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1. General Information 

Melting points were taken on WRS-1B digital melting-point apparatus without 

correction. Optical rotations were measured on a WZZ-2A digital polarimeter at the 

wavelength of the sodium D-line (589 nm). 1H NMR and 13C NMR spectra were 

recorded on Bruker 400 spectrometer, and the chemical shifts were referenced to 

tetramethylsilane (δ = 0.00 ppm) for 1H NMR and central CDCl3 resonance (δ = 77.0 

ppm) or central (CD3)2CO resonance (δ = 29.84 ppm) for 13C NMR. IR spectra were 

recorded on Nicolet Magna-1 550 spectrometer. High Resolution Mass spectra (HRMS) 

were recorded on Micromass GCT with Electron Spray Ionization (ESI) resource. 

HPLC analysis was performed on Waters or PerkinElmer equipment using Daicel 

Chiralcel OD-H column or Chiralpak AD-H column. 

Anhydrous solvents were distilled from CaH2 (dichloromethane, ethyl acetate, 

acetonitrile), sodium (CH3OH) or sodium-benzophenone (toluene, ether, THF) under 

N2. Anhydrous DMF was dried over CaH2 and distilled under reduced pressure. 

Analytical thin-layer chromatography (TLC) was performed on glass plates coated with 

10-40 μm. Silica gel column chromatography was performed using silica gel (300-400 

mesh). 

Chiral cyclohexane-based N,P-ligands L1-L15 were prepared according to literature 

procedures.1 Pyrazole-4,5-diones were synthesized according to literature.2 
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2. Screening of Copper Salts for the Enantioselective Alkynylation 

Table S1 Screening of copper salts for the enantioselective alkynylationa 

 

Entry Cu Salt Time (h) Yield (%)b Ee (%)c 

1 CuI 4 86 95 

2 CuBr 10 65 83 

3 CuCl 12 53 80 

4 CuOAc 12 14 46 

5 Cu(CH3CN)4BF4 8 62 74 

6 CuBr2 24 35 39 

7 Cu(OAc)2 24 74 83 

8 Cu(OTf)2 18 56 75 
a The reactions were carried out with 0.24 mmol of phenylacetylene 1a, 0.2 mmol of 

pyrazole-4,5-dione 2a, 5 mol% of Cu salt, 6 mol% of chiral ligand L15 and 0.4 mmol 

of Et3N in 2 mL of CH2Cl2 at 25 oC. b Isolated yield. c The ee values were determined 

by chiral HPLC analysis. 

3. General Procedure for the Enantioselective Alkynylation 

 

CuI (0.005 mmol, 1.0 mg) were added to a flame-dried Schlenk tube equipped a stir bar 

under N2 atmosphere. Ligand L15 (0.006 mmol, 3.2 mg) in 1 mL toluene was added to 

the tube via a syringe, and the mixture was stirred for an hour at 25 oC. Then pyrazole-

4,5-dione 2 (0.2 mmol), terminal alkyne 1 (0.24 mmol), 1.0 mL toluene and Et3N (0.005 

mmol, 0.7 μL) were added, and the resulting mixture was stirred at this temperature 

until the reaction was completed (monitored by TLC). The solvent was removed under 

reduced pressure and the residue was purified by silica-gel column chromatography 

(4:1 petroleum ether/EtOAc as eluent) to afford the desire product 3. 
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(R)-4-hydroxy-5-methyl-2-phenyl-4-(phenylethynyl)-2,4-dihydro-3H-pyrazol-3-

one (3aa) 

White solid, 98% yield, 96% ee, mp 161.4-161.7 oC; [α]D
20 +399.0 

(c 1.42, CH2Cl2); 1H NMR (CDCl3, 400 MHz): δ 7.89-7.86 (m, 2H), 

7.41-7.37 (m, 4H), 7.33-7.29 (m, 1H), 7.25-7.18 (m, 3H), 4.94 (t, J = 

6.8 Hz, 1H), 2.34 (s, 3H); 13C NMR (CDCl3, 100 MHz): δ 169.8, 

158.9, 137.3, 132.1, 129.4, 128.9, 128.2, 125.6, 120.7, 119.0, 88.8, 81.6, 73.0, 13.0; IR 

(KBr, cm-1): ν 3333, 2227, 1709, 1596, 1503, 1361, 1267, 1127, 1051, 754, 687, 578; 

HRMS (ESI) calcd for C18H14N2NaO2
+ ([M+Na]+): 313.0947, found: 313.0952; HPLC 

analysis (Daicel Chiralpak AD-H column, λ = 254 nm, eluent: 90:10 n-hexane/2-

propanol, flow rate: 0.9 mL/min): tR = 14.09 min (major), 17.97 min (minor). 

(R)-4-hydroxy-5-methyl-2-phenyl-4-(p-tolylethynyl)-2,4-dihydro-3H-pyrazol-3-

one (3ba) 

White solid, 96% yield, 96% ee, mp 147.7-148.4 oC; [α]D
20 

+390.3 (c 1.17, CH2Cl2); 1H NMR (CDCl3, 400 MHz): δ 7.89-

7.87 (m, 2H), 7.40 (t, J = 8.0 Hz, 2H), 7.33 (d, J = 8.0 Hz, 2H), 

7.21 (t, J = 7.6 Hz, 1H), 7.09 (d, J = 7.6 Hz, 2H), 4.42 (s, 1H), 

2.33 (s, 6H); 13C NMR (CDCl3, 100 MHz): δ 169.7, 158.6, 

139.9, 137.4, 132.1, 129.1, 128.9, 125.5, 118.9, 117.7, 89.2, 81.0, 72.9, 21.6, 13.0; IR 

(KBr, cm-1): ν 3312, 2223, 1709, 1594, 1499, 1364, 1269, 1121, 817, 751, 685, 644, 

518; HRMS (ESI) calcd for C19H16N2NaO2
+ ([M+Na]+): 327.1104, found: 327.1100; 

HPLC analysis (Daicel Chiralpak AD-H column, λ = 254 nm, eluent: 90:10 n-hexane/2-

propanol, flow rate: 0.9 mL/min): tR = 16.57 min (minor), 18.57 min (major). 

(R)-4-hydroxy-4-((4-methoxyphenyl)ethynyl)-5-methyl-2-phenyl-2,4-dihydro-3H-

pyrazol-3-one (3ca) 

White solid, 98% yield, 95% ee, mp 148.9-149.1 oC; [α]D
20 

+400.0 (c 1.26, CH2Cl2); 1H NMR (CDCl3, 400 MHz): δ 7.89-

7.86 (m, 2H), 7.42-7.36 (m, 4H), 7.20 (t, J = 7.2 Hz, 1H), 6.79 

(dt, J = 8.8, 2.0 Hz, 2H), 4.60 (s, 1H), 3.79 (s, 3H), 2.33 (s, 

3H); 13C NMR (CDCl3, 100 MHz): δ 169.8, 160.5, 158.8, 

137.4, 133.8, 128.9, 125.5, 118.9, 114.0, 112.7, 89.1, 80.4, 73.0, 55.3, 13.0; IR (KBr, 

cm-1): ν 3398, 2223, 1709, 1604, 1508, 1364, 1252, 1174, 1027, 833, 751, 689, 653; 

HRMS (ESI) calcd for C19H16N2NaO3
+ ([M+Na]+): 343.1053, found: 343.1042; HPLC 

analysis (Daicel Chiralpak AD-H column, λ = 254 nm, eluent: 90:10 n-hexane/2-

propanol, flow rate: 0.9 mL/min): tR = 25.61 min (minor), 30.13 min (major). 
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(R)-4-((4-fluorophenyl)ethynyl)-4-hydroxy-5-methyl-2-phenyl-2,4-dihydro-3H-

pyrazol-3-one (3da) 

White solid, 99% yield, 95% ee, mp 156.2-156.7 oC; [α]D
20 

+357.1 (c 1.22, CH2Cl2); 1H NMR (CDCl3, 400 MHz): δ 7.88 (d, 

J = 7.6 Hz, 2H), 7.44-7.38 (m, 4H), 7.22 (t, J = 7.2 Hz, 1H), 6.97 

(t, J = 8.4 Hz, 2H), 4.71 (s, 1H), 2.34 (s, 3H); 13C NMR (CDCl3, 

100 MHz): δ 169.7, 163.2 (d, J = 250.2 Hz), 158.6, 137.3, 134.3, 

128.9, 125.6, 118.9, 116.8 (d, J = 3.3 Hz), 115.7 (d, J = 22.0 Hz), 87.9, 81.4, 72.9, 13.0; 

IR (KBr, cm-1): ν 3464, 2223, 1709, 1594, 1504, 1368, 1224, 1129, 838, 755, 689, 538; 

HRMS (ESI) calcd for C18H14FN2O2
+ ([M+H]+): 309.1034, found: 309.1032; HPLC 

analysis (Daicel Chiralpak AD-H column, λ = 254 nm, eluent: 90:10 n-hexane/2-

propanol, flow rate: 0.9 mL/min): tR = 16.29 min (major), 19.22 min (minor). 

(R)-4-((4-chlorophenyl)ethynyl)-4-hydroxy-5-methyl-2-phenyl-2,4-dihydro-3H-

pyrazol-3-one (3ea) 

White solid, 98% yield, 95% ee, mp 165.0-165.9 oC; [α]D
20 

+381.4 (c 1.28, CH2Cl2); 1H NMR (CDCl3, 400 MHz): δ 7.87 

(d, J = 8.0 Hz, 2H), 7.40 (t, J = 8.0 Hz, 2H), 7.34 (d, J = 8.4 Hz, 

2H), 7.26-7.20 (m, 3H), 4.91 (s, 1H), 2.33 (s, 3H); 13C NMR 

(CDCl3, 100 MHz): δ 169.7, 158.6, 137.3, 135.7, 133.3, 128.9, 

128.7, 125.7, 119.2, 118.9, 87.7, 82.6, 72.9, 13.1; IR (KBr, cm-1): ν 3424, 2223, 1709, 

1635, 1491, 1368, 1265, 1133, 1088, 751, 681, 579; HRMS (ESI) calcd for 

C18H13
35ClN2NaO2

+ ([M+Na]+): 347.0558, found: 347.0558; HPLC analysis (Daicel 

Chiralpak AD-H column, λ = 254 nm, eluent: 90:10 n-hexane/2-propanol, flow rate: 0.9 

mL/min): tR = 19.03 min (major), 20.63 min (minor). 

(R)-4-((4-bromophenyl)ethynyl)-4-hydroxy-5-methyl-2-phenyl-2,4-dihydro-3H-

pyrazol-3-one (3fa) 

White solid, 96% yield, 91% ee, mp 180.5-181.0 oC; [α]D
20 

+301.3 (c 1.42, CH2Cl2); 1H NMR (CDCl3, 400 MHz): δ 7.88-

7.86 (m, 2H), 7.42-7.38 (m, 4H), 7.28-7.26 (m, 2H), 7.22 (t, J 

= 7.2 Hz, 1H), 4.90 (s, 1H), 2.33 (s, 3H); 13C NMR (CDCl3, 100 

MHz): δ 169.6, 158.6, 137.3, 133.5, 131.6, 128.9, 125.7, 124.1, 

119.7, 118.9, 87.8, 82.7, 72.9, 13.1; IR (KBr, cm-1): ν 3452, 2219, 1713, 1594, 1482, 

1372, 1265, 1129, 1010, 829, 752, 689; HRMS (ESI) calcd for C18H13
79BrN2NaO2

+ 

([M+Na]+): 391.0053, found: 391.0071; HPLC analysis (Daicel Chiralpak AD-H 

N

N

Ph
O

Me

OH

F
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column, λ = 254 nm, eluent: 95: 5 n-hexane/2-propanol, flow rate: 0.9 mL/min): tR = 

41.76 min (major), 45.83 min (minor). 

(R)-4-hydroxy-5-methyl-2-phenyl-4-((4-(trifluoromethyl)phenyl)ethynyl)-2,4-

dihydro-3H-pyrazol-3-one (3ga) 

White solid, 98% yield, 96% ee, mp 164.7-165.7 oC; [α]D
20 

+317.3 (c 1.41, CH2Cl2); 1H NMR (CDCl3, 400 MHz): δ 7.88 

(d, J = 8.0 Hz, 2H), 7.51 (s, 4H), 7.41 (t, J = 8.0 Hz, 2H), 7.23 

(t, J = 7.2 Hz, 1H), 5.16 (s, 1H), 2.35 (s, 3H); 13C NMR (CDCl3, 

100 MHz): δ 169.7, 158.6, 137.2, 132.4, 131.2 (q, J = 32.3 Hz), 

129.0, 125.8, 125.2 (q, J = 3.6 Hz), 124.5, 123.6 (q, J = 270.8 Hz), 119.0, 87.3, 83.9, 

73.0, 13.1; IR (KBr, cm-1): ν 3324, 2227, 1713, 1598, 1499, 1367, 1322, 1170, 1121, 

1064, 842, 751, 682; HRMS (ESI) calcd for C19H13F3N2NaO2
+ ([M+Na]+): 381.0821, 

found: 381.0838; HPLC analysis (Daicel Chiralpak AD-H column, λ = 254 nm, eluent: 

90:10 n-hexane/2-propanol, flow rate: 0.9 mL/min): tR = 23.58 min (major), 25.95 min 

(minor). 

(R)-4-hydroxy-4-((2-methoxyphenyl)ethynyl)-5-methyl-2-phenyl-2,4-dihydro-3H-

pyrazol-3-one (3ha) 

White solid, 97% yield, 96% ee, mp 139.3-139.9 oC; [α]D
20 

+357.0 (c 1.24, CH2Cl2); 1H NMR (CDCl3, 400 MHz): δ 7.89-

7.87 (m, 2H), 7.41-7.37 (m, 3H), 7.31 (td, J = 8.0, 1.6 Hz, 1H), 

7.19 (t, J = 7.6 Hz, 1H), 6.87-6.82 (m, 2H), 4.56 (s, 1H), 3.83 (s, 

3H), 2.36 (s, 3H); 13C NMR (CDCl3, 100 MHz): δ 169.6, 160.7, 

158.7, 137.5, 134.0, 131.1, 128.8, 125.4, 120.4, 118.9, 110.6, 110.0, 85.7, 85.5, 73.0, 

55.7, 13.0; IR (KBr, cm-1): ν 3320, 2218, 1705, 1594, 1491, 1364, 1265, 1121, 1018, 

751, 694, 648; HRMS (ESI) calcd for C19H16N2NaO3
+ ([M+Na]+): 343.1053, found: 

343.1051; HPLC analysis (Daicel Chiralpak AD-H column, λ = 254 nm, eluent: 90:10 

n-hexane/2-propanol, flow rate: 0.9 mL/min): tR = 27.07 min (major), 37.08 min 

(minor). 

(R)-4-hydroxy-4-((3-methoxyphenyl)ethynyl)-5-methyl-2-phenyl-2,4-dihydro-3H-

pyrazol-3-one (3ia) 

White solid, 96% yield, 97% ee, mp 119.0-119.3 oC; [α]D
20 

+373.4 (c 1.23, CH2Cl2); 1H NMR (CDCl3, 400 MHz): δ 

7.90-7.87 (m, 2H), 7.40 (t, J = 8.0 Hz, 2H), 7.23-7.16 (m, 

2H), 7.03 (d, J = 7.6 Hz, 1H), 6.96-6.95 (m, 1H), 6.91-6.89 

N

N

Ph
O

Me

OH

CF3
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(m, 1H), 4.61 (s, 1H), 3.75 (s, 3H), 2.34 (s, 3H); 13C NMR (CDCl3, 100 MHz): δ 169.7, 

159.2, 158.6, 137.4, 129.4, 128.9, 125.6, 124.7, 121.7, 118.9, 116.6, 116.4, 88.8, 81.3, 

72.9, 55.3, 13.1; IR (KBr, cm-1): ν 3333, 2227, 1705, 1598, 1499, 1364, 1294, 1211, 

1117, 1042, 756, 689, 579; HRMS (ESI) calcd for C19H16N2KO3
+ ([M+K]+): 359.0793, 

found: 359.0797; HPLC analysis (Daicel Chiralpak AD-H column, λ = 254 nm, eluent: 

90:10 n-hexane/2-propanol, flow rate: 0.9 mL/min): tR = 18.64 min (major), 24.86 min 

(minor). 

(R)-4-((3-chlorophenyl)ethynyl)-4-hydroxy-5-methyl-2-phenyl-2,4-dihydro-3H-

pyrazol-3-one (3ja) 

White solid, 98% yield, 97% ee, mp 178.9-179.3 oC; [α]D
20 

+372.3 (c 1.27, CH2Cl2); 1H NMR (CDCl3, 400 MHz): δ 7.89-

7.86 (m, 2H), 7.43-7.39 (m, 3H), 7.33-7.30 (m, 2H), 7.24-7.18 

(m, 2H), 4.91 (s, 1H), 2.34 (s, 3H); 13C NMR (CDCl3, 100 

MHz): δ 169.6, 158.6, 137.3, 134.2, 132.0, 130.2, 129.8, 129.6, 

128.9, 125.7, 122.4, 119.0, 87.3, 82.8, 72.9, 13.0; IR (KBr, cm-1): ν 3460, 2227, 1705, 

1590, 1499, 1368, 1265, 191, 1121, 1055, 801, 755, 685; HRMS (ESI) calcd for 

C18H13
35ClN2NaO2

+ ([M+Na]+): 347.0558, found: 347.0567; HPLC analysis (Daicel 

Chiralpak AD-H column, λ = 254 nm, eluent: 90:10 n-hexane/2-propanol, flow rate: 0.9 

mL/min): tR = 12.30 min (major), 17.54 min (minor). 

(R)-4-hydroxy-5-methyl-2-phenyl-4-(thiophen-2-ylethynyl)-2,4-dihydro-3H-

pyrazol-3-one (3ka) 

White solid, 95% yield, 84% ee, mp 119.2-120.4 oC; [α]D
20 +369.4 

(c 1.13, CH2Cl2); 1H NMR (CDCl3, 400 MHz): δ 7.88-7.86 (m, 

2H), 7.42-7.38 (m, 2H), 7.31 (dd, J = 5.2, 1.2 Hz, 1H), 7.28 (dd, J 

= 4.0, 1.2 Hz, 1H), 7.21 (t, J = 7.2 Hz, 1H), 6.96 (dd, J = 4.8, 4.0 

Hz, 1H), 4.61 (s, 1H), 2.33 (s, 3H); 13C NMR (CDCl3, 100 MHz): 

δ 169.4, 158.4, 137.3, 134.2, 129.0, 128.9, 127.1, 125.6, 120.5, 119.0, 85.4, 82.4, 73.0, 

13.1; IR (KBr, cm-1): ν 3469, 2219, 1709, 1594, 1503, 1364, 1273, 1187, 1117, 845, 

755, 689, 648; HRMS (ESI) calcd for C16H12N2NaO2S+ ([M+Na]+): 319.0512, found: 

319.0512; HPLC analysis (Daicel Chiralpak AD-H column, λ = 254 nm, eluent: 90:10 

n-hexane/2-propanol, flow rate: 0.9 mL/min): tR = 16.53 min (major), 22.67 min 

(minor). 
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(R)-4-(hex-1-yn-1-yl)-4-hydroxy-5-methyl-2-phenyl-2,4-dihydro-3H-pyrazol-3-

one (3la) 

White solid, 83% yield, 97% ee, mp 93.3-94.7 oC; [α]D
20 +276.8 (c 

0.89, CH2Cl2); 1H NMR (CDCl3, 400 MHz): δ 7.86-7.84 (m, 2H), 

7.41-7.36 (m, 2H), 7.21-7.17 (m, 1H), 4.14 (s, 1H), 2.27-2.24 (m, 

5H), 1.54-1.47 (m, 2H), 1.43-1.34 (m, 2H), 0.90 (t, J = 7.2 Hz, 3H); 
13C NMR (CDCl3, 100 MHz): δ 169.8, 158.9, 137.4, 128.8, 125.4, 118.8, 90.8, 73.4, 

72.6, 30.0, 21.9, 18.5, 13.5, 12.8; IR (KBr, cm-1): ν 3420, 2231, 1705, 1630, 1504, 1363, 

1269, 1117, 1079, 755, 689, 566; HRMS (ESI) calcd for C16H19N2O2
+ ([M+H]+): 

271.1441, found: 271.1448; HPLC analysis (Daicel Chiralpak AD-H column, λ = 254 

nm, eluent: 90:10 n-hexane/2-propanol, flow rate: 0.9 mL/min): tR = 9.23 min (major), 

11.94 min (minor). 

(R)-4-(cyclopropylethynyl)-4-hydroxy-5-methyl-2-phenyl-2,4-dihydro-3H-

pyrazol-3-one (3ma) 

White solid, 91% yield, 84% ee, mp 98.8-99.2 oC; [α]D
20 +248.7 (c 

0.93, CH2Cl2); 1H NMR (CDCl3, 400 MHz): δ 7.87-7.85 (m, 2H), 

7.42-7.37 (m, 2H), 7.20 (t, J = 7.6 Hz, 1H), 3.96 (s, 1H), 2.25 (s, 

3H), 1.33-1.27 (m, 1H), 0.85-0.79 (m, 2H), 0.78-0.74 (m, 2H); 13C 

NMR (CDCl3, 100 MHz): δ 169.7, 158.7, 137.5, 128.9, 125.4, 118.8, 94.0, 72.5, 68.4, 

12.9, 8.7, -0.5; IR (KBr, cm-1): ν 3481, 2227, 1709, 1594, 1499, 1364, 1277, 1113, 928, 

842, 755, 689; HRMS (ESI) calcd for C15H14N2NaO2
+ ([M+Na]+): 277.0947, found: 

277.0953; HPLC analysis (Daicel Chiralpak AD-H column, λ = 254 nm, eluent: 90:10 

n-hexane/2-propanol, flow rate: 0.9 mL/min): tR = 12.12 min (major), 16.85 min 

(minor). 

(R)-4-hydroxy-5-methyl-2-phenyl-4-((trimethylsilyl)ethynyl)-2,4-dihydro-3H-

pyrazol-3-one (3na) 

White solid, 82% yield, 98% ee, mp 126.5-126.9 oC; [α]D
20 +311.5 

(c 0.94, CH2Cl2); 1H NMR (CDCl3, 400 MHz): δ 7.87 (dd, J = 8.4, 

1.2 Hz, 2H), 7.43-7.39 (m, 2H), 7.23-7.19 (m, 1H), 3.74 (s, 1H), 

2.27 (s, 3H), 0.19 (s, 9H); 13C NMR (CDCl3, 100 MHz): δ 169.1, 

158.0, 137.4, 128.9, 125.5, 118.8, 96.9, 95.7, 72.6, 12.8, -0.5; IR (KBr, cm-1): ν 3472, 

2165, 1708, 1598, 1508, 1364, 1252, 1117, 846, 755, 689; HRMS (ESI) calcd for 

C15H18N2NaO2Si+ ([M+Na]+): 309.1030, found: 309.1046; HPLC analysis (Daicel 

Chiralpak AD-H column, λ = 254 nm, eluent: 90:10 n-hexane/2-propanol, flow rate: 0.9 

mL/min): tR = 6.65 min (major), 8.13 min (minor). 
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(R)-5-ethyl-4-hydroxy-2-phenyl-4-(phenylethynyl)-2,4-dihydro-3H-pyrazol-3-one 

(3ab) 

White solid, 97% yield, 94% ee, mp 136.8-137.3 oC; [α]D
20 +325.6 

(c 1.18, CH2Cl2); 1H NMR (CDCl3, 400 MHz): δ 7.91 (d, J = 7.6 Hz, 

2H), 7.46-7.39 (m, 4H), 7.37-7.34 (m, 1H), 7.31-7.28 (m, 2H), 7.21 

(t, J = 7.2 Hz, 1H), 4.15 (s, 1H), 2.75 (q, J = 7.2 Hz, 2H), 1.39 (t, J = 

7.2 Hz, 3H); 13C NMR (CDCl3, 100 MHz): δ 169.7, 162.2, 137.5, 132.1, 129.5, 128.9, 

128.3, 125.5, 120.8, 118.9, 88.8, 82.0, 72.9, 21.1, 9.6; IR (KBr, cm-1): ν 3431, 2227, 

1713, 1627, 1495, 1368, 1191, 1121, 1047, 751, 689; HRMS (ESI) calcd for 

C19H16N2NaO2
+ ([M+Na]+): 327.1104, found: 327.1130; HPLC analysis (Daicel 

Chiralpak AD-H column, λ = 254 nm, eluent: 90:10 n-hexane/2-propanol, flow rate: 0.9 

mL/min): tR = 15.11 min (major), 20.71 min (minor). 

(R)-4-hydroxy-5-methyl-4-(phenylethynyl)-2-(p-tolyl)-2,4-dihydro-3H-pyrazol-3-

one (3ac) 

White solid, 98% yield, 96% ee, mp 144.8-146.3 oC; [α]D
20 

+382.1 (c 0.36, CH2Cl2); 1H NMR (CDCl3, 400 MHz): δ 7.74 

(dt, J = 8.8, 2.0 Hz, 2H), 7.46-7.43 (m, 2H), 7.38-7.33 (m, 1H), 

7.31-7.27 (m, 2H), 7.20 (d, J = 8.4 Hz, 2H), 4.36 (br, 1H), 2.35 

(s, 3H), 2.33 (s, 3H); 13C NMR (CDCl3, 100 MHz): δ 169.4, 

158.4, 135.3, 135.0, 132.2, 129.5, 129.4, 128.3, 120.8, 119.0, 88.8, 81.8, 72.8, 21.0, 

13.0; IR (KBr, cm-1): ν 3433, 2223, 1711, 1617, 1498, 1377, 1236, 1132, 1027, 751, 

687; HRMS (ESI) calcd for C19H17N2O2
+ ([M+H]+): 305.1285, found: 305.1300; HPLC 

analysis (Daicel Chiralpak AD-H column, λ = 254 nm, eluent: 90:10 n-hexane/2-

propanol, flow rate: 0.9 mL/min): tR = 18.70 min (major), 33.48 min (minor). 

(R)-2-(4-chlorophenyl)-4-hydroxy-5-methyl-4-(phenylethynyl)-2,4-dihydro-3H-

pyrazol-3-one (3ad) 

White solid, 98% yield, 94% ee, mp 161.6-162.0 oC; [α]D
20 

+323.6 (c 0.51, CH2Cl2); 1H NMR (CDCl3, 400 MHz): δ 7.86 

(dt, J = 8.8, 2.0 Hz, 2H), 7.46-7.44 (m, 2H), 7.39-7.34 (m, 3H), 

7.32-7.28 (m, 2H), 4.27 (br, 1H), 2.34 (s, 3H); 13C NMR 

(CDCl3, 100 MHz): δ 169.4, 158.8, 136.0, 132.2, 130.7, 129.7, 

129.0, 128.4, 120.6, 120.0, 89.2, 81.4, 72.8, 13.0; IR (KBr, cm-1): ν 3429, 2227, 1703, 

1597, 1495, 1372, 1235, 1157, 827, 751, 689, 539; HRMS (ESI) calcd for 

C18H14ClN2O2
+ ([M+H]+): 325.0738, found: 325.0741; HPLC analysis (Daicel 

N

N

Ph
O

Et

OH

Ph

N

N

O

Me

OH

Ph

Cl
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Chiralpak AD-H column, λ = 254 nm, eluent: 90:10 n-hexane/2-propanol, flow rate: 0.9 

mL/min): tR = 18.31 min (major), 26.10 min (minor). 

(R)-2-benzyl-4-hydroxy-5-methyl-4-(phenylethynyl)-2,4-dihydro-3H-pyrazol-3-

one (3ae) 

White solid, 95% yield, 69% ee, mp 110.7-111.3 oC; [α]D
20 +191.1 (c 

0.90, CH2Cl2); 1H NMR (CDCl3, 400 MHz): δ 7.43-7.40 (m, 2H), 

7.36-7.31 (m, 1H), 7.31-7.24 (m, 7H), 5.28 (br, 1H), 4.81 (s, 2H), 

2.21 (s, 3H); 13C NMR (CDCl3, 100 MHz): δ 171.7, 158.8, 135.6, 

132.1, 129.3, 128.7, 128.3, 128.0, 127.8, 121.0, 88.5, 81.8, 71.9, 48.2, 12.9; IR (KBr, 

cm-1): ν 3379, 2223, 1709, 1607, 1504, 1368, 1256, 1139, 1027, 835, 751, 689; HRMS 

(ESI) calcd for C19H17N2O2
+ ([M+H]+): 305.1285, found: 305.1299; HPLC analysis 

(Daicel Chiralpak AD-H column, λ = 254 nm, eluent: 90:10 n-hexane/2-propanol, flow 

rate: 0.9 mL/min): tR = 23.91 min (major), 28.84 min (minor). 

4. Transformation of Product 3aa 

4.1 Alkylation of product 3aa 

 

Compound 3aa (0.1 mmol, 29.0 mg) was dissolved in 2 mL acetone, then K2CO3 (0.15 

mmol, 20.7 mg) and MeI or BnBr (0.15 mmol) were added. The reaction mixture was 

heated to reflux and stirred for 12 hours (monitored by TLC). The resulting mixture 

was concentrated and purified by silica-gel column chromatography (4:1 petroleum 

ether/EtOAc as eluent) to give the alkylated product 4 or 5. 

(R)-4-methoxy-5-methyl-2-phenyl-4-(phenylethynyl)-2,4-dihydro-3H-pyrazol-3-

one (4) 

Yellow oil, 94% yield, 96% ee; [α]D
20 +311.9 (c 0.66, CH2Cl2); 1H 

NMR (CDCl3, 400 MHz): δ 7.91-7.88 (m, 2H), 7.53-7.50 (m, 2H), 

7.44-7.31 (m, 5H), 7.23-7.19 (m, 1H), 3.68 (s, 3H), 2.28 (s, 3H); 13C 

NMR (CDCl3, 100 MHz): δ 167.4, 157.2, 137.6, 132.3, 129.6, 128.9, 

128.4, 125.4, 120.8, 118.8, 90.3, 79.5, 77.2, 53.3, 13.3; IR (KBr, cm-1): ν 2237, 1711, 

1607, 1485, 1378, 1231, 1124, 1087, 755, 687; HRMS (ESI) calcd for C19H17N2O2
+ 

N

N

Ph
O

Me

OMe

Ph
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([M+H]+): 305.1285, found: 305.1289; HPLC analysis (Daicel Chiralpak AD-H 

column, λ = 254 nm, eluent: 90:10 n-hexane/2-propanol, flow rate: 0.9 mL/min): tR = 

8.96 min (major), 9.71 min (minor). 

(R)-4-(benzyloxy)-5-methyl-2-phenyl-4-(phenylethynyl)-2,4-dihydro-3H-pyrazol-

3-one (5) 

Yellow oil, 93% yield, 96% ee; [α]D
20 +260.9 (c 0.81, CH2Cl2); 1H 

NMR (CDCl3, 400 MHz): δ 7.92-7.89 (m, 2H), 7.51-7.49 (m, 2H), 

7.44-7.28 (m, 10H), 7.23-7.19 (m, 1H), 5.08 (d, J = 10.8 Hz, 1H), 

5.05 (d, J = 10.8 Hz, 1H), 2.30 (s, 3H); 13C NMR (CDCl3, 100 MHz): 

δ 167.7, 157.3, 137.6, 137.1, 132.3, 129.6, 128.9, 128.4×2, 128.2, 128.1, 125.4, 120.8, 

118.8, 90.7, 79.8, 77.0, 68.0, 13.3; IR (KBr, cm-1): ν 2227, 1709, 1604, 1505, 1364, 

1234, 1129, 838, 755, 689, 538; HRMS (ESI) calcd for C25H21N2O2
+ ([M+H]+): 

381.1598, found: 381.1604; HPLC analysis (Daicel Chiralpak AD-H column, λ = 254 

nm, eluent: 90:10 n-hexane/2-propanol, flow rate: 0.9 mL/min): tR = 14.49 min (minor), 

22.90 min (major). 

 

4.2 Acetylation of product 3aa 

 

Compound 3aa (0.1 mmol, 29.0 mg) was dissolved in 2 mL CH2Cl2, 0.5 mL acetic 

anhydride, 0.5 mL Et3N and DMAP (0.01 mmol, 1.5 mg) were then added. The reaction 

mixture was stirred at room temperature for two hours (monitored by TLC). The 

resulting mixture was quenched with saturated NaHCO3 and extracted with CH2Cl2 (5 

mL × 2), then the organic layers were combined and dried over anhydrous Na2SO4. 

After removal of the solvent under reduced pressure, the residue was purified by silica-

gel column chromatography (5:1 petroleum ether/EtOAc as eluent) to give the 

acetylated product 6. 

Yellow oil, 95% yield, 96% ee; [α]D
20 +263.5 (c 0.96, CH2Cl2); 1H NMR (CDCl3, 400 

MHz): δ 7.88-7.85 (m, 2H), 7.52-7.49 (m, 2H), 7.44-7.31 (m, 5H), 7.23-7.19 (m, 1H), 

2.24 (s, 3H), 2.22 (s, 3H); 13C NMR (CDCl3, 100 MHz): δ 168.6, 166.2, 154.1, 137.8, 

132.3, 129.9, 128.9, 128.4, 125.6, 120.4, 119.1, 90.1, 77.8, 75.8, 20.1, 13.0; IR (KBr, 

cm-1): ν 2227, 1723, 1617, 1508, 1364, 1231, 1107, 842, 753, 687, 545; HRMS (ESI) 
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calcd for C20H16NaN2O3
+ ([M+H]+): 355.1053, found: 355.1056; HPLC analysis 

(Daicel Chiralpak AD-H column, λ = 254 nm, eluent: 90:10 n-hexane/2-propanol, flow 

rate: 0.9 mL/min): tR = 15.43 min (minor), 17.98 min (major). 

 

4.3 Hydrogenation of product 3aa 

 

Compound 3aa (0.2 mmol, 58.1 mg) was dissolved in 2 mL EtOAc, and 10 mol% Pd 

Catalyst (10% w/w Pd/C) was added at room temperature. The reaction mixture was 

stirred under H2 atmosphere (balloon). After the reaction was completed (monitored by 

TLC), the resulting mixture was filtered through a pad of celite to give the 

hydrogenation product 7. 

White solid, 95% yield, 96% ee, mp 119.5-120.4 oC; [α]D
20 +155.4 (c 0.56, CH2Cl2); 

1H NMR (CDCl3, 400 MHz): δ 7.82-7.80 (m, 2H), 7.38-7.33 (m, 2H), 7.26-7.22 (m, 

2H), 7.20-7.16 (m, 2H), 7.13-7.11 (m, 2H), 4.06 (s, 1H), 2.61-2.47 (m, 2H), 2.34-2.27 

(m, 1H), 2.15 (s, 3H), 2.13-2.05 (m, 1H); 13C NMR (CDCl3, 100 MHz): δ 173.7, 162.1, 

139.8, 137.4, 128.9, 128.5, 128.3, 126.3, 125.4, 118.8, 79.9, 37.6, 28.7, 13.1; IR (KBr, 

cm-1): ν 3493, 1696, 1594, 1499, 1364, 1261, 1121, 1014, 755, 689, 504; HRMS (ESI) 

calcd for C18H18N2NaO2
+ ([M+Na]+): 317.1260, found: 317.1278; HPLC analysis 

(Daicel Chiralpak AD-H column, λ = 254 nm, eluent: 90:10 n-hexane/2-propanol, flow 

rate: 0.9 mL/min): tR = 18.95 min (minor), 20.60 min (major). 

5. Transformation of Product 3na 

 
Compound 3na (0.15 mmol, 43.0 mg) was dissolved in 2 mL THF and TBAF (1.2 

equiv., 1M solution in THF) was added dropwise at 0 oC. The reaction was stirred at 

this temperature for an hour (monitored by TLC). The resulting mixture was quenched 

with saturated NH4Cl and extracted with CH2Cl2 (5 mL × 2), then the organic layers 

were combined and dried over anhydrous Na2SO4. After removal of the solvent under 
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reduced pressure, the residue was purified by silica-gel column chromatography (3:1 

petroleum ether/EtOAc as eluent) to give the TMS deprotected alkyne 8. Semi-solid, 

99% yield, 98% ee; [α]D
20 +215.9 (c 0.64, CH2Cl2); 1H NMR (CDCl3, 400 MHz): δ 

7.77-7.75 (m, 2H), 7.34-7.29 (m, 2H), 7.13 (t, J = 7.6 Hz, 1H), 4.88 (br, 1H), 2.64 (s, 

1H), 2.20 (s, 3H); 13C NMR (CDCl3, 100 MHz): δ 169.3, 158.4, 137.2, 128.9, 125.7, 

119.0, 77.4, 76.9, 72.3, 12.8; IR (KBr, cm-1): ν 3435, 2231, 1715, 1597, 1501, 1362, 

1270, 1169, 756, 693, 640; HRMS (ESI) calcd for C12H10N2NaO2
+ ([M+Na]+): 

237.0634, found: 237.0638; HPLC analysis (Daicel Chiralpak OD-H column, λ = 254 

nm, eluent: 90:10 n-hexane/2-propanol, flow rate: 0.9 mL/min): tR = 9.91 min (minor), 

13.13 min (major). 

The TMS deprotected alkyne 8 (0.15 mmol, 32.0 mg), CuSO4·H2O (0.0075 mmol, 2.0 

mg), Na-ascorbate (0.0225 mmol, 4.6 mg) and 1:1 CH2Cl2/H2O (4 mL) was added to a 

vial equipped with a magnetic stirring bar. Benzyl azide (0.15 mmol, 20.0 mg) was 

added dropwise and the mixture was stirred at room temperature for 30 minutes 

(monitored by TLC). The resulting mixture was quenched with saturated NH4Cl and 

extracted with dichloromethane (10 mL × 2), then the organic layers were combined 

and dried over anhydrous Na2SO4. After removal of the solvent under reduced pressure, 

the residue was purified by silica-gel column chromatography (15:1 CH2Cl2/EtOAc as 

eluent) to afford compound 9. Yellow solid, 95% yield, 98% ee, mp 187.8-189.2 oC; 

[α]D
20 +79.6 (c 0.60, CH3OH); 1H NMR ((CD3)2CO, 400 MHz): δ 8.19 (s, 1H), 7.90 (d, 

J = 8.0 Hz, 2H), 7.44-7.37 (m, 7H), 7.19 (t, J = 7.2 Hz, 1H), 6.36 (s, 0.4H), 5.67 (s, 2H), 

2.21 (s, 3H); 13C NMR ((CD3)2CO, 100 MHz): δ 172.3, 162.1, 145.4, 139.2, 136.6, 

129.7, 129.6, 129.2, 129.0, 125.6, 124.5, 118.9, 77.4, 54.4, 13.8; IR (KBr, cm-1): ν 3433, 

1732, 1631, 1503, 1400, 1223, 1187, 1125, 750, 713, 690; HRMS (ESI) calcd for 

C19H17N5NaO2
+ ([M+Na]+): 370.1274, found: 370.1275; HPLC analysis (Daicel 

Chiralpak OD-H column, λ = 254 nm, eluent: 90:10 n-hexane/2-propanol, flow rate:1.0 

mL/min): tR = 36.73 min (minor), 41.31 min (major). 
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7. X-ray Structure and Crystal Data for Product 3ha 

The single crystal of product 3ha was obtained by crystallization from EtOAc, and its 

configuration was determined as R-configuration by X-ray crystallography with Cu 

target (the data have been deposited in CCDC with number 1906329). The 

configuration of other alkynylation products 3 were assigned by analogy.

 

≡

 

Table S2 Crystal data and structure refinement for 3ha 

Identification code  3ha 

Empirical formula  C19H16N2O3 

Formula weight  320.34 

Temperature  293(2) K 

Wavelength  1.54178 Å 

Crystal system  Monoclinic 

Space group  P 21 

Unit cell dimensions a = 12.2047(2) Å a= 90°. 

 b = 4.92460(10) Å b= 

110.4420(10)°. 

 c = 14.6571(3) Å g = 90°. 

Volume 825.46(3) Å3 

Z 2 

Density (calculated) 1.289 Mg/m3 

Absorption coefficient 0.721 mm-1 

F(000) 336 

Crystal size 0.200 x 0.150 x 0.120 mm3 

Theta range for data collection 9.573 to 67.485°. 

Index ranges -13<=h<=14, -5<=k<=5, -17<=l<=16 

Reflections collected 12251 
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Independent reflections 2826 [R(int) = 0.0345] 

Completeness to theta = 67.679° 95.8 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7533 and 0.5740 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2826 / 1 / 221 

Goodness-of-fit on F2 1.076 

Final R indices [I>2sigma(I)] R1 = 0.0312, wR2 = 0.0859 

R indices (all data) R1 = 0.0315, wR2 = 0.0865 

Absolute structure parameter 0.03(7) 

Extinction coefficient 0.059(13) 

Largest diff. peak and hole 0.141 and -0.128 e.Å-3 
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8. Copies of NMR Spectra for Products 3-9 
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9. Copies of HPLC Chromatograms for Products 3-9 
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