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General information 

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

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

purification. Arylboronic acids were commercially available from Sigma Aldrich or 

Acros. The palladium-catalyzed allene arylation reactions could be performed without 

any efforts to exclude moisture. THF and toluene were obtained from a VAC Solvent 

Purifier. 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) or 500 MHz (1H) and at 100 MHz 

(13C) or 125 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. HRMS were recorded using ESI-TOF 

techniques. 
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General procedure for preparation of starting materials 

 

2,3-Dienoates 1ac, 1ad and 1l were prepared as previously described.[1] 

 

1. Synthesis of 2,3-dienoate 1ab 

 

  To a three-necked flask were added ethoxycarbonylmethylene triphenylphosphoran 

5[2] (6.967 g, 20 mmol), MeCN (30 mL), and n-propyl iodide (1.95 mL. d = 1.74 

g/mL, 20 mmol). The flask was then equipped with a reflux condenser, and the 

mixture was refluxed for 18 h. The solvent was evaporated, followed by the addition 

of DCM (50 mL) and NaOH (aq., 2 M, 10 mL). After the mixture was stirred for 

additional 2 min, the organic layer was separated, and the aqueous layer was extracted 

with DCM (2 × 20 mL). The combined organic layers were dried over Na2SO4. After 

filtration, evaporation of the solvent afforded the crude product 6a,[3] which was used 

as the starting material in the next step without further purification and 

characterization. 

  To a one-necked flask were added crude 6a, DCM (30 mL), and Et3N (4.2 mL, d = 

0.73 g/mL, 30 mmol) sequentially, and then isobutyryl chloride (2.1 mL, d = 1.02 

g/mL, 20 mmol) was added at 0 oC. The mixture was then stirred for 18 h at room 

temperature. After evaporation of the solvent, the residue was dissolved in Et2O (50 

mL) and filtered to remove the solid. The mixture was evaporated, and purified via 

column chromatography on silica gel (eluent: petroleum ether then petroleum 

ether/ethyl ether = 40/1) to afford the desired product 1ab (1.392 g, 38% for 2 steps): 

colorless oil. 1H NMR (400 MHz, CDCl3)  4.16 (q, J = 7.1 Hz, 2H), 2.17 (t, J = 7.4 

Hz, 2H), 1.77 (s, 6H), 1.48-1.36 (m, 2H), 1.25 (t, J = 7.1 Hz, 3H), 0.91 (t, J = 7.3 Hz, 

3H); 13C NMR (100 MHz, CDCl3)  207.8, 168.2, 99.1, 98.2, 60.5, 30.8, 21.3, 19.6, 

14.3, 13.6; HRMS (ESI): calc. for C11H18NaO2 [M+Na]+: 205.1199; found: 205.1190. 
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2. Synthesis of 2,3-dienoates 1a-e and 1m in a similar manner to 1a. 

 

Representative procedure for the synthesis of 2,3-dienoates 1a-e and 1m. 

Ethyl 2-allyl-4-methylpenta-2,3-dienoate (1a). 

 

  To a three-necked flask were added ethoxycarbonylmethylene triphenylphosphoran 

5[2] (6.967 g, 20 mmol), CHCl3 (30 mL), and allyl bromide (1.90 mL. d = 1.40 g/mL, 

22 mmol). The flask was then equipped with a reflux condenser, and the mixture was 

refluxed for 6 h. The mixture was cooled down to room temperature, followed by the 

addition of NaOH (aq., 2 M, 10 mL). After the mixture was stirred for additional 2 

min, the organic layer was separated, and the aqueous layer was extracted with DCM 

(2 × 20 mL). The combined organic layers were dried over Na2SO4. After filtration, 

evaporation of the solvent afforded the crude product 6b,[4] which was used as the 

starting material in the next step without further purification and characterization. 

  To a one-necked flask were added crude 6b, DCM (30 mL), and Et3N (4.2 mL, d = 

0.73 g/mL, 30 mmol) sequentially, and then isobutyryl chloride (2.1 mL, d = 1.02 

g/mL, 20 mmol) was added at 0 oC. After the addition, the mixture was stirred for 21 

h at room temperature. After evaporation of the solvent, the residue was dissolved in 

Et2O (50 mL) and filtered to remove the solid. The mixture was evaporated, and 

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

= 40/1) to afford the desired product 1a (1.620 g, 45% for 2 steps): colorless oil. 1H 

NMR (400 MHz, CDCl3)  5.87-5.75 (m, 1H), 5.11-4.97 (m, 2H), 4.17 (q, J = 7.2 Hz, 

2H), 2.96 (dt, J = 6.6 Hz, 1.4 Hz, 2H), 1.77 (s, 6H), 1.26 (t, J = 7.1 Hz, 3H); 13C NMR 
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(100 MHz, CDCl3)  208.1, 167.7, 135.8, 115.5, 99.8, 96.9, 60.6, 33.4, 19.6, 14.3; 

HRMS (ESI): calc. for C11H16NaO2 [M+Na]+: 203.1043; found: 203.1063. 

 

Ethyl 2-cinnamyl-4-methylpenta-2,3-dienoate (1b) 

 

  63% isolated yield for 2 steps, colorless oil. 1H NMR (400 MHz, CDCl3)  

7.36-7.26 (m, 4H), 7.23-7.17 (m, 1H), 6.44 (d, J = 15.8 Hz, 1H), 6.21 (dt, J = 15.7 Hz, 

6.9 Hz, 1H), 4.19 (q, J = 7.1 Hz, 2H), 3.12 (dd, J = 6.8 Hz, 1.3 Hz, 2H), 1.79 (s, 6H), 

1.28 (t, J = 7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3)  208.2, 167.6, 137.7, 130.9, 

128.4, 127.7, 127.0, 126.1, 100.0, 97.1, 60.7, 32.8, 19.6, 14.3; HRMS (ESI): calc. for 

C17H20NaO2 [M+Na]+: 243.1356; found: 243.1346. 

 

Ethyl 5-methyl-2-(2-methylprop-1-en-1-ylidene)hex-4-enoate (1c) 

 

  49% isolated yield for 2 steps, colorless oil. 1H NMR (400 MHz, CDCl3)  

5.18-5.11 (m, 1H), 4.16 (q, J = 7.3 Hz, 2H), 2.88 (d, J = 7.2 Hz, 2H), 1.76 (s, 6H), 

1.69 (s, 3H), 1.62 (s, 3H), 1.26 (t, J = 7.0 Hz, 3H); 13C NMR (100 MHz, CDCl3)  

207.8, 168.0, 133.0, 121.4, 99.5, 97.8, 60.5, 27.9, 25.7, 19.6, 17.7, 14.3; HRMS (ESI): 

calc. for C13H20NaO2 [M+Na]+: 231.1356; found: 231.1359. 

 

Ethyl 2-(cyclopentylidenemethylene)pent-4-enoate (1d) 

 

  47% isolated yield for 2 steps, colorless oil. 1H NMR (400 MHz, CDCl3)  
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5.87-5.75 (m, 1H), 5.11-4.96 (m, 2H), 4.16 (q, J = 7.3 Hz, 2H), 2.97 (dt, J = 6.6 Hz, 

1.4 Hz, 2H), 2.57-2.37 (m, 4H), 1.79-1.67 (m, 4H), 1.25 (t, J = 7.1 Hz, 3H); 13C NMR 

(100 MHz, CDCl3)  203.8, 167.8, 135.9, 115.5, 108.0, 99.1, 60.6, 33.5, 31.1, 27.2, 

14.3; HRMS (ESI): calc. for C13H18NaO2 [M+Na]+: 229.1199; found: 229.1191. 

 

Ethyl 2-(cyclohexylidenemethylene)pent-4-enoate (1e) 

1e

EtO

O

 

  45% isolated yield for 2 steps, colorless oil. 1H NMR (400 MHz, CDCl3)  

5.87-5.75 (m, 1H), 5.11-4.98 (m, 2H), 4.16 (q, J = 7.0 Hz, 2H), 2.96 (dt, J = 6.5 Hz, 

1.4 Hz, 2H), 2.25-2.11 (m, 4H), 1.72-1.50 (m, 6H), 1.26 (t, J = 7.1 Hz, 3H); 13C NMR 

(100 MHz, CDCl3)  205.1, 167.8, 136.0, 115.5, 106.9, 96.7, 60.5, 33.4, 30.6, 27.3, 

26.0, 14.2; HRMS (ESI): calc. for C14H20NaO2 [M+Na]+: 243.1356; found: 243.1364. 

 

Ethyl 2-(2-methylprop-1-en-1-ylidene)hex-4-ynoate (1m) 

O

EtO

CH3

1m  

51% isolated yield for 2 steps, slightly yellow oil. 1H NMR (400 MHz, CDCl3)  

4.17 (q, J = 7.1 Hz, 2H), 3.06 (q, J = 2.6 Hz, 2H), 1.80 (s, 6H), 1.76 (t, J = 2.5 Hz, 

3H), 1.25 (t, J = 7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3)  207.7, 167.1, 101.1, 

95.7, 76.9, 75.9, 60.7, 19.9, 19.5, 14.3, 3.4; HRMS (ESI): calc. for C12H16NaO2 

[M+Na]+: 215.1043; found: 215.1048. 

 

3. Preparation for allenes 1g-j 
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Ethyl 3-allyl-5-methylhexa-3,4-dienoate (1g) 

 

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

condenser. Propargylic alcohol (2.484 g, 20 mmol), triethyl orthoacetate (30 mL), and 

propanoic acid (118 mg. 1.6 mmol) were added sequentially. After the reaction was 

refluxed for 16 h, the mixture was cooled down to 0 oC in an ice bath. Et2O (50 mL) 

and HCl (aq., 1 M, 20 mL) were added. The organic layer was separated, and the 

aqueous layer was extracted with Et2O (2 × 50 mL). The combined organic layers 

were dried over Na2SO4, filtered, evaporated, and purified via column 

chromatography on silica gel (eluent: petroleum ether/ethyl ether = 40/1) to afford the 

desired product 1g (2.250 g, 58%): colorless oil. 1H NMR (400 MHz, CDCl3)  

5.84-5.71 (m, 1H), 5.10-4.97 (m, 2H), 4.12 (q, J = 7.2 Hz, 2H), 2.91 (s, 2H), 2.75 (d, 

J = 6.7 Hz, 2H), 1.67 (s, 6H), 1.25 (t, J = 7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3)  

200.6, 171.7, 135.9, 115.8, 96.6, 94.1, 60.4, 38.8, 37.7, 20.6, 14.2; HRMS (ESI): calc. 

for C12H18NaO2 [M+Na]+: 217.1199; found: 217.1193. 

 

3-Allyl-5-methylhexa-3,4-dien-1-ol (1h) 
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  A solution of 3,4-dienoate 1g (971 mg, 5 mmol) in dry Et2O (5 mL) was added 

dropwise to a stirred suspension of LiAlH4 (114 mg, 3 mmol) in dry Et2O (200 mL) at 

-78 oC under Ar atmosphere. The mixture was stirred for 2 h at room temperature, and 

then carefully quenched with H2O (2 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, evaporated. The residue was dissolved in Et2O (20 

mL), and quickly filtered via a short column of silica gel (2 cm, eluent: 20 mL of 

Et2O). Evaporation of the solvent directly afforded the pure product 1h (652 mg, 

86%): colorless oil. 3,4-dienol 1h is unstable at room temperature under open-air 

conditions (see the attached spectra). 1H NMR (400 MHz, CDCl3)  5.85-5.72 (m, 

1H), 5.10-4.96 (m, 2H), 3.69 (t, J = 6.1 Hz, 2H), 2.69 (d, J = 6.7 Hz, 2H), 2.17 (t, J = 

6.2 Hz, 2H), 1.69 (s, 6H), 1.67 (br.s, 1H); 13C NMR (100 MHz, CDCl3)  198.9, 136.2, 

115.6, 97.2, 96.9, 61.0, 38.1, 35.5, 20.9; HRMS (ESI): calc. for C10H17O [M+H]+: 

153.1274; found: 153.1276. 

 

(((3-Allyl-5-methylhexa-3,4-dien-1-yl)oxy)methyl)benzene (1i) 

 

To a stirred suspension of NaH (180 mg, 60% dispersion in mineral oil, 4.5 mmol) 

in dry THF (15 mL) was added 3,4-dienol 1h (457 mg, 3 mmol) at 0 oC. After the 

mixture was stirred at 50 oC for 30 min, BnBr (0.54 mL, d = 1.43 g/mL, 4.5 mmol) 

was added at 0 oC. The mixture was stirred for another 23 h at room temperature. HCl 

(aq., 1 M, 10 mL) was carefully added at 0 oC to quench the reaction. The organic 

layer was separated, and the aqueous layer was extracted with Et2O (3 × 30 mL). The 

combined organic layers were dried over Na2SO4, filtered, evaporated, and purified 
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via column chromatography on silica gel (eluent: petroleum ether, then petroleum 

ether/ethyl ether = 40/1) to afford the desired product 1i (625 mg, 86%): colorless oil. 

1H NMR (400 MHz, CDCl3)  7.35 (d, J = 4.5 Hz, 4H), 7.32-7.25 (m, 1H), 5.86-5.74 

(m, 1H), 5.08-4.96 (m, 2H), 4.51 (s, 2H), 3.56 (t, J = 7.1 Hz, 2H), 2.70 (d, J = 6.8 Hz, 

2H), 2.25 (t, J = 7.0 Hz, 2H), 1.67 (s, 6H); 13C NMR (100 MHz, CDCl3)  199.2, 

138.6, 136.5, 128.3, 127.6, 127.4, 115.3, 97.0, 96.1, 72.9, 69.3, 38.3, 32.6, 20.9; 

HRMS (ESI): calc. for C17H22NaO [M+Na]+: 265.1563; found: 265.1560. 

 

3-Allyl-5-methylhexa-3,4-dien-1-yl 4-methylbenzenesulfonate (1j) 

 

To a one-necked flask were added 3,4-dienol 1h (685 mg, 4.5 mmol), DCM (20 

mL), DMAP (55 mg, 0.45 mmol), Et3N (1.25 mL, d = 0.73 g/mL, 9 mmol), and TsCl 

(953 mg, 5 mmol) sequentially. After the mixture was stirred at room temperature for 

24 h, HCl (aq., 1 M, 20 mL) was added at 0 oC to quench the reaction. The organic 

layer was separated, and the aqueous layer was extracted with DCM (2 × 20 mL). The 

combined organic layers were dried over Na2SO4, filtered, evaporated, and purified 

via column chromatography on silica gel (eluent: petroleum ether/ethyl acetate = 10/1) 

to afford the desired product 1j (1.205 g, 87%): colorless oil. 1H NMR (400 MHz, 

CDCl3)  7.77 (d, J = 8.3 Hz, 2H), 7.33 (d, J = 8.0 Hz, 2H), 5.76-5.63 (m, 1H), 

5.03-4.92 (m, 2H), 4.07 (t, J = 6.9 Hz, 2H), 2.60 (d, J = 6.7 Hz, 2H), 2.43 (s, 3H), 

2.22 (t, J = 7.0 Hz, 2H), 1.61 (s, 6H); 13C NMR (100 MHz, CDCl3)  199.1, 144.6, 

135.9, 133.4, 129.7, 127.8, 115.7, 97.6, 95.2, 68.9, 38.0, 31.5, 21.6, 20.7; HRMS 

(ESI): calc. for C17H22NaSO3 [M+Na]+: 329.1182; found: 329.1183. 

 

4. Synthesis of allene 1k.[5] 



S9 

 

  To a dried Schlenk tube was added CdI2 (1.465 g, 0.8 mmol). The Schlenk tube was 

then dried under vacuum with a heating gun until the white CdI2 turned to yellow 

green. Enyne (711 mg, 5 mmol), toluene (10 mL), cyclohexanone (568 μL, d = 0.95 

g/mL, 5.5 mmol), pyrrolidine (459 μL, d = 0.85 g/mL, 5.5 mmol), and toluene (15 mL) 

were then added sequentially under Ar atmosphere. The Schlenk tube was then 

equipped with a condenser and placed in a pre-heated oil bath of 130 oC with stirring 

for 5 h. After cooling to room temperature, the crude reaction mixture was filtrated 

through a short pad of silica gel eluted with Et2O (20 mL). After evaporation, the 

residue was purified via chromatography on silica gel (eluent: n-pentane) to afford the 

desired product 1k (764 mg, 68%): colorless oil. 1H NMR (400 MHz, CDCl3)  

7.41-7.38 (m, 2H), 7.38-7.29 (m, 2H), 7.25-7.19 (m, 1H), 6.46 (d, J = 15.7 Hz, 1H), 

6.28 (dt, J = 15.8 Hz, 6.6 Hz, 1H), 5.11-5.04 (m, 1H), 2.92 (td, J = 6.6 Hz, 1.5 Hz, 

2H), 2.22-2.09 (m, 4H), 1.69-1.48 (m, 6H); 13C NMR (100 MHz, CDCl3)  190.0, 

137.8, 130.1, 129.2, 128.4, 126.8, 126.0, 103.1, 86.9, 33.2, 31.7, 27.5, 26.1. 

 

5. Synthesis of allene [D6]-1g. 

 

[D6]-2-methylhept-6-en-3-yn-2-ol ([D6]-8) 
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  To a solution of ethynyltrimethylsilane (24 mL, 2.5 M in hexane, 60 mmoL) in dry 

THF (60 mL) was added nBuLi (24 mL, 2.5 M in hexane, 60 mmoL) at -78 oC under 

Ar atmosphere. After the mixture was stirred at 0 oC for 30 min, d6-acetone (4.809 g, 

75 mmol) was added at -78 oC. The reaction was stirred at -78 oC for 2 h, and then 

warmed to room temperature for another 1 h. The reaction was carefully quenched 

with HCl (aq., 1 M, 20 mL) and H2O (50 mL). The organic layer was separated, and 

the aqueous layer was extracted with Et2O (2 × 50 mL). The combined organic layers 

were dried over Na2SO4, filtered, and evaporated. The residue was dissolved in 

MeOH (100 mL), and K2CO3 (1.728 g, 12.5 mol) was added. The reaction was stirred 

at room temperature for 2.5 h, then filtered to remove inorganic salts. After 

evaporation of the solvent under atmospheric conditions (1 atm), H2O (50 mL) was 

added, and the mixture was extracted with Et2O (3 × 50 mL). The combined organic 

layers were dried over Na2SO4, filtered. Evaporation of the solvent under atmospheric 

conditions (1 atm) afforded the crude product [D6]-7, which could be used as the 

starting material without further purification and identification. 

  To a solution of the crude [D6]-7 in acetone (150 mL) were added K2CO3 (13.821 g, 

100 mmol), NaI (14.898 g, 100 mmol), CuI (9.523 g, 50 mmol), and allyl bromide 

(5.18 mL, d = 1.40 g/mL, 60 mmol) sequentially.[6] The reaction was stirred at room 

temperature for 11 h, then filtered to remove inorganic salts. After evaporation, Et2O 

(100 mL) was added to the residue, and the mixture was filtered again. The mixture 

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

n-pentane/ethyl ether = 5/1) to afford the desired product [D6]-8 (3.850 g, 59% total 

yield): colorless oil. 1H NMR (400 MHz, CDCl3)  5.87-5.74 (m, 1H), 5.30 (dq, J = 

16.9 Hz, 1.8 Hz, 1H), 5.11 (dq, J = 10.0 Hz, 1.7 Hz, 1H), 2.97 (dt, J = 5.3 Hz, 1.8 Hz, 

2H), 1.87 (s, 1H); 13C NMR (100 MHz, CDCl3)  132.5, 116.0, 87.5, 79.0, 65.0, 22.9; 

HRMS (ESI): calc. for C8H6D6NaO [M+Na]+: 153.1157; found: 153.1148. 

 

[D6]-Ethyl 3-allyl-5-methylhexa-3,4-dienoate ([D6]-1g) 
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  A dry round-bottomed flask was equipped with a distillation receiver and a 

condenser. Propargylic alcohol [D6]-8 (2.604 g, 20 mmol), triethyl orthoacetate (30 

mL), and propanoic acid (118 mg. 1.6 mmol) were added sequentially. After the 

reaction was refluxed for 7 h, the mixture was cooled down to 0 oC in an ice bath. 

Et2O (50 mL) and HCl (aq., 1 M, 20 mL) were added. The organic layer was 

separated, and the aqueous layer was extracted with Et2O (2 × 50 mL). The combined 

organic layers were dried over Na2SO4, filtered, evaporated, and purified via column 

chromatography on silica gel (eluent: petroleum ether/ethyl ether = 40/1) to afford the 

desired product [D6]-1g (2.215 g, 55%): colorless oil. 1H NMR (400 MHz, CDCl3)  

5.83-5.71 (m, 1H), 5.10-4.97 (m, 2H), 4.12 (q, J = 7.1 Hz, 2H), 2.91 (s, 2H), 2.75 (d, 

J = 6.8 Hz, 2H), 1.25 (t, J = 7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3)  200.6, 171.7, 

135.9, 115.8, 96.3, 94.0, 60.4, 38.8, 37.7, 14.2; HRMS (ESI): calc. for C12H12D6NaO2 

[M+Na]+: 223.1576; found: 223.1574. 
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Optimization of olefin-directed oxidative arylation of allenes 

A number of different factors were considered for the optimization of the oxidative 

arylation of allenes. 

Table S1. Investigation of solvent effect.[a] 

 

Entry Solvent Yield of Product 3aa 
[%][b] 

Recovery  

of 1a [%][b] 

1 THF 87(83) - 

2 toluene 83 - 

3 acetone 91 - 
4 DCE 81 - 

5 dioxane 88 - 

6 MeCN 25 - 

[a] All reactions were carried out with PhB(OH)2 (1.3 equiv.), BQ (1.1 equiv.), Pd(OAc)2 (5 mol%), and 1a in 

indicated solvent (0.2 M) at 50 oC for 23 hours. [b] Determined by 1H NMR analysis of the crude reaction mixture. 

Value in the parentheses is the isolated yield. 

 

Table S2. Catalyst screening.[a] 

 

Entry Cat. (Pd) Catalyst loading 

[mol%] 

Yield of Product 

3aa [%][b] 

Recovery  

of 1a [%][b] 

1 Pd(OAc)2 5 91 - 

2 Pd(TFA)2 5 40 - 

3 Pd(PPh3)2Cl2 5 - 37 

4 Pd(MeCN)2Cl2 5 - 59 

5 Pd(OAc)2 2 91 - 

6 Pd(OAc)2 1 90(87) - 
7 - - - 100 

[a] All reactions were carried out with PhB(OH)2 (1.3 equiv.), BQ (1.1 equiv.), and 1a in acetone (0.2 M) at 50 oC 

for 21 hours. [b] Determined by 1H NMR analysis of the crude reaction mixture. Value in the parentheses is the 
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isolated yield. 

 

Table S3. Influence of reaction temperature.[a] 

 

Entry Temperature 

[oC] 

Yield of Product 3aa 
[%][b] 

Recovery of 1a 

[%][b] 

1 60 89 - 

2 50 90 - 
3 40 89 - 

4[c] 50 - 86 

[a] All reactions were carried out with PhB(OH)2 (1.3 equiv.), BQ (1.1 equiv.), Pd(OAc)2 (1 mol%) and 1a in 

acetone (0.2 M) at indicated temperature for 21 hours.. [b] Determined by 1H NMR analysis of the crude reaction 

mixture. [c] The reaction was conducted without BQ. 

 

Finnally, Pd(OAc)2 (1 mol%), arylboronic acid (1.3 equiv), and BQ (1.1 equiv) in 

acetone (1 mL) at 50 oC were defined as the optimal reaction conditions. 
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Control experiments using allene 1ab, 1ac, or 1ad 

Control experiments using allenes 1ab, 1ac, or 1ad were carried out under 

conditions (see Scheme 3). No formation of the corresponding triene products was 

observed, which shows that the olefin moiety in the substrate is crucial for the allene 

arylation (Scheme S1). 

 
Scheme S1. Control experiments. 

 

Investigation of directing group 

  Benzyl and propargyl-containing substrates were employed to investigate whether 

the corresponding substitute could be introduced as directing group for the allene 

arylation (Scheme S2). 

 

Scheme S2. Investigation of directing group using benzyl and propargyl-substituted 

allenes respectively. 
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General procedure for olefin-directed oxidative arylation of allenes for the 

formation of trienes 3 

Representative procedure A for the synthesis of 3aa-af, 3b-e, 3g-k, and 3m. 

(E)-Ethyl 2-allyl-4-methyl-3-phenylpenta-2,4-dienoate (3aa) 

+ PhB(OH)2

1 mol% Pd(OAc)2
1.1 equiv BQ

1.3 equiv acetone, 50 oC

1a 2a

O

EtO

Ph

3aa

EtO

O

 

  To a mixture of Pd(OAc)2 (0.4 mg, 0.002 mmol), PhB(OH)2 (31.7 mg, 0.26 mmol), 

and BQ (23.8 mg, 0.22 mmol) was added a solution of allene 1a (36.0 mg, 0.2 mmol) 

in acetone (1 mL). The reaction was stirred at 50 oC for 21 h. After full consumption 

of starting material 1a as monitored by TLC, the reaction mixture was evaporated and 

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

= 30/1) afforded 3aa (44.5 mg, 87%): colorless oil. 1H NMR (400 MHz, CDCl3)  

7.40-7.31 (m, 3H), 7.30-7.25 (m, 2H), 5.93-5.80 (m, 1H), 5.17-5.06 (m, 2H), 

4.99-4.96 (m, 1H), 4.96-4.93 (m, 1H), 4.20 (q, J = 7.2 Hz, 2H), 3.02 (dt, J = 5.9 Hz, 

1.6 Hz, 2H), 1.75 (t, J = 1.1 Hz, 3H), 1.30 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, 

CDCl3)  170.5, 149.3, 146.9, 137.8, 135.4, 129.0, 128.3, 128.1, 127.9, 116.1, 114.0, 

60.4, 35.3, 21.7, 13.8; HRMS (ESI): calc. for C17H20NaO2 [M+Na]+: 279.1356; found: 

279.1348. 

 

(E)-Ethyl 2-allyl-4-methyl-3-(m-tolyl)penta-2,4-dienoate (3ab) 

 

  94% isolated yield, colorless oil. 1H NMR (400 MHz, CDCl3)  7.26-7.20 (m, 1H), 

7.15-7.09 (m, 1H), 7.08-7.04 (m, 2H), 5.90-5.78 (m, 1H), 5.15-5.03 (m, 2H), 

4.96-4.89 (m, 2H), 4.17 (q, J = 7.2 Hz, 2H), 2.99 (dt, J = 6.0 Hz, 1.6 Hz, 2H), 2.35 (s, 

3H), 1.74 (t, J = 1.1 Hz, 3H), 1.28 (t, J = 7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3)  



S16 

170.5, 149.4, 147.0, 137.7, 135.5, 128.9, 128.8, 128.6, 128.0, 125.4, 116.0, 113.9, 

60.4, 35.3, 21.7, 21.4, 13.8; HRMS (ESI): calc. for C18H22NaO2 [M+Na]+: 293.1512; 

found: 293.1508. 

 

(E)-Ethyl 2-allyl-3-(4-(tert-butyl)phenyl)-4-methylpenta-2,4-dienoate (3ac) 

 

64% isolated yield, colorless oil. 1H NMR (400 MHz, CDCl3)  7.34 (d, J = 8.5 Hz, 

2H), 7.18 (d, J = 8.6 Hz, 2H), 5.92-5.79 (m, 1H), 5.16-5.04 (m, 2H), 4.95-4.89 (m, 

2H), 4.16 (q, J = 7.1 Hz, 2H), 3.02 (dt, J = 6.0 Hz, 1.7 Hz, 2H), 1.73 (t, J = 1.1 Hz, 

3H), 1.32 (s, 9H), 1.27 (t, J = 7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3)  170.7, 

150.9, 149.4, 147.2, 135.6, 134.6, 128.6, 128.1, 125.0, 116.1, 113.8, 60.4, 35.3, 34.6, 

31.3, 21.8, 13.8; HRMS (ESI): calc. for C21H28NaO2 [M+Na]+: 335.1982; found: 

335.1991. 

 

(E)-Ethyl 2-allyl-3-(2-methoxyphenyl)-4-methylpenta-2,4-dienoate (3ad) 

 

76% isolated yield, colorless oil. 1H NMR (400 MHz, CDCl3)  7.32-7.26 (m, 1H), 

7.09 (dd, J = 7.3 Hz, 1.7 Hz, 1H), 6.98-6.89 (m, 2H), 5.82-5.70 (m, 1H), 5.03-4.95 (m, 

2H), 4.95-4.92 (m, 1H), 4.89-4.84 (m, 1H), 4.21 (q, J = 7.1 Hz, 2H), 3.79 (s, 3H), 

3.83 (d, J = 6.2 Hz, 2H), 1.80 (t, J = 1.1 Hz, 3H), 1.30 (t, J = 7.1 Hz, 3H); 13C NMR 

(100 MHz, CDCl3)  170.0, 156.4, 146.4, 145.3, 135.0, 130.1, 129.6, 128.9, 127.5, 

120.2, 116.0, 113.5, 110.9, 60.3, 55.3, 35.8, 21.5, 13.9; HRMS (ESI): calc. for 

C18H22NaO3 [M+Na]+: 309.1461; found: 309.1457. 
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(E)-Ethyl 2-allyl-3-(3-methoxyphenyl)-4-methylpenta-2,4-dienoate (3ae) 

 

77% isolated yield, colorless oil. 1H NMR (400 MHz, CDCl3)  7.28-7.22 (m, 1H), 

6.88-6.81 (m, 2H), 6.81-6.78 (m, 2H), 5.90-5.77 (m, 1H), 5.16-5.03 (m, 2H), 

4.96-4.89 (m, 2H), 4.16 (q, J = 7.2 Hz, 2H), 3.79 (s, 3H), 3.01 (dt, J = 5.9 Hz, 1.6 Hz, 

2H), 1.73 (t, J = 1.1 Hz, 3H), 1.27 (t, J = 7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3)  

170.4, 159.4, 149.1, 146.8, 139.2, 135.5, 129.2, 129.0, 120.8, 116.1, 114.1, 113.8, 

113.6, 60.5, 55.2, 35.3, 21.7, 13.8; HRMS (ESI): calc. for C18H22NaO3 [M+Na]+: 

309.1461; found: 309.1458. 

 

(E)-Ethyl 2-allyl-3-(4-methoxyphenyl)-4-methylpenta-2,4-dienoate (3af) 

 

80% isolated yield, colorless oil. 1H NMR (400 MHz, CDCl3)  7.19 (d, J = 8.8 Hz, 

2H), 6.87 (d, J = 8.8 Hz, 2H), 5.92-5.79 (m, 1H), 5.17-5.03 (m, 2H), 4.94-4.88 (m, 

2H), 4.16 (q, J = 7.2 Hz, 2H), 3.81 (s, 3H), 3.03 (dt, J = 5.9 Hz, 1.6 Hz, 2H), 1.72 (t, J 

= 1.1 Hz, 3H), 1.26 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3)  170.7, 159.4, 

149.2, 147.2, 135.6, 129.9, 129.7, 128.3, 116.0, 113.9, 113.5, 60.4, 55.2, 35.4, 21.8, 

13.8; HRMS (ESI): calc. for C18H22NaO3 [M+Na]+: 309.1461; found: 309.1461. 

 

(E)-Ethyl 2-cinnamyl-4-methyl-3-phenylpenta-2,4-dienoate (3b) 
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78% isolated yield, colorless oil. 1H NMR (400 MHz, CDCl3)  7.43-7.27 (m, 9H), 

7.25-7.20 (m, 1H), 6.43 (d, J = 15.9 Hz, 1H), 6.22 (dt, J = 15.9 Hz, 6.3 Hz, 1H), 

5.02-4.93 (m, 2H), 4.20 (q, J = 7.1 Hz, 2H), 3.17 (dd, J = 6.2 Hz, 1.4 Hz, 2H), 

1.80-1.75 (m, 3H), 1.28 (t, J = 7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3)  170.4, 

149.4, 146.9, 137.8, 137.5, 131.3, 129.1, 128.42, 128.41, 128.2, 128.0, 127.2, 127.1, 

126.1, 114.1, 60.5, 34.5, 21.7, 13.8; HRMS (ESI): calc. for C23H24NaO2 [M+Na]+: 

355.1669; found: 355.1660. 

 

(E)-Ethyl 5-methyl-2-(2-methyl-1-phenylallylidene)hex-4-enoate (3c) 

 

75% isolated yield, colorless oil. 1H NMR (400 MHz, CDCl3)  7.38-7.26 (m, 3H), 

7.25-7.20 (m, 2H), 5.15-5.07 (m, 1H), 4.97-4.87 (m, 2H), 4.17 (q, J = 7.1 Hz, 2H), 

2.93 (d, J = 7.1 Hz, 2H), 1.73-1.67 (m, 6H), 1.52-1.48 (m, 3H), 1.27 (t, J = 7.2 Hz, 

3H); 13C NMR (100 MHz, CDCl3)  170.8, 147.4, 146.9, 138.0, 133.1, 130.6, 128.6, 

128.2, 127.7, 120.7, 114.1, 60.4, 30.3, 25.8, 21.7, 17.8, 13.8; HRMS (ESI): calc. for 

C19H25O2 [M+H]+: 285.1849; found: 285.1842. 

 

(E)-Ethyl 2-(cyclopent-1-en-1-yl(phenyl)methylene)pent-4-enoate (3d) 

 

81% isolated yield, colorless oil. 1H NMR (400 MHz, CDCl3)  7.37-7.26 (m, 3H), 
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7.22-7.16 (m, 2H), 5.85-5.72 (m, 1H), 5.58-5.52 (m, 1H), 5.10-4.99 (m, 2H), 4.19 (q, 

J = 7.2 Hz, 2H), 2.94 (dt, J = 6.2 Hz, 1.5 Hz, 2H), 2.40-2.26 (m, 4H), 1.93-1.81 (m, 

2H), 1.28 (t, J = 7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3)  170.8, 144.6, 142.8, 

139.1, 135.3, 131.6, 129.0, 128.5, 128.0, 127.5, 116.1, 60.5, 36.0, 34.4, 32.8, 24.0, 

14.1; HRMS (ESI): calc. for C19H22NaO2 [M+Na]+: 305.1512; found: 305.1507. 

 

(E)-Ethyl 2-(cyclohex-1-en-1-yl(phenyl)methylene)pent-4-enoate (3e) 

 

91% isolated yield, colorless oil. 1H NMR (400 MHz, CDCl3)  7.37-7.28 (m, 3H), 

7.27-7.22 (m, 2H), 5.93-5.80 (m, 1H), 5.74-5.68 (m, 1H), 5.17-5.04 (m, 2H), 4.19 (q, 

J = 7.2 Hz, 2H), 3.01 (dt, J = 5.9 Hz, 1.5 Hz, 2H), 2.16-2.05 (m, 2H), 1.97-1.85 (m, 

2H), 1.64-1.52 (m, 4H), 1.31 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3)  

171.0, 149.7, 140.2, 138.5, 135.6, 128.5, 128.4, 128.0, 127.7, 125.5, 115.9, 60.3, 35.5, 

27.5, 25.4, 22.6, 21.9, 14.3; HRMS (ESI): calc. for C20H24NaO2 [M+Na]+: 319.1669; 

found: 319.1665. 

 

(E)-Ethyl 3-allyl-4-(4-methoxyphenyl)-5-methylhexa-3,5-dienoate (3g) 

 

81% isolated yield, colorless oil. 1H NMR (400 MHz, CDCl3)  7.14 (d, J = 8.8 Hz, 

2H), 6.85 (d, J = 8.8 Hz, 2H), 5.81-5.69 (m, 1H), 5.07-4.95 (m, 4H), 4.14 (q, J = 7.1 

Hz, 2H), 3.80 (s, 3H), 3.30 (s, 2H), 2.83 (dt, J = 6.5 Hz, 1.4 Hz, 2H), 1.64 (t, J = 1.1 

Hz, 3H), 1.27 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3)  172.2, 158.5, 145.8, 

144.2, 136.3, 132.1, 129.8, 126.5, 116.2, 114.1, 113.3, 60.4, 55.1, 37.7, 37.2, 22.3, 

14.2; HRMS (ESI): calc. for C19H24NaO3 [M+Na]+: 323.1618; found: 323.1609. 
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(E)-3-Allyl-5-methyl-4-phenylhexa-3,5-dien-1-ol (3h) 

 

50% isolated yield, colorless oil. 1H NMR (400 MHz, CDCl3)  7.36-7.18 (m, 5H), 

5.83-5.70 (m, 1H), 5.09-4.93 (m, 4H), 3.78 (d, J = 7.2 Hz, 2H), 2.76 (dt, J = 6.5 Hz, 

1.5 Hz, 2H), 2.60 (d, J = 7.1 Hz, 2H), 1.75-1.70 (m, 3H), 1.47 (br.s, 1H); 13C NMR 

(100 MHz, CDCl3)  146.1, 144.0, 140.6, 136.8, 129.9, 128.7, 128.0, 126.7, 115.9, 

113.6, 61.8, 36.4, 35.4, 22.8; HRMS (ESI): calc. for C16H20NaO [M+Na]+: 251.1406; 

found: 251.1415. 

 

(E)-(((3-Allyl-5-methyl-4-phenylhexa-3,5-dien-1-yl)oxy)methyl)benzene (3i) 

 

93% isolated yield, colorless oil. 1H NMR (400 MHz, CDCl3)  7.45-7.20 (m, 10H), 

5.86-5.72 (m, 1H), 5.10-4.99 (m, 3H), 4.98-4.93 (m, 1H), 4.59 (s, 2H), 3.65 (d, J = 

7.3 Hz, 2H), 2.77 (dt, J = 6.5 Hz, 1.5 Hz, 2H), 2.68 (d, J = 7.4 Hz, 2H), 1.75-1.70 (m, 

3H); 13C NMR (100 MHz, CDCl3)  146.0, 143.2, 140.7, 138.6, 136.8, 130.5, 128.7, 

128.3, 127.9, 127.5, 127.4, 126.6, 115.7, 113.5, 72.7, 69.7, 36.7, 32.2, 22.7; HRMS 

(ESI): calc. for C23H26NaO [M+Na]+: 341.1876; found: 341.1868. 

 

(E)-3-Allyl-5-methyl-4-phenylhexa-3,5-dien-1-yl 4-methylbenzenesulfonate (3j) 

 

80% isolated yield, slightly yellow oil. 1H NMR (400 MHz, CDCl3)  7.84 (d, J = 

8.4 Hz, 2H), 7.38 (d, J = 8.1 Hz, 2H), 7.34-7.22 (m, 3H), 7.17-7.11 (m, 2H), 5.71-5.59 
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(m, 1H), 5.03-4.90 (m, 3H), 4.85-4.81 (m, 1H), 4.14 (t, J = 7.3 Hz, 2H), 2.68-2.61 (m, 

4H), 2.48 (s, 3H), 1.64 (t, J = 1.1 Hz, 3H); 13C NMR (100 MHz, CDCl3)  145.6, 

145.0, 144.6, 240.0, 136.2, 133.2, 129.8, 128.5, 127.94, 127.87, 126.8, 116.3, 113.7, 

69.2, 36.3, 31.2, 22.5, 21.6; HRMS (ESI): calc. for C23H26NaSO3 [M+Na]+: 405.1495; 

found: 405.1488. 

 

1-((1Z,4E)-1-(Cyclohex-1-en-1-yl)-5-phenylpenta-1,4-dien-1-yl)-4-methoxybenzene 

(3k) 

 

54% isolated yield, slightly yellow oil. 1H NMR (400 MHz, CDCl3)  7.38-7.28 (m, 

4H), 7.25-7.19 (m, 1H), 7.07 (d, J = 8.6 Hz, 2H), 6.93 (d, J = 8.6 Hz, 2H), 6.35 (d, J = 

15.9 Hz, 1H), 6.18 (dt, J = 15.9 Hz, 6.4 Hz, 1H), 5.76 (t, J = 7.4 Hz, 1H), 5.40-5.32 

(m, 1H), 3.86 (s, 3H), 2.82 (t, J = 6.9 Hz, 2H), 2.37-2.27 (m, 2H), 2.14-2.02 (m, 2H), 

1.80-1.70 (m, 2H), 1.66-1.57 (m, 2H); 13C NMR (100 MHz, CDCl3)  158.2, 144.2, 

138.1, 137.8, 132.0, 130.7, 129.8, 129.5, 128.4, 128.1, 126.8, 125.9, 122.1, 113.3, 

55.2, 33.0, 26.1, 26.0, 23.0, 22.4; HRMS (ESI): calc. for C24H26NaO [M+Na]+: 

353.1876; found: 353.1867. 

 

(E)-Ethyl 2-(2-methyl-1-phenylallylidene)hex-4-ynoate (3m) 

 

71% isolated yield, colorless oil. 1H NMR (400 MHz, CDCl3)  7.41-7.28 (m, 5H), 

4.99-4.87 (m, 2H), 4.23 (q, J = 7.2 Hz, 2H), 3.08 (q, J = 2.5 Hz, 2H), 1.80 (t, J = 2.5 

Hz, 3H), 1.75-1.70 (m, 3H), 1.30 (t, J = 7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3)  

169.7, 149.1, 146.6, 137.3, 128.6, 128.3, 128.1, 127.0, 114.4, 76.9, 75.5, 60.7, 21.53, 
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21.49, 13.8, 3.7; HRMS (ESI): calc. for C18H20NaO2 [M+Na]+: 291.1356; found: 

291.1366. 

 

 

Representative procedure B for the synthesis of 3ag-am and 3f. 

(E)-Ethyl 2-allyl-3-(3-bromophenyl)-4-methylpenta-2,4-dienoate (3ag) 

+ m-BrC6H4B(OH)2

1 mol% Pd(OAc)2
1.1 equiv BQ

1.3 equiv 50 mol% LiOAc.2H2O

acetone, 50 oC
1a 2g

O

EtO

3ag

EtO

O

Br

 

  To a mixture of Pd(OAc)2 (0.4 mg, 0.002 mmol), m-BrC6H4B(OH)2 (52.2 mg, 0.26 

mmol), BQ (23.8 mg, 0.22 mmol), and LiOAc.2H2O (10.2 mg, 0.1 mmol) were added 

a solution of allene 1a (36.0 mg, 0.2 mmol) in acetone (1 mL). The reaction was 

stirred at 50 oC for 14 h. After full consumption of starting material 1a as monitored 

by TLC, the reaction mixture was evaporated and purified via column 

chromatography on silica gel (eluent: petroleum ether/ethyl ether = 30/1) afforded 3ag 

(55.2 mg, 82%): colorless oil. 1H NMR (400 MHz, CDCl3)  7.47-7.38 (m, 2H), 

7.25-7.15 (m, 2H), 5.88-5.75 (m, 1H), 5.15-5.04 (m, 2H), 4.97-4.90 (m, 2H), 4.17 (q, 

J = 7.2 Hz, 2H), 2.97 (dt, J = 5.9 Hz, 1.6 Hz, 2H), 1.72 (t, J = 1.1 Hz, 3H), 1.27 (t, J = 

7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3)  170.0, 147.6, 146.2, 139.9, 135.0, 131.3, 

131.0, 130.0, 129.7, 127.0, 122.3, 116.4, 114.7, 60.6, 35.3, 21.6, 13.8; HRMS (ESI): 

calc. for C17H19NaBrO2 [M+Na]+: 357.0461; found: 357.0453. 

 

(E)-Ethyl 2-allyl-3-(4-fluorophenyl)-4-methylpenta-2,4-dienoate (3ah) 

 

90% isolated yield, colorless oil. 1H NMR (400 MHz, CDCl3)  7.29-7.22 (m, 2H), 

7.08-7.02 (m, 2H), 5.91-5.79 (m, 1H), 5.17-5.06 (m, 2H), 4.98-4.92 (m, 2H), 4.19 (q, 



S23 

J = 7.1 Hz, 2H), 3.01 (dt, J = 5.8 Hz, 1.6 Hz, 2H), 1.73 (t, J = 1.1 Hz, 3H), 1.29 (t, J = 

7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3)  170.3, 162.5 (J = 246 Hz), 148.2, 146.8, 

135.3, 133.6 (J = 3 Hz), 130.1 (J = 9 Hz), 129.3, 116.2, 115.1 (J = 21 Hz), 114.3, 60.5, 

35.3, 21.6, 13.8; 19F NMR (376 MHz, CDCl3)  -113.9; HRMS (ESI): calc. for 

C17H19NaFO2 [M+Na]+: 297.1261; found: 297.1262. 

 

(E)-Ethyl 2-allyl-4-methyl-3-(3-nitrophenyl)penta-2,4-dienoate (3ai) 

 

91% isolated yield, colorless oil. 1H NMR (400 MHz, CDCl3)  8.22-8.11 (m, 2H), 

7.61-7.50 (m, 2H), 5.90-5.77 (m, 1H), 5.17-5.08 (m, 2H), 5.05-4.99 (m, 2H), 4.19 (q, 

J = 7.1 Hz, 2H), 2.97 (dt, J = 5.9 Hz, 1.6 Hz, 2H), 1.73 (t, J = 1.1 Hz, 3H), 1.28 (t, J = 

7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3)  169.7, 148.2, 146.5, 145.7, 139.6, 134.5, 

131.0, 129.3, 123.4, 123.0, 116.8, 115.7, 60.8, 35.3, 21.6, 13.8; HRMS (ESI): calc. for 

C17H19NaNO4 [M+Na]+: 324.1206; found: 324.1204. 

 

(E)-Ethyl 2-allyl-4-methyl-3-(4-nitrophenyl)penta-2,4-dienoate (3aj) 

 

80% isolated yield, colorless oil. 1H NMR (400 MHz, CDCl3)  8.20 (d, J = 9.0 Hz, 

2H), 7.43 (d, J = 8.9 Hz, 2H), 5.87-5.74 (m, 1H), 5.14-5.06 (m, 2H), 5.02-4.97 (m, 

2H), 4.18 (q, J = 7.1 Hz, 2H), 2.94 (dt, J = 5.8 Hz, 1.6 Hz, 2H), 1.71 (t, J = 1.1 Hz, 

3H), 1.27 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3)  169.7, 147.4, 146.8, 

145.6, 144.6, 134.5, 130.9, 129.3, 123.5, 116.7, 115.6, 60.8, 35.2, 21.6, 13.8; HRMS 

(ESI): calc. for C17H19NaNO4 [M+Na]+: 324.1206; found: 324.1200. 
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(E)-Ethyl 2-allyl-3-(4-formylphenyl)-4-methylpenta-2,4-dienoate (3ak) 

 

70% isolated yield, colorless oil. 1H NMR (400 MHz, CDCl3)  10.02 (s, 1H), 7.86 

(d, J = 8.3 Hz, 2H), 7.42 (d, J = 8.1 Hz, 2H), 5.88-5.75 (m, 1H), 5.15-5.04 (m, 2H), 

5.01-4.94 (m, 2H), 4.18 (q, J = 7.1 Hz, 2H), 2.96 (dt, J = 5.9 Hz, 1.5 Hz, 2H), 

1.74-1.69 (m, 3H), 1.27 (t, J = 7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3)  191.7, 

169.9, 147.8, 146.0, 144.3, 135.8, 134.8, 130.4, 129.6, 129.1, 116.5, 115.1, 60.7, 35.3, 

21.7, 13.8; HRMS (ESI): calc. for C18H21O3 [M+H]+: 285.1485; found: 285.1478. 

 

(E)-Ethyl 3-(4-acetylphenyl)-2-allyl-4-methylpenta-2,4-dienoate (3al) 

 

85% isolated yield, colorless oil. 1H NMR (400 MHz, CDCl3)  7.93 (d, J = 8.4 Hz, 

2H), 7.34 (d, J = 8.4 Hz, 2H), 5.87-5.75 (m, 1H), 5.13-5.03 (m, 2H), 4.99-4.92 (m, 

2H), 4.17 (q, J = 7.1 Hz, 2H), 2.95 (dt, J = 5.9 Hz, 1.5 Hz, 2H), 2.60 (s, 3H), 

1.72-1.67 (m, 3H), 1.26 (t, J = 7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3)  197.5, 

170.0, 148.0, 146.1, 142.8, 136.5, 134.9, 130.1, 128.6, 128.2, 116.4, 114.8, 60.6, 35.2, 

26.6, 21.6, 13.8; HRMS (ESI): calc. for C19H22NaO3 [M+Na]+: 321.1461; found: 

321.1468. 

 

(E)-Ethyl 2-allyl-4-methyl-3-(naphthalen-2-yl)penta-2,4-dienoate (3am) 
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71% isolated yield, colorless oil. 1H NMR (400 MHz, CDCl3)  7.87-7.79 (m, 3H), 

7.78-7.75 (m, 1H), 7.54-7.46 (m, 2H), 7.39 (dd, J = 8.5 Hz, 1.7 Hz, 1H), 5.97-5.84 (m, 

1H), 5.22-5.09 (m, 2H), 5.08-5.03 (m, 1H), 5.03-4.97 (m, 1H), 4.22 (q, J = 7.2 Hz, 

2H), 3.06 (dt, J = 5.9 Hz, 1.6 Hz, 2H), 1.79-1.75 (m, 3H), 1.31 (t, J = 7.2 Hz, 3H); 13C 

NMR (100 MHz, CDCl3)  170.5, 149.2, 146.8, 135.4, 135.3, 133.0, 132.9, 129.4, 

128.1, 127.8, 127.6, 127.5, 126.4, 126.24, 126.21, 116.2, 114.4, 60.5, 35.5, 21.8, 13.8; 

HRMS (ESI): calc. for C21H22NaO2 [M+Na]+: 329.1512; found: 329.1514. 

 

(E)-Ethyl 2-(cyclohex-1-en-1-yl(4-nitrophenyl)methylene)pent-4-enoate (3e’) 

 

85% isolated yield, colorless oil. 1H NMR (400 MHz, CDCl3)  8.19 (d, J = 8.8 Hz, 

2H), 7.40 (d, J = 8.8 Hz, 2H), 5.87-5.75 (m, 1H), 5.75-5.70 (m, 1H), 5.10 (dd, J = 8.5 

Hz, 1.6 Hz, 1H), 5.08-5.05 (m, 1H), 4.18 (q, J = 7.1 Hz, 2H), 2.93 (dt, J = 5.8 Hz, 1.6 

Hz, 2H), 2.14-2.02 (m, 2H), 1.89-1.78 (m, 2H), 1.59-1.51 (m, 4H), 1.28 (t, J = 7.1 Hz, 

3H); 13C NMR (100 MHz, CDCl3)  170.1, 147.34, 147.26, 145.5, 139.1, 134.8, 130.5, 

129.4, 127.1, 123.4, 116.5, 60.6, 35.4, 27.5, 25.4, 22.4, 21.7, 14.2; HRMS (ESI): calc. 

for C20H23NaNO4 [M+Na]+: 364.1519; found: 364.1516. 
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Kinetic Isotope Effect (KIE) Experiments 

1. Determination of Intermolecular Competition KIE 

  To a solution of mixture of Pd(OAc)2 (0.4 mg, 0.002 mmol), p-MeOC6H4B(OH)2 

(39.5 mg, 0.26 mmol), and BQ (23.8 mg, 0.22 mmol) in acetone (0.5 mL) was added 

a mixture of allenes 1g (19.4 mg, 0.1 mmol) and [D6]-1g (20.0 mg, 0.1 mmol) in 

acetone (0.5 mL). The reaction was stirred at room temperature for 10 min, then 

quickly evaporated. The yields and the ratio of 3g and [D5]-3g were determined by 1H 

NMR measurement using anisole as the internal standard (22 μL, 0.2 mmol). 

 

 

  As shown in the attached spectra, the combined yield of 3g and [D5]-3g was 19.5% 

[(Integration of Hc+Hd)/2], and the yield of 3g was 0.46/3 ≈ 15% [0.46 was the 

integration at δ 1.66 (s, 3H for 3g)], thus the yield of [D5]-3g was 4.5%. Therefore, 

the ratio of 3g and [D5]-3g was determined as 3.3:1. Furthermore, the combined 
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recovery of 1g and [D6]-1g was 69% [(Integration of Ha+Hb)/2], so the reaction 

conversion was 31%. Additionally, recovery of 1g was 1.61/6 ≈ 27% [1.61 was the 

integration at δ 1.70 (s, 6H for 1g)], thus the yield of [D6]-1g was 42%, thus the ratio 

of recovered 1g and [D6]-1g was determined as 1:1.6. Finally, the isotope effect value 

calculated from the product ratio and the change of the starting material ratio is 4.1 

according to Sih’s equation.[7] 
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2. Intermolecular KIE Experiments (Separate experiments) 

  To an NMR tube with a solution of allene 1g (19.4 mg, 0.1 mmol) [or [D6]-1g (20.0 

mg, 0.1 mmol)], p-MeOC6H4B(OH)2 (19.8 mg, 0.13 mmol), and anisole (22 μL, 0.2 

mmol, internal standard) in d6-acetone (0.2 mL) was added a solution of Pd(OAc)2 

(0.2 mg, 0.001 mmol) and BQ (23.8 mg, 0.22 mmol) in d6-acetone (0.3 mL). The 

reactions were running at room temperature in the NMR machine, and the online 

detections were recorded at different time (see Table S4 and S5 respectively). The 

yields were determined by 1H NMR measurement using anisole as the internal 

standard. 

 

Table S4. For 1g: 

Time/min 0 5.8 8.3 11.2 12.9 18.5 

Yield of 3g/% 0 1 2 3.5 5 10.5 

Due to the nature of the experiment, plots to determine the KIE were taken for 1g 

(Figures S1 and S2). 

 

Figure S1. Progress of the reaction of 1g in the early stage. 
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Figure S2. Linear function fit for reaction rate of 1g. 

 

 

 

Table S5. For [D6]-1g: 

Time/min 0 9.1 17.4 30.7 

Yield of [D5]-3g/% 0 0.5 2 5.5 

 

Due to the nature of the experiment, plots to determine the KIE were taken for 

[D6]-1g (Figures S3 and S4). 

 

 

Figure S3. Progress of the reaction of [D6]-1g in the early stage. 
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Figure S4. Linear function fit for reaction rate of [D6]-1g. 

 

Finally, the intermolecular isotope effect value is determined as 4.1. 

kH/kD = (0.9647)/( 0.2344) = 4.1 
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Proposed Mechanism 

 

Path a (proposed mechanism): Based on the observation and mechanistic studies, we 

proposed a possible mechanism for the allene arylation. As shown in the above 

scheme, simultaneous coordination of the allyl C=C bond and the allenic C=C bond 

of substrate 1 to the Pd(II) center would generate chelate Int-3, followed by allene 

attack to afford vinylpalladium intermediate Int-4 involving allenylic C-H bond 

cleavage. Further, transmetallation of Int-4 with ArB(OH)2 would produce Int-5, 

which on subsequent reductive elimination would lead to 1,3,6-triene 3. 

 

Path b (less likely): Differ from path a, transmetallation of the Pd(II) species with 

ArB(OH)2 via Int-3’ would occur before allene attack in path b. However, this 

pathway seems less likely than that via Int-4 (path a), considering the fact that Int-3 

provides a more electron-deficient Pd(II) for the nucleophilic attack by the allene unit. 

 

Path c (ruled out): In this pathway, the reaction would proceed via migratory insertion 

and sequential rate-determining β-H elimination. However, the possibility of path c 

can be ruled out based on the following points: A KIE value kH/kD = 4.1 in both 



S32 

competitive and parallel experiments. The competition experiment requires that the 

cleavage of the C-H bond has to occur before any irreversible steps. In this pathway, 

there would be an irreversible allene insertion (arylpalladation, Int-3’ → Int-6). (It is 

highly unlikely that arylpalladation would be reversible in this case). This irreversible 

step would occur before the cleavage of the C-H bond (β-hydride elimination) and as 

a consequence one would not have observed any isotope effect from the competition 

experiment. 

 

In addition, migratory insertion of the allene into the aryl palladium bond to form 

Int-6 would require olefin disassociation from Pd(II), considering the planar Pd(II) 

complex in Int-3’. In this case, allenes 1ab, 1ac, 1ad would have been expected to 

work in this transformation, which is inconsistent with our observation in Scheme 3. 

Moreover, palladium-catalyzed β-hydride elimination was commonly considered as a 

fast and low-energy step,[8] which is also inconsistent with our observed KIE value of 

kH/kD = 4.1. 

 

Finally, in a pathway via migratory insertion (Int-3’ → Int-6), one would expect 

3,4-dienoate (e.g. 1g) to mainly give 2(E),4-dienoate instead of the observed 

3,5-dienoate (e.g. 3g) as previously reported.[9] 
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