 MHz, CDCl3) δ 5.25 (s, 1H), 4.87 (d, J = 0.9 Hz, 1H), 4.33 (d, J 

= 8.9 Hz, 1H), 4.20 (t, J = 7.1 Hz, 2H), 4.16 – 4.08 (m, 1H), 3.62 – 3.47 (m, 2H), 3.03 – 2.90 (m, 

2H), 2.83 (d, J = 18.6 Hz, 1H), 2.40 (d, J = 17.3 Hz, 1H), 1.92 (s, 3H), 1.28 (t, J = 7.1 Hz, 3H). 13C 

NMR (101 MHz, CDCl3) δ 204.5, 174.9, 168.8, 163.3, 144.0, 136.2, 118.4, 76.4, 61.7, 51.3, 45.3, 

39.0, 37.1, 21.8, 14.3. 

   

              

Ethyl 2-(8-(cyclopent-1-en-1-yl)-3,9-dioxo-2-oxaspiro[4.4]non-7-en-7-yl)acetate (5b). Colorless 

oil. Isolated yield 77%. 1H NMR (400 MHz, CDCl3) δ 6.18 (s, 1H), 4.32 (d, J = 8.9 Hz, 1H), 4.19 
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(q, J = 7.2 Hz, 2H), 4.11 (d, J = 8.9 Hz, 1H), 3.67 – 3.52 (m, 2H), 2.97 (dd, J = 17.9, 3.4 Hz, 2H), 

2.83 (d, J = 18.7 Hz, 1H), 2.60 (ddd, J = 10.0, 4.7, 2.2 Hz, 2H), 2.46 (dt, J = 7.3, 4.2 Hz, 2H), 2.38 

(d, J = 17.2 Hz, 1H), 1.92 (p, J = 7.5 Hz, 2H), 1.28 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) 

δ 204.9, 175.0, 168.8, 162.0, 138.1, 134.7, 133.5, 76.6, 61.8, 51.3, 45.7, 39.2, 37.7, 34.6, 33.1, 23.5, 

14.3. 

       

            

Ethyl 2-(8-(cyclohex-1-en-1-yl)-3,9-dioxo-2-oxaspiro[4.4]non-7-en-7-yl)acetate (5c). Colorless oil. 

Isolated yield 80%. 1H NMR (400 MHz, CDCl3) δ 5.60 (s, 1H), 4.31 (d, J = 8.8 Hz, 1H), 4.19 (q, J 

= 7.1 Hz, 2H), 4.14 – 4.06 (m, 1H), 3.58 – 3.44 (m, 2H), 2.95 (d, J = 17.2 Hz, 2H), 2.80 (d, J = 18.4 

Hz, 1H), 2.38 (d, J = 17.3 Hz, 1H), 2.19 – 2.04 (m, 4H), 1.75 – 1.56 (m, 4H), 1.28 (t, J = 7.1 Hz, 

3H). 13C NMR (101 MHz, CDCl3) δ 205.0, 175.1, 169.0, 162.6, 144.5, 130.1, 129.6, 76.5, 61.7, 

51.2, 45.2, 39.1, 37.2, 27.4, 25.4, 22.5, 21.9, 14.3. 

    

  

8-Benzyl-7-(prop-1-en-2-yl)-2-oxaspiro[4.4]non-7-ene-3,6-dione (5d). Colorless oil. Isolated yield 

83%. 1H NMR (400 MHz, CDCl3) δ 7.40 – 7.27 (m, 3H), 7.18 – 7.07 (m, 2H), 5.33 (s, 1H), 4.98 (d, 

J = 0.9 Hz, 1H), 4.30 (d, J = 8.9 Hz, 1H), 4.00 (dd, J = 8.9, 0.8 Hz, 1H), 3.86 (s, 2H), 2.93 (d, J = 

17.2 Hz, 1H), 2.70 (d, J = 18.6 Hz, 1H), 2.57 (d, J = 18.7 Hz, 1H), 2.28 (d, J = 17.2 Hz, 1H), 2.00 

(s, 3H). 13C NMR (101 MHz, CDCl3) δ 204.8, 175.0, 170.5, 142.2, 136.7, 136.5, 129.2, 128.8, 127.4, 

118.1, 76.4, 51.1, 44.4, 39.1, 37.8, 22.4. 

 

  

Ethyl 2-(3,9-dioxo-8-(1-phenylvinyl)-2-oxaspiro[4.4]non-7-en-7-yl)acetate (5e). Colorless oil. 

Isolated yield 85%. 1H NMR (400 MHz, CDCl3) δ 7.34 – 7.28 (m, 3H), 7.22 (dd, J = 7.4, 2.3 Hz, 

2H), 5.83 (s, 1H), 5.29 (s, 1H), 4.39 (d, J = 8.9 Hz, 1H), 4.27 – 4.18 (m, 1H), 4.12 (q, J = 7.1 Hz, 

2H), 3.41 (d, J = 3.6 Hz, 2H), 3.13 – 3.03 (m, 2H), 3.02 – 2.90 (m, 2H), 2.48 (d, J = 17.9 Hz, 1H), 

1.23 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 174.8, 168.5, 165.9, 138.6, 128.8, 128.5, 

126.2, 119.1, 76.4, 61.7, 51.7, 45.3, 39.1, 37.1, 14.2. 
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8-(2-Hydroxyethyl)-7-(prop-1-en-2-yl)-2-oxaspiro[4.4]non-7-ene-3,6-dione (5f). Colorless oil. 

Isolated yield 57%. 1H NMR (400 MHz, CDCl3) δ 5.25 (s, 1H), 4.88 (d, J = 0.9 Hz, 1H), 4.34 (d, J 

= 8.8 Hz, 1H), 4.12 (d, J = 8.9 Hz, 1H), 3.90 (q, J = 6.1 Hz, 2H), 3.02 – 2.91 (m, 2H), 2.88 – 2.76 

(m, 3H), 2.38 (d, J = 17.2 Hz, 1H), 1.93 (s, 3H), 1.55 (t, J = 4.9 Hz, 1H). 13C NMR (101 MHz, 

CDCl3) δ 204.7, 175.4, 170.5, 170.4, 143.1, 136.5, 117.9, 76.6, 60.4, 51.1, 45.1, 39.2, 34.5, 22.3. 

 

 

Reference: 

1 (a) Li, M.-B.; Posevins, D.; Geoffroy, A.; Zhu, C.; Bäckvall, J.-E. Angew. Chem. Int. Ed. 2020, 

59, 1992-1996. (b) Li, M.-B.; Inge, A. K.; Posevins, D.; Gustafson, K. P. J.; Qiu, Y.; Bäckvall, 

J.-E., J. Am. Chem. Soc., 2018, 140, 14604–14608. 

2  Qiu, Y.; Yang, B.; Jiang, T.; Zhu, C.; Bäckvall, J.-E. Angew. Chem. Int. Ed. 2017, 56, 3221-

3225. 
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1H-NMR and 13C-NMR spectrums for compounds 
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