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General Methods. 

   1H NMR (270 MHz) and 13C NMR (67.8 MHz) spectra were measured on a JEOL Excalibur 270 

spectrometer using CDCl3 as a solvent unless otherwise noted.   HPLC analyses were performed on 

Hitachi L-7100 and GL-7410 apparatuses equipped with a UV detector using 25 cm x 4.6 mm DAICEL 

Chiralcel OJ-H, OD, Chiralpak IC, ID columns.   Elemental analyses were performed at 

Microanalytical Center of The University of Tokyo.   Mass spectra were measured on a JEOL JMS-

700 mass spectrometer.   Specific rotations were measured on a JASCO DIP-1000 polarimeter. 

   All reactions were carried out under a dry nitrogen atmosphere.   Solvents were dried by the usual 

methods, then distilled under N2 and degassed before use.   Optically active ligands (L2, L5), CuOTf・

1/2C6H6, diisopropylethylamine, and (S)-1-phenylprop-2-yn-1-ol are commercially available reagents.   

Pybox ligands (L1,S1 L3,S2 L4,S3 L6,S3), PNN ligands (L7,S4a L8,S4b), propargylic acetates (1a,S5 1bS6), 

and (R)-5-phenylpent-1-yn-3-olS7 were prepared according to the literature procedures. 

 

 

 

Preparation of Propargylic Carbonates (3). 

 

   A typical experimental procedure for the preparation of tert-butyl (5-phenylpent-1-yn-3-yl) 

carbonate (3b) is described below.   In a 50 mL Schlenk flask were placed 3-phenylpropanal (0.870 

mL, 6.60 mmol) and anhydrous THF (30 mL) under N2.   Ethylylmagnesium bromide (0.5 M in THF, 

20.0 mL, 10.0 mmol) was added to the solution at 0 °C and the mixture was allowed to warm to room 

temperature.   After stirring for 1 h, the solution was cooled to 0 °C and di-tert-butyl dicarbonate (2.91 

g, 13.3 mmol) was added to the solution.   The mixture was kept at room temperature for 3 h and then 
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the reaction was quenched by saturated aqueous NH4Cl (20 mL).   The resulting mixture was extracted 

with diethyl ether (15 mL x 3) and the combined organic layers were dried over anhydrous MgSO4.   

The solvent was removed under reduced pressure and the residue was purified by column 

chromatography (SiO2) with hexane/ethyl acetate (95/5) to give 3bS8 as a colorless oil (838 mg, 3.22 

mmol, 48% yield). 

   Spectroscopic characterization of 3a,S9 3b,S8 and 3fS8 is described elsewhere.   Spectroscopic data 

of other propargylic carbonates are described below: 

 

3c: A colorless oil. 1H NMR δ 7.31-7.25 (m, 2H), 7.19-7.16 (m, 3H), 5.17-5.15 (m, 1H), 2.65 (t, J = 6.8 

Hz, 2H), 2.48 (d, J = 1.9 Hz, 1H), 1.84-1.82 (m, 4H), 1.49 (s, 9H). 13C NMR δ 152.6, 141.7, 128.38, 

128.35, 125.9, 82.8, 80.8, 74.1, 66.5, 35.2, 34.2, 27.7, 26.6. HRMS (EI) Calcd. for C17H22O3 [M]: 

274.1569. Found: 274.1580. 

 

 

3d: A colorless oil. 1H NMR δ 7.30-7.25 (m, 2H), 7.20-7.15 (m, 3H), 5.15 (dt, J = 2.2 and 6.8 Hz, 1H), 

2.63 (t, J = 7.6 Hz, 2H), 2.47 (d, J = 2.2 Hz, 1H), 1.88-1.80 (m, 2H), 1.72-1.61 (m, 2H), 1.57-1.44 (m, 

11H). 13C NMR δ 152.6, 142.2, 128.33, 128.25, 125.7, 82.7, 80.9, 74.0, 66.6, 35.7, 34.5, 30.9, 27.7, 

24.5. HRMS (EI) Calcd. for C18H25O3 [M+H]: 289.1804. Found: 289.1793. 

 

 

3e: A colorless oil. 1H NMR δ 5.14 (dt, J = 2.1 and 6.7 Hz, 1H), 2.47 (d, J = 2.1 Hz, 1H), 1.84-1.75 (m, 

2H), 1.50 (s, 9H), 1.26 (br, 14H), 0.88 (t, J = 6.6 Hz, 3H). 13C NMR δ 152.6, 82.7, 81.0, 73.9, 66.7, 34.7, 

31.8, 29.43, 29.39, 29.2, 29.0, 27.7, 24.8, 22.6, 14.1. HRMS (EI) Calcd. for C17H31O3 [M+H]: 283.2273. 

Found: 283.2266. 

 

 

3g: A colorless oil. 1H NMR δ 7.19 (d, J = 8.8 Hz, 2H), 6.84 (d, J = 8.8 Hz, 2H), 5.30 (dt, J = 2.1 and 

7.0 Hz, 1H), 3.78 (s, 3H), 3.12-2.96 (m, 2H), 2.48 (d, J = 2.1 Hz, 1H), 1.46 (s, 9H). 13C NMR δ 158.7, 
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152.4, 130.7, 127.5, 113.8, 82.8, 80.5, 74.8, 67.4, 55.2, 40.3, 27.7. HRMS (EI) Calcd. for C16H20O4 [M]: 

276.1362. Found: 276.1355. 

 

 

3h: A colorless oil. 1H NMR δ 7.43 (d, J = 8.6 Hz, 2H), 7.16 (d, J = 8.6 Hz, 2H), 5.32 (dt, J = 2.1 and 

6.9 Hz, 1H), 3.13-2.98 (m, 3H), 1.46 (s, 9H). 13C NMR δ 152.2, 134.4, 131.44, 131.40, 121.1, 83.0, 80.0, 

75.2, 66.7, 40.4, 27.7. HRMS (EI) Calcd. for C15H18BrO3 [M+H]: 325.0439. Found: 325.0440. 

 

 

3i: A colorless oil. 1H NMR δ 7.25-7.21 (m, 1H), 7.16-7.11 (m, 3H), 5.38 (dt, J = 2.2 and 7.3 Hz, 1H), 

3.21-3.05 (m, 2H), 2.47 (d, J = 2.2 Hz, 1H), 2.37 (s, 3H), 1.44 (s, 9H). 13C NMR δ 152.3, 136.9, 133.7, 

130.5, 130.3, 127.1, 125.8, 82.8, 80.5, 74.7, 66.3, 38.4, 27.7, 19.5. HRMS (EI) Calcd. for C16H20O3 [M]: 

260.1412. Found: 260.1404. 

 

 

3j: A yellow solid, m.p. = 107.4-108.8 °C. 1H NMR δ 7.38-7.30 (m, 5H), 5.13 (s, 2H), 5.05 (dd, J = 2.1 

and 6.1 Hz, 1H), 4.26 (brd, J = 10.8 Hz, 2H), 2.76 (brt, J = 12.4 Hz, 2H), 2.50 (d, J = 2.1 Hz, 1H), 1.96-

1.72 (m, 3H), 1.52-1.33 (m, 11H). 13C NMR δ 155.2, 152.6, 136.8, 128.5, 127.9, 127.8, 83.0, 79.0, 75.3, 

69.8, 67.1, 43.6. 43.5, 40.1, 27.7, 27.5, 27.0. HRMS (EI) Calcd. for C21H27NO5 [M]: 373.1889. Found: 

373.1872. 
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Copper-Catalyzed Enantioselective Propargylic Etherification of Propargylic Carbonates (3) with 

Aliphatic Alcohols. 

 

   A typical experimental procedure for the reaction of tert-butyl (5-phenylpent-1-yn-3-yl) carbonate 

(3b) with methanol is described below.   In a 20 mL Schlenk flask were placed CuOTf・1/2C6H6 (2.6 

mg, 0.010 mmol) and (S)-Me-pybox (L1) (5.0 mg, 0.020 mmol) under N2.   Anhydrous methanol (1.0 

mL) was added, and the mixture was magnetically stirred at 60 ˚C for 1 h.   After the solution was 

cooled to -10 ̊ C, 3b (52.0 mg, 0.200 mmol) in anhydrous methanol (1.0 mL) and diisopropylethylamine 

(42.0 μL, 0.240 mmol) were added under N2, and the mixture was kept at -10 ̊ C for 72 h.   The reaction 

mixture was concentrated under reduced pressure, and the residue was purified by the column 

chromatography (SiO2) with hexane/diethyl ether (97/3) to give (3-methoxypent-4-yn-1-yl)benzene 

(2b)S10 as a pale yellow oil (29.5 mg, 0.169 mmol, 85% yield). []25
D = −12.3 (c = 0.460, CHCl3). The 

enantiomeric excess of 2b was determined by HPLC analysis; DAICEL Chiralcel OJ-H, hexane/iPrOH 

= 97/3, flow rate = 1.0 mL/min, λ = 254 nm, retention time: 6.7 min (minor) and 7.3 min (major), 81% 

ee. 

   Isolated yields and spectroscopic data of other products (2 and 4) are described below: 

 

2c: 89% Yield. A colorless oil. 1H NMR δ 7.30-7.27 (m, 2H), 7.25-7.14 (m, 3H), 3.97-3.91 (m, 1H), 

3.39 (s, 3H), 2.65 (t, J = 7.2 Hz, 2H), 2.42 (d, J = 1.9 Hz, 1H), 1.85-1.72 (m, 4H). 13C NMR δ 142.1, 

128.4, 128.3, 125.8, 82.6, 73.8, 70.9, 56.4, 35.5, 35.0, 26.9. HRMS (EI) Calcd. for C13H16O [M]: 

188.1201. Found: 188.1200. []25
D = −34.1 (c = 0.820, CHCl3). The enantiomeric excess of 2c was 

determined by HPLC analysis; DAICEL Chiralcel OJ-H, hexane/iPrOH = 98/2, flow rate = 1.0 mL/min, 

λ = 254 nm, retention time: 8.2 min (minor) and 9.3 min (major), 78% ee. 

 

 

2d: 88% Yield. A colorless oil. 1H NMR δ 7.30-7.25 (m, 2H), 7.19-7.14 (m, 3H), 3.93 (dt, J = 2.0 and 

6.5 Hz, 1H), 3.40 (s, 3H), 2.62 (t, J = 7.6 Hz, 2H), 2.43 (d, J = 2.0 Hz, 1H), 1.80-1.44 (m, 6H). 13C NMR 

δ 142.5, 128.4, 128.3, 125.7, 82.7, 73.7, 71.0, 56.4, 35.8, 35.4, 31.2, 24.9. HRMS (EI) Calcd. for 

C14H18O [M]: 202.1358. Found: 202.1349. []25
D = −26.3 (c = 1.86, CHCl3). The enantiomeric excess 
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of 2d was determined by HPLC analysis; DAICEL Chiralcel OJ-H, hexane/iPrOH = 100/0, flow rate = 

1.0 mL/min, λ = 254 nm, retention time: 25.8 min (major) and 30.6 min (minor), 79% ee.  

 

 

2e: 91% Yield. A colorless oil. 1H NMR δ 3.93 (dt, J = 2.0 and 6.6 Hz, 1H), 3.41 (m, 3H), 2.43 (d, J = 

2.0 Hz, 1H), 1.76-1.64 (m, 2H), 1.27 (br, 14H), 0.90-0.85 (brm, 3H). 13C NMR δ 82.8, 73.6, 71.1, 56.4, 

35.5, 31.9, 29.5, 29.30, 29.29, 25.1, 22.7, 14.1. HRMS (EI) Calcd. for C13H24O [M]: 196.1827. Found: 

196.1832. []25
D = −38.5 (c = 0.605, CHCl3). The enantiomeric excess of 2e was determined by HPLC 

analysis after conversion of 2e into triazole 2e' (vide infra). 

 

 

2f: 65% Yield. A pale yellow oil. 1H NMR δ 7.33-7.23 (m, 5H), 4.14 (dt, J = 2.2 and 6.8 Hz, 1H), 3.41 

(s, 3H), 3.10-2.94 (m, 2H), 2.45 (d, J = 2.2 Hz, 1H). 13C NMR δ 137.0, 129.6, 128.2, 126.6, 82.1, 74.6, 

72.0, 56.6, 42.0. HRMS (EI) Calcd. for C11H12O [M]: 160.0888. Found: 160.0895. []25
D = −24.6 (c = 

0.790, CHCl3). The enantiomeric excess of 2f was determined by HPLC analysis; DAICEL Chiralcel 

OJ-H, hexane/iPrOH = 100/0, flow rate = 1.0 mL/min, λ = 254 nm, retention time: 18.5 min (major) and 

24.7 min (minor), 94% ee. 

 

 

2g: 73% Yield. A pale yellow oil. 1H NMR 7.19 (d, J = 8.6 Hz, 2H), 6.84 (d, J = 8.6 Hz, 2H), 4.09 (dt, 

J = 2.0 and 6.7 Hz, 1H), 3.79 (s, 3H), 3.41 (s, 3H), 3.03-2.88 (m, 2H), 2.45 (d, J = 2.0 Hz, 1H). 13C 

NMR δ 158.4, 130.6, 129.1, 113.6, 82.2, 74.6, 72.3, 56.6, 55.2, 41.1. HRMS (EI) Calcd. for C12H14O2 

[M]: 190.0994. Found: 190.0988. []25
D = −12.3 (c = 1.74, CHCl3). The enantiomeric excess of 2g was 

determined by HPLC analysis; DAICEL Chiralcel OJ-H, hexane/iPrOH = 97/3, flow rate = 1.0 mL/min, 

λ = 254 nm, retention time: 13.1 min (major) and 20.6 min (minor), 95% ee. 
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2h: 72% Yield. A pale yellow oil. 1H NMR δ 7.41 (d, J = 8.5 Hz, 2H), 7.15 (d, J = 8.5 Hz, 2H), 4.10 

(dt, J = 2.1 and 6.5 Hz, 1H), 3.40 (s, 3H), 3.03-2.89 (m, 2H), 2.46 (d, J = 2.1 Hz, 1H). 13C NMR δ 135.9, 

131.4, 131.3, 120.7, 81.7, 74.9, 71.6, 56.6, 41.3. HRMS (EI) Calcd. for C11H11BrO [M]: 237.9993. 

Found: 237.9988. []25
D = −18.0 (c = 1.16, CHCl3). The enantiomeric excess of 2h was determined by 

HPLC analysis; DAICEL Chiralpak ID, hexane/iPrOH = 99/1, flow rate = 1.0 mL/min, λ = 254 nm, 

retention time: 10.8 min (major) and 12.8 min (minor), 95% ee. 

 

 

2i: 89% Yield. A pale yellow oil. 1H NMR δ 7.26-7.21 (m, 1H), 7.15-7.12 (m, 3H), 4.14 (dt, J = 1.9 and 

7.0 Hz, 1H), 3.42 (s, 3H), 3.13-2.96 (m, 2H), 2.44 (d, J = 1.9 Hz, 1H), 2.35 (s, 3H). 13C NMR δ 136.7, 

135.3, 130.23, 130.16, 126.8, 125.8, 82.2, 74.4, 71.4, 56.6, 39.0, 19.7. HRMS (EI) Calcd. for C12H14O 

[M]: 174.1045. Found: 174.1038. []25
D = −27.3 (c = 1.86, CHCl3). The enantiomeric excess of 2i was 

determined by HPLC analysis; DAICEL Chiralcel OD, hexane/iPrOH = 100/0, flow rate = 1.0 mL/min, 

λ = 254 nm, retention time: 15.0 min (major) and 17.1 min (minor), 99% ee. 

 

 

2j: 83% Yield. A colorless oil. 1H NMR δ 7.37-7.30 (m, 5H), 5.13 (s, 2H), 4.24 (brd, J = 11.9 Hz, 2H), 

3.75 (dd, J = 2.0 and 5.8 Hz, 1H), 3.41 (s, 3H), 2.76 (brt, J = 13.0 Hz, 2H), 2.46 (d, J = 2.0 Hz, 1H), 

1.85-1.73 (m, 3H), 1.50-1.26 (m, 2H). 13C NMR δ 155.2, 136.9, 128.4, 127.9, 127.8, 80.8, 75.1, 75.0, 

66.9, 56.8, 43.8, 43.7, 40.8, 27.8, 27.3. HRMS (EI) Calcd. for C17H21NO3 [M]: 287.1521. Found: 

287.1509. []25
D = −13.2 (c = 2.71, CHCl3). The enantiomeric excess of 2j was determined by HPLC 

analysis; DAICEL Chiralpak IC, hexane/iPrOH = 95/5, flow rate = 1.0 mL/min, λ = 254 nm, retention 

time: 26.9 min (major) and 28.2 min (minor), 90% ee. 

 

 

4b: 63% Yield. A colorless oil. 1H NMR δ 7.31-7.26 (m, 2H), 7.21-7.16 (m, 3H), 3.99 (dt, J = 2.2 and 

6.8 Hz, 1H), 3.86-3.75 (m, 1H), 3.47-3.36 (m, 1H), 2.80 (t, J = 7.8 Hz, 2H), 2.44 (d, J = 2.2 Hz, 1H), 

2.15-1.94 (m, 2H), 1.23 (t, J = 7.0 Hz, 3H). 13C NMR δ 141.4, 128.5, 128.4, 125.9, 83.1, 73.5, 68.3, 

64.4, 37.2, 31.3, 15.1. HRMS (EI) Calcd. for C13H16O [M]: 188.1201. Found: 188.1193. []25
D = − 18.7 
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(c = 1.03, CHCl3). The enantiomeric excess of 4b was determined by HPLC analysis; DAICEL Chiralcel 

OD, hexane/iPrOH = 100/0, flow rate = 1.0 mL/min, λ = 254 nm, retention time: 16.9 min (major) and 

27.9 min (minor), 80% ee. 

 

 

4f: 57% Yield. A pale yellow oil. 1H NMR δ 7.33-7.19 (m, 5H), 4.21 (dt, J = 1.9 and 6.9 Hz, 1H), 3.87-

3.75 (m, 1H), 3.48-3.37 (m, 1H), 3.11-2.93 (m, 2H), 2.41 (d, J = 1.9 Hz, 1H), 1.20 (t, J = 6.9 Hz, 3H). 

13C NMR δ 137.2, 129.6, 128.1, 126.6, 82.7, 74.1, 70.3, 64.5, 42.2, 15.0. HRMS (EI) Calcd. for C12H14O 

[M]: 174.1045. Found: 174.1040. []25
D = −23.3 (c = 0.800, CHCl3). The enantiomeric excess of 4f was 

determined by HPLC analysis; DAICEL Chiralcel OJ-H, hexane/iPrOH = 100/0, flow rate = 1.0 mL/min, 

λ = 254 nm, retention time: 12.9 min (major) and 18.3 min (minor), 93% ee. 

 

 

 

Synthesis of Triazole 2e' from 2e. 

 

   In a 20 mL Schlenk flask were placed 3-methoxydodec-1-yne (2e) (30.1 mg, 0.153 mmol), CuI (4.5 

mg, 0.024 mmol), and anhydrous THF (1.5 mL) under N2.   Diisopropylethylamine (54.0 μL, 0.310 

mmol) and benzyl azide (22.5 mg, 0.169 mmol) were added to the solution at room temperature and the 

mixture was stirred for 28 h.   Then, saturated aqueous NH4Cl (5 mL) was added to the solution.   

The solution was extracted with diethyl ether (10 mL x 3) and the combined organic layers were dried 

over anhydrous MgSO4.   The solvent was removed under reduced pressure and the residue was 

purified by column chromatography (SiO2) with hexane/ethyl acetate (75/25) to give 1-benzyl-4-(1-

methoxydecyl)-1H-1,2,3-triazole (2e') as a white solid (46.8 mg, 0.142 mmol, 93% yield), m.p. 52.6-

54.5 ˚C. 1H NMR δ 7.38-7.36 (m, 4H), 7.28-7.25 (m, 2H), 5.53 (s, 2H), 4.41 (t, J = 6.5 Hz, 1H), 3.26 (s, 

3H), 1.82-1.69 (m, 2H), 1.23 (br, 14H), 0.87 (t, J = 6.6 Hz, 3H). 13C NMR δ 150.1, 134.7, 129.1, 128.7, 

128.0, 120.7, 76.5, 56.8, 54.2, 35.9, 31.9, 29.5, 29.4, 29.3, 25.4, 22.7, 14.1. Anal. Calcd. for C20H31N3O: 

C, 72.91; H, 9.48; N, 12.75. Found: C, 72.74; H, 9.23; N, 12.53. []25
D = −21.6 (c = 0.105, CHCl3). The 

enantiomeric excess of 2e' was determined by HPLC analysis; DAICEL Chiralpak ID, hexane/iPrOH = 

85/15, flow rate = 1.0 mL/min, λ = 254 nm, retention time: 12.1 min (major) and 16.2 min (minor), 80% 

ee. 
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Copper-Catalyzed Enantioselective Propargylic Etherification of Propargylic Acetate (1a) with 

Methanol. 

 

   In a 20 mL Schlenk flask were placed CuOTf・1/2C6H6 (2.7 mg, 0.011 mmol) and (S)-Me-pybox 

(L1) (5.0 mg, 0.020 mmol) under N2.   Anhydrous methanol (1.0 mL) was added, and the mixture was 

magnetically stirred at 60 ˚C for 1 h.   After the solution was cooled to -20 ˚C, 1a (34.9 mg, 0.200 

mmol) in anhydrous methanol (1.0 mL) and diisopropylethylamine (42.0 μL, 0.240 mmol) were added 

under N2, and the mixture was kept at -20 ˚C for 72 h.   The reaction mixture was concentrated under 

reduced pressure, and the residue was purified by the column chromatography (SiO2) with 

hexane/diethyl ether (96/4) to give 1-methoxy-1-phenylprop-2-yne (2a)S11 as a pale yellow oil (21.1 mg, 

0.144 mmol, 72% yield). []25
D = −34.6 (c = 0.495, CHCl3). The enantiomeric excess of 2a was 

determined by HPLC analysis; DAICEL Chiralcel OJ-H, hexane/iPrOH = 97/3, flow rate = 1.0 mL/min, 

λ = 254 nm, retention time: 15.6 min (minor) and 20.4 min (major), 71% ee. 

 

 

 

Copper-Catalyzed Enantioselective Propargylic Etherification of Propargylic Carbonates (3) with 

Phenols. 

 

   A typical experimental procedure for the reaction of tert-butyl (1-phenylbut-3-yn-2-yl) carbonate 

(3f) with 4-methoxyphenol is described below.   In a 20 mL Schlenk flask were placed CuOTf・

1/2C6H6 (2.5 mg, 0.0099 mmol) and (S)-Me-pybox (L1) (5.0 mg, 0.020 mmol) under N2.   Anhydrous 

methanol (2.0 mL) was added, and the mixture was magnetically stirred at 60 ˚C for 1 h.   After the 

solution was cooled to -10 ˚C, 4-methoxyphenol (49.4 mg, 0.398 mmol), 3f (48.9 mg, 0.199 mmol), and 

diisopropylethylamine (42.0 μL, 0.240 mmol) were added under N2, and the mixture was kept at -10 ˚C 

for 72 h.   The solvent was concentrated under reduced pressure, and the residue was purified by the 

column chromatography (SiO2) with hexane/diethyl ether (95/5) to give 4-methoxyphenyl 1-phenylbut-

3-yn-2-yl ether (6a) as a colorless oil (38.0 mg, 0.151 mmol, 76% yield).   1H NMR δ 7.35-7.21 (m, 

5H), 6.95-6.89 (m, 2H), 6.83-6.77 (m, 2H), 4.79 (td, J = 6.6 and 1.9 Hz, 1H), 3.75 (s, 3H), 3.27 (dd, J = 
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13.6 and 6.6 Hz, 1H), 3.17 (dd, J = 13.6 and 6.6 Hz, 1H), 2.48 (d, J = 1.9 Hz, 1H). 13C NMR δ 154.6, 

151.5, 136.5, 129.7, 128.3, 126.9, 117.4, 114.5, 81.9, 75.2, 69.9, 55.6, 42.1. HRMS (EI) Calcd. for 

C17H16O2 [M]: 252.1150. Found: 252.1146. []25
D = −100.7 (c = 0.775, CHCl3). The enantiomeric 

excess of 6a was determined by HPLC analysis; DAICEL Chiralcel OJ-H, hexane/iPrOH = 95/5, flow 

rate = 1.0 mL/min, λ = 254 nm, retention time: 20.4 min (major) and 24.5 min (minor), 97% ee. 

   Isolated yields and spectroscopic data of other products (6) are described below: 

 

6b: 69% Yield. A colorless oil. 1H NMR δ 7.32-7.25 (m, 1H), 7.20-7.13 (m, 3H), 6.94-6.88 (m, 2H), 

6.83-6.77 (m, 2H), 4.79 (td, J = 6.9 and 2.0 Hz, 1H), 3.75 (s, 3H), 3.31 (dd, J = 14.0 and 6.9 Hz, 1H), 

3.20 (dd, J = 14.0 and 6.9 Hz, 1H), 2.48 (d, J = 2.0 Hz, 1H), 2.39 (s, 3H). 13C NMR δ 154.6, 151.5, 

136.8, 134.9, 130.3, 130.2, 127.0, 125.8, 117.3, 114.4, 82.0, 75.0, 69.4, 55.6, 39.2, 19.7. HRMS (EI) 

Calcd. for C18H18O2 [M]: 266.1307. Found: 266.1303. []25
D = −96.6 (c = 1.50, CHCl3). The 

enantiomeric excess of 6b was determined by HPLC analysis; DAICEL Chiralcel OJ-H, hexane/iPrOH 

= 95/5, flow rate = 1.0 mL/min, λ = 254 nm, retention time: 15.9 min (major) and 19.7 min (minor), 

98% ee. 

 

 

6c: 66% Yield. A colorless oil. 1H NMR δ 7.32-7.23 (m, 3H), 7.17-7.13 (m, 3H), 7.00-6.93 (m, 3H), 

4.89 (td, J = 6.9 and 1.9 Hz, 1H), 3.34 (dd, J = 14.0 and 7.0 Hz, 1H), 3.23 (dd, J = 14.0 and 7.0 Hz, 1H), 

2.48 (d, J = 1.9 Hz, 1H), 2.40 (s, 3H). 13C NMR δ 157.4, 136.8, 134.7, 130.4, 130.3, 129.3, 127.0, 125.6, 

121.5, 115.8, 81.8, 75.2, 68.1, 39.1, 19.7. HRMS (EI) Calcd. for C17H16O [M]: 236.1201. Found: 

236.1200. []25
D = −88.2 (c = 0.910, CHCl3). The enantiomeric excess of 6c was determined by HPLC 

analysis; DAICEL Chiralcel OJ-H, hexane/iPrOH = 95/5, flow rate = 1.0 mL/min, λ = 254 nm, retention 

time: 8.6 min (major) and 9.3 min (minor), 99% ee. 

 

 

6d: 88% Yield. A colorless oil. 1H NMR δ 7.32-7.17 (m, 5H), 6.98-6.91 (m, 2H), 6.86-6.80 (m, 2H), 

4.61 (td, J = 6.8 and 2.0 Hz, 1H), 3.76 (s, 3H), 2.89 (t, J = 7.7 Hz, 2H), 2.49 (d, J = 2.0 Hz, 1H), 2.35-
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2.12 (m, 2H). 13C NMR δ 154.5, 151.5, 140.9, 128.53, 128.46, 126.1, 117.2, 114.5, 82.2, 74.7, 67.8, 

55.6, 37.3, 31.2. HRMS (EI) Calcd. for C18H18O2 [M]: 266.1307. Found: 266.1305. []25
D = −89.5 (c = 

1.60, CHCl3). The enantiomeric excess of 6d was determined by HPLC analysis; DAICEL Chiralcel 

OJ-H, hexane/iPrOH = 90/10, flow rate = 1.0 mL/min, λ = 254 nm, retention time: 16.7 min (major) and 

32.4 min (minor), 91% ee. 

 

 

6e: 69% Yield. A colorless oil. 1H NMR δ 6.99-6.93 (m, 2H), 6.86-6.80 (m, 2H), 4.62 (td, J = 6.8 and 

2.0 Hz, 1H), 3.77 (s, 3H), 2.46 (d, J = 2.0 Hz, 1H), 1.99-1.83 (m, 2H), 1.58-1.48 (m, 2H), 1.31-1.27 (m, 

12H), 0.91-0.86 (m, 3H). 13C NMR δ 154.4, 151.7, 117.2, 114.5, 82.6, 74.2, 68.8, 55.7, 35.8, 31.9, 29.51, 

29.49, 29.3, 29.2, 25.1, 22.7, 14.1. HRMS (EI) Calcd. for C19H28O2 [M]: 288.2089. Found: 288.2095. 

[]25
D = −101.6 (c = 1.28, CHCl3). The enantiomeric excess of 6e was determined by HPLC analysis; 

DAICEL Chiralcel OD, hexane/iPrOH = 99/1, flow rate = 1.0 mL/min, λ = 254 nm, retention time: 4.6 

min (major) and 5.1 min (minor), 93% ee. 

 

 

6f: 82% Yield. A colorless oil. 1H NMR δ 7.37-7.21 (m, 7H), 7.01-6.94 (m, 3H), 4.89 (td, J = 6.8 and 

1.9 Hz, 1H), 3.30 (dd, J = 13.8 and 6.8 Hz, 1H), 3.20 (dd, J = 13.8 and 6.8 Hz, 1H), 2.49 (d, J = 1.9 Hz, 

1H). 13C NMR δ 157.3, 136.4, 129.7, 129.4, 128.3, 126.9, 121.6, 115.8, 81.6, 75.3, 68.7, 42.1. HRMS 

(EI) Calcd. for C16H14O [M]: 222.1045. Found: 222.1055. []25
D = −118.3 (c = 1.19, CHCl3). The 

enantiomeric excess of 6f was determined by HPLC analysis; DAICEL Chiralcel OJ-H, hexane/iPrOH 

= 98/2, flow rate = 1.0 mL/min, λ = 254 nm, retention time: 11.9 min (major) and 13.6 min (minor), 

97% ee. 

 

 

6g: 71% Yield. A colorless oil. 1H NMR δ 7.39-7.22 (m, 4H), 7.07-6.84 (m, 4H), 4.94 (td, J = 6.8 and 

2.2 Hz, 1H), 3.82 (s, 3H), 3.36 (dd, J = 13.5 and 6.8 Hz, 1H), 3.23 (dd, J = 13.5 and 6.8 Hz, 1H), 2.46 

(d, J = 2.2 Hz, 1H). 13C NMR δ 150.5, 146.7, 136.5, 129.8, 128.2, 126.8, 122.7, 120.7, 117.3, 112.4, 

81.7, 75.5, 70.3, 56.0, 42.1. HRMS (EI) Calcd. for C17H16O2 [M]: 252.1150. Found: 252.1139. []25
D = 
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−98.3 (c = 1.67, CHCl3). The enantiomeric excess of 6g was determined by HPLC analysis; DAICEL 

Chiralcel OJ-H, hexane/iPrOH = 95/5, flow rate = 1.0 mL/min, λ = 254 nm, retention time: 14.1 min 

(minor) and 14.9 min (major), 97% ee. 

 

 

6h: 66% Yield. A colorless oil. 1H NMR δ 7.35-7.13 (m, 6H), 6.61-6.51 (m, 3H), 4.88 (td, J = 6.7 and 

1.9 Hz, 1H), 3.76 (s, 3H), 3.29 (dd, J = 13.6 and 6.7 Hz, 1H), 3.18 (dd, J = 13.6 and 6.7 Hz, 1H), 2.49 

(d, J = 1.9 Hz, 1H). 13C NMR δ 160.7, 158.5, 136.4, 129.75, 129.68, 128.3, 126.9, 107.8, 107.3, 102.2, 

81.5, 75.4, 68.7, 55.2, 42.0. HRMS (EI) Calcd. for C17H16O2 [M]: 252.1150. Found: 252.1160. []25
D = 

−135.4 (c = 1.33, CHCl3). The enantiomeric excess of 6h was determined by HPLC analysis; DAICEL 

Chiralcel OD, hexane/iPrOH = 95/5, flow rate = 1.0 mL/min, λ = 254 nm, retention time: 5.9 min (major) 

and 10.4 min (minor), 96% ee. 

 

 

6i: 50% Yield. A colorless oil. 1H NMR δ 7.36-7.24 (m, 7H), 6.95-6.89 (m, 2H), 4.85 (td, J = 6.8 and 

2.0 Hz, 1H), 3.29 (dd, J = 13.9 and 6.8 Hz, 1H), 3.18 (dd, J = 13.9 and 6.8 Hz, 1H), 2.49 (d, J = 1.9 Hz, 

1H), 1.28 (s, 9H). 13C NMR δ 155.1, 144.2, 136.5, 129.7, 128.3, 126.9, 126.2, 115.7, 81.9, 75.2, 68.7, 

42.1, 34.1, 31.5. HRMS (EI) Calcd. for C20H22O [M]: 278.1671. Found: 278.1682. []25
D = −105.3 (c = 

1.20, CHCl3). The enantiomeric excess of 6i was determined by HPLC analysis; DAICEL Chiralcel OJ-

H, hexane/iPrOH = 98/2, flow rate = 1.0 mL/min, λ = 254 nm, retention time: 6.3 min (major) and 9.1 

min (minor), 94% ee. 

 

 

6j: 88% Yield. A white solid, m.p. = 52.9-53.8 °C. 1H NMR δ 7.46-7.39 (m, 4H), 7.34-7.12 (m, 8H), 

7.00-6.94 (m, 2H), 4.84 (td, J = 6.8 and 2.0 Hz, 1H), 3.24 (dd, J = 13.9 and 6.8 Hz, 1H), 3.13 (dd, J = 

13.9 and 6.8 Hz, 1H), 2.42 (d, J = 2.0 Hz). 13C NMR δ 156.9, 140.7, 136.4, 134.6, 129.7, 128.7, 128.3, 

128.1, 126.9, 126.8, 126.7, 116.1, 81.6, 75.5, 68.8, 42.0. HRMS (EI) Calcd. for C22H18O [M]: 298.1358. 

Found: 298.1349. []25
D = −129.1 (c = 2.03, CHCl3). The enantiomeric excess of 6j was determined by 
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HPLC analysis; DAICEL Chiralcel OJ-H, hexane/iPrOH = 90/10, flow rate = 1.0 mL/min, λ = 254 nm, 

retention time: 26.2 min (major) and 60.2 min (minor), 96% ee. 

 

 

6k: 57% Yield. A white solid, m.p. = 87.7-88.9 °C. 1H NMR δ 7.39-7.22 (m, 7H), 6.89-6.83 (m, 2H), 

4.83 (td, J = 6.7 and 2.2 Hz, 1H), 3.28 (dd, J = 13.8 and 6.7 Hz, 1H), 3.19 (dd, J = 13.8 and 6.7 Hz, 1H), 

2.50 (d, J = 2.2 Hz, 1H). 13C NMR δ 156.4, 136.2, 132.2, 129.7, 128.4, 127.0, 117.7, 113.9, 81.1, 75.7, 

69.0, 42.0. HRMS (EI) Calcd. for C16H13BrO [M]: 300.0150. Found: 300.0143. []25
D = −104.4 (c = 

1.69, CHCl3). The enantiomeric excess of 6k was determined by HPLC analysis; DAICEL Chiralcel 

OJ-H, hexane/iPrOH = 90/10, flow rate = 1.0 mL/min, λ = 254 nm, retention time: 9.1 min (major) and 

12.5 min (minor), 98% ee. 

 

 

 

Investigation of Nonlinear Effect. 

   Experimental details of catalytic reactions of 3b with methanol using L1 with various ee values are 

summarized in Table S1. 
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Synthesis of [Cu2(L2)2][OTf]2 (5). 

   In a 50 mL Schlenk flask were placed CuOTf・1/2C6H6 (125.6 mg, 0.499 mmol) and anhydrous 

CH2Cl2 (25 mL) under N2.  (S)-Ph-pybox (L2) (185.0 mg, 0.501 mmol) was added to the solution, and 

then the mixture was magnetically stirred at room temperature for 1 h.    The solution was 

concentrated in vacuo to about ca. 2 mL.   Slow addition of diethyl ether (50 mL) to the obtained 

solution afforded a brown crystalline solid, which was collected by filtration and washed with diethyl 

ether (10 mL x 3) and dried in vacuo to afford [Cu2(L2)2][OTf]2 (5a)S12 as a brown solid (249.6 mg, 

0.214 mmol, 86% yield). 

 

 

 

Preparation of Optically Active Propargylic Ethers (R)-2a. 

 

   In a 20 mL Schlenk flask were placed sodium hydride (60% dispersion in paraffin liquid, 132 mg, 

3.30 mmol) and anhydrous THF (15 mL) under N2.   (S)-1-Phenylprop-2-yn-1-ol (326 mg, 2.03 mmol) 

was added to the solution at 0 °C and the mixture was stirred at 0 °C for 30 min.   Iodomethane (280 

μL, 4.50 mmol) was added to the solution and the mixture was stirred at room temperature for 4 h.   

Then, the reaction was quenched by saturated aqueous NH4Cl (10 mL).   The solution was extracted 

with diethyl either (20 mL x 3) and the combined organic layers were dried over anhydrous MgSO4.   

The solvent was removed under reduced pressure and the residue was purified by column 

chromatography (SiO2) with hexane/ethyl acetate (97/3) to give (S)-1-methoxy-1-penylprop-2-yne ((S)-

2a) as a colorless oil (162 mg, 1.11 mmol, 37% yield).   []25
D = +48.6 (c = 0.530, CHCl3). The 

enantiomeric excess of (S)-2a was determined by HPLC analysis; DAICEL Chiralcel OJ-H, 

hexane/iPrOH = 95/5, flow rate = 1.0 mL/min, λ = 254 nm, retention time: 15.6 min (major; the peak of 

minor isomer was not observed), >99% ee. 
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Preparation of Optically Active Propargylic Ethers (R)-2b. 

 

   In a 20 mL Schlenk flask were placed sodium hydride (60% dispersion in paraffin liquid, 89.3 mg, 

2.23 mmol) and anhydrous THF (10 mL) under N2.   (R)-5-phenylpent-1-yn-3-ol (326 mg, 2.03 mmol, 

87% ee) was added to the solution at 0 °C and the mixture was stirred at 0 °C for 30 min.   Iodomethane 

(190 μL, 2.99 mmol) was added to the solution and the mixture was stirred at room temperature for 4 h.   

Then, the reaction was quenched by saturated aqueous NH4Cl (10 mL).   The solution was extracted 

with diethyl either (10 mL x 3) and the combined organic layers were dried over anhydrous MgSO4.   

The solvent was removed under reduced pressure and the residue was purified by column 

chromatography (SiO2) with hexane/ethyl acetate (97/3) to give (R)-(3-methoxypent-4-yn-1-yl)benzene 

((R)-2b) as a colorless oil (286 mg, 1.64 mmol, 81% yield). []25
D = +13.8 (c = 0.810, CHCl3). The 

enantiomeric excess of (R)-2b was determined by HPLC analysis; DAICEL Chiralcel OJ-H, 

hexane/iPrOH = 97/3, flow rate = 1.0 mL/min, λ = 254 nm, retention time: 6.9 min (major) and 7.6 min 

(minor), 90% ee. 

 

 

 

X-ray Diffraction Studies. 

   Crystals of 5 and 6k suitable for X-ray analyses were obtained by recrystallization from CH2Cl2-

Et2O (5) and slow evaporation from Et2O (6k).   Diffraction data were collected for the 2 range of 6 

to 55° on a Rigaku R-AXIS RAPID imaging plate area detector with graphite monochromated Cu-K 

( = 0.71075 Å) radiation with VariMax optics.   Intensity data were corrected for empirical 

absorptions, and for Lorentz and polarization effects.   Structure solutions and refinements were 

carried out by using CrystalStructure package.S13   The positions of non-hydrogen atoms were 

determined by direct methods (SHELX97 (5), SIR-97 (6k))S14 and subsequent Fourier synthesis, and 

were refined on Fo
2 using all the unique reflections by full-matrix least squares with anisotropic thermal 

paramteters.   All the hydrogen atoms were placed at the calculated positions with fixed isotropic 

parameters.   Anomalous dispersion effects were included in Fc, and neutral atom scattering factors 

and the values for f’ and f’’ were taken from ref. S15.   ORTEP drawings of 5 and 6k are depicted 

in Figures S1 and S2.   Refinement of the Flack parameterS16 for 6k was refined to the value of 

0.018(9), which clearly suggests that the absolute configuration of the major isomer of 6k is (S) as 

shown in Figures S2.   Details of the crystal and data collection parameters are summarized in Table 

S2.
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Table S2. 

________________________________________________________________________ 

 compound   5    6k 

 chemical formula   C48H39Cu2F6N6O10.50S2  C16H13BrO 

 formula weight   1173.07    301.18 

 crystal size   0.34 x 0.21 x 0.18  0.20 x 0.10 x 0.05 

 crystal color, habit  orange, block   colorless, block 

 crystal system   orthorhombic   orthorhombic 

 space group   P212121 (#19)   P212121 (#19) 

 a (Å)    15.7607(8)   4.61(2) 

 b (Å)    16.9627(9)   10.41(3) 

 c (Å)    18.295(1)   27.47(7) 

  (deg)    90    90 

  (deg)    90    90 

  (deg)    90    90 

 V (Å3)    4890.9(5)   1318(6) 

 Z    4    4 

 Dcalcd (g cm−3)   1.593    1.518 

 F(000)    2388.00    608.00 

 calcd (cm−1)   10.442    31.130 

 radiation   Mo-K( = 0.71075 Å)  Mo-K( = 0.71075 Å) 

 temperature (°C)   -150.0    -150.0 

 transmission factors rage  0.341-0.829   0.466-0.856 

 no. measured reflections  39722    12837 

 no. unique reflections  10707 (Rint = 0.0690)  2976 (Rint = 0.0451) 

 no. refined parameters  690    177 

 R1 (I > 2(I))a   0.1089    0.0289 

 wR2 (all data)b   0.1899    0.0669 

 GOFc    1.000    1.000 

 max/min residual peaks (e−/Å3) +2.25/-1.62   +0.70/-0.49 

________________________________________________________________________ 

a R1 = ||Fo|−|Fc||/|Fo|. 

b wR2 = [(w(Fo
2−Fc

2)2)/w(Fo
2)2]1/2; w = 4Fo

2/[pFo
2+q(Fo

2)]; p = 0 (5), 0.003 (6k); q = 7.92 (5), 1 (6k). 

c GOF = [w(Fo
2−Fc

2)2/(Nobs−Nparams)]1/2. 
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Figure S1. ORTEP drawing of cationic part of 5. All hydrogen atoms were omitted for clarity. 

 

 

 

 

Figure S2. ORTEP drawing of 6k. 
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1H and 13C NMR Spectra. 
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HPLC Charts. 
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