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I. General remarks 

All the reactions dealing with air- or moisture- sensitive compounds were carried out under an at-

mosphere of argon in a glovebox or using standard Schlenk techniques in a reaction vessel which was 

dried by a heating gun. Unless otherwise noted, all the reagents were purchased from commercial sup-

pliers without further purification. Solvents for the synthesis of substrates were distilled from sodi-

um/benzophenone (THF, toluene) or calcium hydride (dichloromethane) under a N2 atmosphere prior 

to use. Solvents for reaction condition screening were purchased from J&K Chemical and degassed 

though bubbling argon for 2 hours. 

1H NMR, 13C NMR spectra were obtained at room temperature on a Bruker AV400 MHz or 

Bruker AV600 MHz spectrometer with chemical shifts (d) referred to the residual solvent signal. 

Chemical shifts were reported upfield to TMS (0.00 ppm) for 1H NMR and relative to CDCl3 (77.0 

ppm) for 13C NMR. Data were reported as: multiplicity (s= singlet, d= doublet, t= triplet, q= quartet, 

m= multiplet), coupling constant in herz (Hz) and signal area integration in natural numbers. Enantio-

meric excess values were determined by Agilent 1290 Series HPLC instrument on a chiral stationary 

phase. Optical rotations were measured using 1 mL cell with a 1dm path length on a Rudolph Autopol I 

polarimeter at 589 nm. High resolution mass spectra (HRMS) were obtained on Thermo Scientific Q 

Exactive hybrid quadrupole-Orbitrap mass spectrometer. A positive ion mass spectrum of sample was 

acquired on a Thermo LTQ-FT mass spectrometer with an electrospray ionization source. Crystal 

structure was measured with BRUKER APEX III diffractometer.[1] 
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II. Synthesis of substrates 

General procedure: 

Procedure A: [1] 

 

 

Step 1: A solution of triphenylphosphine (4.0 eq) and tetrabromomethane (2.0 eq) in DCM (0.15 M) 

was stirred at 0 °C for 30 minutes. The aldehyde was added and the mixture was stirred at 0 °C for an-

other hour. After petroleum ether was added to the solution, the mixture was loaded on silica and sub-

jected to flash chromatography (silica, petroleum ether), the gem-dibromoolefines were given after 

removing solvent under reduced pressure. 

Step 2: Under an atmosphere of argon, nBuLi (2.1 eq., 2.5 M in n-hexane) was added over a period of 

30 minutes via syringe pump to a solution of gem-dibromoolefine (1 eq.) in dry THF (0.4 M) at -50 °C, 

and the mixture was stirred at -40 °C for 15 minutes. After addition of DMF (2.0 eq.) at once, the mix-

ture was allowed to warm to room temperature and stirred for one hour. The mixture was added to a 

stirring solution of NaH2PO4 (aq.)/MTBE (1:1). After five minutes, the layers were separated and the 

aqueous layer was extracted with MTBE. The combined organic layers were dried over MgSO4, the 

solvent was removed under reduced pressure and the crude product was subjected to flash chromatog-

raphy (silica, PE/EA = 90:10). The alkynyl aldehydes were given after removing the solvent under re-

duced pressure. 

Step 3: A solution of aldehyde (1.0 eq.) and phosphine ylide (1.1 eq.) in dichloromethane (0.1 M) was 

stirred at room temperature for one hour. The solvent was removed under reduced pressure, the crude 

product was dry-loaded on silica and subjected to flash chromatography (silica, PE/EA = 90:10). The 

ketones were given after removing the solvent under reduced pressure. 

Procedure B:[2, 3] 

Synthesis of the α'-alkylation of 1-triphenylphosphoranylidenepropan-2-one 
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To a solution of 1-triphenylphosphoranylidenepropan-2-one (1.0 eq) in THF (0.125 M) was added 

at -78 °C nBuLi (1.1 eq., 2.5 M in n-hexane). The mixture was stirred at -78 °C for one hour. After io-

domethane (1.4 eq) was added, the mixture was allowed to warm to room temperature and stirred over-

night. The solvent was removed in vacuo, the residue was taken up in DCM and the mixture was 

washed three times with H2O, dried with Na2SO4, filtered and concentrated in vacuo. The off-white 

solid residue was washed with three portions of ice-cold ether and dried in vacuo to give product as 

slightly brown solid, which was used immediately in the next reaction without further purification. 

 

A solution of the 1-bromo-3-methylbutan-2-one (2.0 g, 12.1 mmol) and triphenylphosphine (3.2 g, 

12.1 mmol) were refluxed in dry toluene (20 mL) for 4 h. After completion, the reaction mixture was 

allowed to cool to room temperature and the phosphonium salt was filtered and washed with Et2O 

(3×100 mL). The phosphonium salt was then dissolved in H2O: DCM (3:2) and 2 M NaOH aq. (100 

mL) was added. The mixture was stirred for 2 h and then extracted with DCM (3×100 mL). The com-

bined organic phases were washed with brine, dried with Na2SO4 and concentrated in vacuo to afford 

1wa as a white solid. Compound 1xa and 1ya were prepared according to the same procedure for the 

synthesis of 1wa. 

 

 A solution of 3-phenylpropioaldehyde (1.0 eq.) and phosphine ylide (1.1 eq.) in dichloromethane 

(0.1 M) was stirred at room temperature for one hour. The solvent was removed under reduced pressure, 

the crude product was dry-loaded on silica and subjected to flash chromatography (silica, PE/EA = 



S5 
 

90:10). The ketones (1v-1z) were given after removing the solvent under reduced pressure. 

Procedure C:[4] 

 

A 2-dram, screw-cap vial equipped with a stir bar was charged with Pd(OAc)2 (22.4 mg, 0.10 

mmol, 5 mol %) and tris(2,6-dimethoxyphenyl)phosphine (TDMPP, 44.2 mg, 0.10 mmol, 5 mol %). 

PhMe (2.0 mL) was added. The mixture was stirred for 15 minutes, generating a homogeneous, or-

ange-red solution. To the solution was added 3-hexyn-2-one (328 µL, 3.0 mmol, 1.5 equivalents) fol-

lowed by phenylacetylene (220 µL, 2.0 mmol, 1.0 equivalent). Upon addition of the donor alkyne, the 

reaction quickly changes in appearance to homogeneous and black. The reaction mixture was stirred 

for 14 h, at which point it was filtered through a pipette plug of Florisil® (3 cm), which was rinsed with 

Et2O (10 mL). The solution was concentrated, and the residue was purified via column chromatography 

(10:1 hexanes: EtOAc) to afford 1aa (300.0 mg, 76%) as a clear, orange oil.  

(E)-6-Phenylhex-3-en-5-yn-2-one (1a) [1] 

Light yellow solid, 89% yield, 3.8 g. 1H NMR (600 MHz, CDCl3): δ 

7.50-7.47 (m, 2H), 7.38-7.33 (m, 3H), 6.83 (d, J = 16.0 Hz, 1H), 6.57 (d, J 

= 16.0 Hz, 1H), 2.30 (s, 3H). 13C NMR (151 MHz, CDCl3): δ 197.08, 

137.79, 132.00, 129.45, 128.52, 123.83, 122.16, 99.69, 86.71, 27.69. 

HRMS (EI) m/z calcd. for C12H11O ([M+H]+): 171.0805. Found: 171.0805. 

(E)-6-(4-Fluorophenyl)hex-3-en-5-yn-2-one (1b) [1] 

Light yellow solid, 60% yield, 1.1 g. 1H NMR (600 MHz, CDCl3): δ 

7.47 (dd, J = 8.7, 5.4 Hz, 2H), 7.05 (t, J = 8.6 Hz, 2H), 6.81 (d, J = 

16.1 Hz, 1H), 6.56 (d, J = 16.1 Hz, 1H), 2.30 (s, 3H). 13C NMR (151 

MHz, CDCl3): δ 196.99, 163.16 (d, J = 250.6 Hz), 137.78, 134.04 (d, 

J = 8.5 Hz, 2C), 123.58, 118.28 (d, J = 3.3 Hz), 115.93 (d, J = 22.8 Hz, 2C), 98.51, 86.50, 27.72. 19F 

NMR (376 MHz, CDCl3): δ -108.63- -108.73 (m). HRMS (EI) m/z Calcd. for C12H10FO ([M+H]+): 

189.0710. Found: 189.0710. 
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(E)-6-(4-Chlorophenyl)hex-3-en-5-yn-2-one (1c) [5] 

Light brown solid, 36% yield, 0.74 g.1H NMR (600 MHz, CDCl3): δ 

7.42-7.39 (m, 2H), 7.35-7.32 (m, 2H), 6.81 (d, J = 16.0 Hz, 1H), 6.57 

(d, J = 16.0 Hz, 1H), 2.31 (s, 3H). 13C NMR (151 MHz, CDCl3): δ 

196.94, 138.03, 135.63, 133.18, 128.93, 123.39, 120.63, 98.25, 87.56, 

27.77. HRMS (EI) m/z Calcd. for C12H10ClO ([M+H]+): 205.0416. Found: 205.0416. 

(E)-6-(p-Tolyl)hex-3-en-5-yn-2-one (1d) [5] 

Light yellow solid, 60% yield, 1.1 g. 1H NMR (600 MHz, CDCl3): δ 

7.37 (d, J = 7.9 Hz, 2H), 7.16 (d, J = 7.7 Hz, 2H), 6.83 (dd, J = 16.1, 

2.0 Hz, 1H), 6.54 (dd, J = 16.0, 2.0 Hz, 1H), 2.36 (s, 3H), 2.29 (d, J 

= 1.9 Hz, 3H). 13C NMR (151 MHz, CDCl3): δ 197.13, 139.90, 

137.42, 131.95, 129.31, 124.08, 119.09, 100.22, 86.33, 27.64, 21.62. HRMS (EI) m/z Calcd. for 

C13H13O ([M+H]+): 185.0962. Found: 185.0961. 

(E)-6-(4-(Trifluoromethyl)phenyl)hex-3-en-5-yn-2-one (1e) [1] 

Dark brown solid, 33% yield, 0.8 g. 1H NMR (600 MHz, CDCl3): δ 

7.61 (d, J = 8.2 Hz, 2H), 7.58 (d, J = 8.2 Hz, 2H), 6.82 (d, J = 16.1 

Hz, 1H), 6.61 (d, J = 16.1 Hz, 1H), 2.32 (s, 3H). 13C NMR (151 

MHz, CDCl3): δ 196.80, 138.67, 132.18 (s, 2C), 130.96 (dd, J = 32.7 

Hz, 32.7 Hz), 125.90, 125.45 (dd, J = 4.3, 3.3 Hz, 2C), 124.64, 122.90, 97.36, 88.57, 27.84. 19F NMR 

(376 MHz, CDCl3): δ -62.98 (s). HRMS (EI) m/z Calcd. for C13H10F3O ([M+H]+): 239.0684. Found: 

239.0684. 

(E)-6-(4-Methoxylphenyl)hex-3-en-5-yn-2-one (1f) [5] 

Light yellow solid, 61% yield, 1.2 g. 1H NMR (600 MHz, CDCl3): 

δ 7.44-7.40 (m, 2H), 6.88-6.85 (m, 2H), 6.83 (d, J = 16.0 Hz, 1H), 

6.52 (d, J = 16.0 Hz, 1H), 3.82 (s, 3H), 2.29 (s, 3H). 13C NMR 

(151 MHz, CDCl3): δ 197.16, 160.61, 136.93, 133.72, 124.25, 

114.22, 114.20, 100.42, 86.02, 55.37, 27.61. HRMS (EI) m/z Calcd. for C13H13O2 ([M+H]+): 201.0910. 

Found: 201.0910. 
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(E)-6-(3-Fluorophenyl)hex-3-en-5-yn-2-one (1g) [6] 

Brown oil, 53% yield, 3.8 g. 1H NMR (600 MHz, CDCl3): δ 7.32 (td, J 

= 7.9, 5.8 Hz, 1H), 7.28-7.24 (m, 1H), 7.17 (ddd, J = 9.3, 2.6, 1.4 Hz, 

1H), 7.08 (tdd, J = 8.4, 2.6, 1.0 Hz, 1H), 6.81 (d, J = 16.1 Hz, 1H), 6.58 

(d, J = 16.1 Hz, 1H), 2.31 (d, J = 1.1 Hz, 3H). 13C NMR (151 MHz, 

CDCl3): δ 196.90, 162.34 (d, J = 247.4 Hz), 138.32, 130.15 (d, J = .8 Hz), 127.8 (d, J = 2.8 Hz), 123.94 

(d, J = 9.5 Hz), 123.21, 118.68 (d, J = 22.3 Hz), 116.79 (d, J = 21.7 Hz), 97.85 (d, J = 3.3 Hz), 87.32, 

27.78. 19F NMR (376 MHz, CDCl3): δ -112.36 (td, J = 8.9, 5.8 Hz). HRMS (EI) m/z Calcd. for 

C12H10FO ([M+H]+): 189.0710. Found: 189.0710. 

(E)-6-(3-Chlorophenyl)hex-3-en-5-yn-2-one (1h) 

Light yellow solid, 37% yield, 0.8 g. 1H NMR (600 MHz, CDCl3): δ 

7.43 (t, J = 1.9 Hz, 1H), 7.32 (ddt, J = 7.8, 6.3, 1.4 Hz, 2H), 

7.27-7.23 (m, 1H), 6.77 (d, J = 16.1 Hz, 1H), 6.54 (d, J = 16.0 Hz, 

1H), 2.27 (d, J = 2.0 Hz, 3H). 13C NMR (151 MHz, CDCl3): δ 

196.87, 138.34, 134.39, 131.73, 130.07, 129.75, 129.65, 123.84, 123.16, 119.85, 97.66, 87.59, 27.78. 

HRMS (EI) m/z Calcd. for C12H10ClO ([M+H]+): 205.0416. Found: 205.0416. 

(E)-6-(3-(Trifluoromethyl)phenyl)hex-3-en-5-yn-2-one (1i) 

 Light yellow solid, 15% yield, 0.4 g. 1H NMR (600 MHz, CDCl3): 

δ 7.74 (d, J = 1.8 Hz, 1H), 7.67-7.61 (m, 2H), 7.49 (t, J = 7.8 Hz, 

1H), 6.82 (d, J = 16.1 Hz, 1H), 6.61 (d, J = 16.1 Hz, 1H), 2.32 (s, 

3H). 13C NMR (151 MHz, CDCl3): δ 196.83, 138.54, 134.97, 131.20 

(q, J = 32.8 Hz), 129.09, 128.72 (q, J = 3.9 Hz), 125.89 (q, J = 3.7 Hz), 123.56 (d, J = 273.5 Hz), 

123.11, 122.95, 97.31, 87.86, 27.84. 19F NMR (376 MHz, CDCl3): δ -63.04. HRMS (EI) m/z Calcd. for 

C13H10F3O ([M+H]+): 239.0684. Found: 239.0684. 

(E)-6-(3-Methoxylphenyl)hex-3-en-5-yn-2-one (1j) [1] 

Light yellow solid, 53% yield, 1.0 g. 1H NMR (600 MHz, CDCl3): 

δ 7.28-7.24 (m, 1H), 7.08 (dt, J = 7.6, 1.3 Hz, 1H), 7.00 (dd, J = 2.7, 

1.4 Hz, 1H), 6.93 (ddt, J = 8.3, 2.5, 1.2 Hz, 1H), 6.82 (dd, J = 16.0, 

1.4 Hz, 1H), 6.57 (dd, J = 16.1, 1.4 Hz, 1H), 3.81 (d, J = 1.6 Hz, 

3H), 2.30 (d, J = 2.2 Hz, 3H). 13C NMR (151 MHz, CDCl3): δ 197.05, 159.40, 137.87, 129.60, 124.56, 
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123.74, 123.10, 116.66, 116.10, 99.57, 86.48, 55.33, 27.70. HRMS (EI) m/z Calcd. for C13H13O2 

([M+H]+): 201.0910. Found: 201.0910. 

(E)-6-(2-Fluorophenyl)hex-3-en-5-yn-2-one (1k) 

Light yellow solid, 36% yield, 0.7 g. 1H NMR (600 MHz, CDCl3): δ 7.46 

(td, J = 7.4, 1.8 Hz, 1H), 7.36 (dddd, J = 8.4, 7.2, 5.3, 1.8 Hz, 1H), 

7.15-7.07 (m, 2H), 6.84 (d, J = 16.1 Hz, 1H), 6.60 (d, J = 16.1 Hz, 1H), 

2.30 (s, 3H). 13C NMR (151 MHz, CDCl3): δ 196.94, 162.77 (d, J = 253.4 

Hz), 138.27, 133.70, 131.29 (d, J = 7.9 Hz), 124.17 (d, J = 3.8 Hz), 123.27, 115.71 (d, J = 20.7 Hz), 

110.91 (d, J = 15.6 Hz), 92.57, 91.42 (d, J = 3.3 Hz), 27.75. 19F NMR (376 MHz, CDCl3): δ -108.81 (dt, 

J = 9.4, 6.0 Hz). HRMS (EI) m/z Calcd. for C12H10FO ([M+H]+): 189.0710. Found: 189.0710. 

(E)-6-(2-Chlorophenyl)hex-3-en-5-yn-2-one (1l) [1] 

Light yellow oil, 39% yield, 0.8 g. 1H NMR (600 MHz, CDCl3): δ 7.51 

(dd, J = 7.7, 1.7 Hz, 1H), 7.45-7.41 (m, 1H), 7.31 (td, J = 7.8, 1.7 Hz, 1H), 

7.27-7.23 (m, 1H), 6.87 (d, J = 16.1 Hz, 1H), 6.62 (d, J = 16.2 Hz, 1H), 

2.32 (s, 3H). 13C NMR (151 MHz, CDCl3): δ 195.91, 137.42, 135.31, 

132.64, 129.41, 128.46, 125.59, 122.26, 121.15, 94.77, 90.34, 26.70. HRMS (EI) m/z Calcd. for 

C12H10ClO ([M+H]+): 205.0416. Found: 205.0416. 

(E)-6-(2-Methoxylphenyl)hex-3-en-5-yn-2-one (1m) 

Light yellow oil, 45% yield, 0.9 g. 1H NMR (600 MHz, CDCl3): δ 7.43 

(dd, J = 7.6, 1.7 Hz, 1H), 7.38-7.32 (m, 1H), 6.94 (td, J = 7.5, 1.1 Hz, 1H), 

6.89 (td, J = 7.5, 1.1 Hz, 1H), 6.88 (d, J = 16.1 Hz, 1H), 6.57 (d, J = 16.1 

Hz, 1H), 3.90 (s, 3H), 2.30 (s, 3H). 13C NMR (151 MHz, CDCl3): δ 

197.21, 160.32, 137.52, 133.95, 131.13, 124.24, 120.61, 111.37, 110.76, 96.48, 90.76, 55.84, 27.57. 

HRMS (EI) m/z Calcd. for C13H13O2 ([M+H]+): 201.0910. Found: 201.0910. 

(E)-6-(2,3-Dimethoxylphenyl)hex-3-en-5-yn-2-one (1n) 

Light yellow solid, 29% yield, 0.7 g. 1H NMR (600 MHz, CDCl3): 

δ 7.11 (dt, J = 8.3, 1.3 Hz, 1H), 6.97 (d, J = 1.9 Hz, 1H), 6.84 (d, J 

= 1.9 Hz, 1H), 6.82 (dd, J = 16.0, 0.9 Hz, 1H), 6.53 (dd, J = 16.0, 

0.9 Hz, 1H), 3.90 (s, 3H), 3.89 (s, 3H), 2.29 (s, 3H). 13C NMR (151 

MHz, CDCl3): δ 197.12, 150.54, 148.77, 137.04, 125.85, 124.07, 114.46, 114.25, 111.07, 100.45, 85.87, 
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55.95 (s, 2C), 27.66. HRMS (EI) m/z Calcd. for C14H15O3 ([M+H]+): 231.1016. Found: 231.1015. 

(E)-6-(Benzo[d][1,3]dioxol-5-yl)hex-3-en-5-yn-2-one (1o) 

Light yellow solid, 54% yield, 1.2 g. 1H NMR (600 MHz, CDCl3): δ 

6.90 (ddt, J = 7.8, 3.0, 1.4 Hz, 1H), 6.86 – 6.81 (m, 2H), 6.79 (tdd, J = 

7.8, 3.4, 1.3 Hz, 1H), 6.58 (ddd, J = 16.1, 3.5, 1.4 Hz, 1H), 6.03 (dd, J 

= 3.5, 1.4 Hz, 2H), 2.29 (dd, J = 3.3, 1.4 Hz, 3H). 13C NMR (151 MHz, 

CDCl3): δ 196.93, 148.95, 147.62, 138.01, 124.88, 123.36, 121.79, 109.80, 103.90, 101.56, 93.39, 

90.56, 27.72. HRMS (EI) m/z Calcd. for C13H11O3 ([M+H]+): 215.0702. Found: 215.0703. 

(E)-6-(Naphthalen-1-yl)hex-3-en-5-yn-2-one (1p) [1] 

Bronw oil, 55% yield, 1.2 g. 1H NMR (600 MHz, CDCl3): δ 8.29 (dd, J 

= 8.2, 1.3 Hz, 1H), 7.91-7.85 (m, 2H), 7.73 (dd, J = 7.2, 1.2 Hz, 1H), 

7.61 (ddd, J = 8.3, 6.8, 1.3 Hz, 1H), 7.57 – 7.53 (m, 1H), 7.46 (dd, J = 

8.3, 7.1 Hz, 1H), 6.99 (d, J = 16.1 Hz, 1H), 6.69 (d, J = 16.0 Hz, 1H), 

2.35 (s, 3H). 13C NMR (151 MHz, CDCl3): δ 197.08, 137.81, 133.16, 131.44, 130.13, 128.47, 127.23, 

126.73, 126.72, 125.88, 125.27, 123.84, 119.77, 97.90, 91.55, 27.75. HRMS (EI) m/z Calcd. for 

C16H12O ([M+H]+): 221.0960. Found: 221.0960. 

(E)-6-(Naphthalen-2-yl)hex-3-en-5-yn-2-one (1q) [1] 

Light yellow solid, 57% yield, 1.3 g. 1H NMR (600 MHz, CDCl3): δ 

8.03 (d, J = 1.6 Hz, 1H), 7.86 – 7.79 (m, 3H), 7.52 (tdd, J = 8.4, 6.6, 

1.8 Hz, 3H), 6.89 (d, J = 16.0 Hz, 1H), 6.62 (d, J = 16.0 Hz, 1H), 

2.33 (s, 3H). 13C NMR (151 MHz, CDCl3): δ 197.09, 137.81, 133.32, 

132.86, 132.49, 128.27, 128.17, 128.02, 127.84, 127.36, 126.83, 123.86, 119.41, 100.19, 87.08, 27.73. 

HRMS (EI) m/z Calcd. for C16H12O ([M+H]+): 221.0960. Found: 221.0960. 

(E)-6-(Thiophen-2-yl)hex-3-en-5-yn-2-one (1r) [1] 

Yellow oil, 2% yield, 0.3 g. 1H NMR (600 MHz, CDCl3): δ 7.38 (dt, J = 5.1, 

0.9 Hz, 1H), 7.31 (dd, J = 3.5, 1.1 Hz, 1H), 7.03 (dd, J = 5.1, 3.7 Hz, 1H), 

6.83 (d, J = 16.0 Hz, 1H), 6.55 (d, J = 16.0 Hz, 1H), 2.30 (s, 3H). 13C NMR 

(151 MHz, CDCl3): δ 196.87, 137.06, 133.74, 129.38, 127.49, 123.31, 

122.11, 93.04, 91.01, 27.80. HRMS (EI) m/z Calcd. for C10H9OS ([M+H]+): 177.0368. Found: 

177.0368. 
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(E)-6-Cyclohexylhex-3-en-5-yn-2-one (1s) [7] 

Yellow oil, 61% yield, 1.0 g. 1H NMR (600 MHz, CDCl3): δ 6.62 (dt, J = 

16.0, 1.6 Hz, 1H), 6.40 (dd, J = 16.1, 1.2 Hz, 1H), 2.55 (d, J = 10.0 Hz, 

1H), 2.24 (d, J = 1.1 Hz, 3H), 1.86-1.79 (m, 2H), 1.72-1.67 (m, 2H), 

1.55-1.43 (m, 3H), 1.32 (tt, J = 9.9, 4.0 Hz, 3H). 13C NMR (151 MHz, 

CDCl3): δ 197.45, 137.38, 125.11, 106.38, 78.22, 32.21, 30.09, 27.39, 25.75, 24.78. HRMS (EI) m/z 

Calcd. for C12H17O ([M+H]+): 177.1274. Found: 177.1274. 

(E)-6-Cyclopentylhex-3-en-5-yn-2-one (1t) [1] 

Yellow oil, 25% yield, 0.4 g. 1H NMR (600 MHz, CDCl3): δ 6.61 (dd, J = 

16.1, 2.2 Hz, 1H), 6.39 (d, J = 16.1 Hz, 1H), 2.79 (pd, J = 7.6, 2.3 Hz, 1H), 

2.24 (s, 3H), 1.96 (dqd, J = 10.9, 5.7, 2.3 Hz, 2H), 1.78-1.70 (m, 2H), 

1.67-1.62 (m, 2H), 1.58 (ddt, J = 10.0, 7.4, 3.7 Hz, 2H). 13C NMR (151 MHz, 

CDCl3): δ 197.45, 137.27, 125.15, 106.70, 77.82, 33.61, 31.11, 27.40, 25.07. HRMS (EI) m/z Calcd. 

for C11H15O ([M+H]+): 163.1118. Found: 163.1118. 

(E)-Tridec-3-en-5-yn-2-one (1u) 

Yellow oil, 52% yield, 1.0 g. 1H NMR (600 MHz, CDCl3): δ 

6.60 (dt, J = 16.0, 2.3 Hz, 1H), 6.40 (d, J = 16.0 Hz, 1H), 2.38 

(td, J = 7.1, 2.3 Hz, 2H), 2.24 (s, 3H), 1.55 (p, J = 7.2 Hz, 2H), 

1.39 (dd, J = 10.9, 5.0 Hz, 2H), 1.32-1.25 (m, 6H), 0.88 (t, J = 6.7 Hz, 3H). 13C NMR (151 MHz, 

CDCl3): δ 197.45, 137.47, 125.04, 102.57, 78.26, 31.69, 28.84, 28.75, 28.31, 27.40, 22.61, 19.88, 14.07. 

HRMS (EI) m/z Calcd. for C13H21O ([M+H]+): 193.1588. Found: 193.1589. 

(E)-7-Phenylhept-4-en-6-yn-3-one (1v) 

Yellow oil, 89% yield, 1.6 g. 1H NMR (600 MHz, CDCl3): δ 7.55 – 

7.45 (m, 2H), 7.42-7.31 (m, 3H), 6.87 (d, J = 16.0 Hz, 1H), 6.61 (d, J = 

15.9 Hz, 1H), 2.60 (q, J = 7.3 Hz, 2H), 1.14 (t, J = 7.3 Hz, 3H). 13C 

NMR (151 MHz, CDCl3): δ 199.62, 136.73, 131.99, 129.36, 128.50, 

122.75, 122.24, 98.90, 86.99, 34.39, 7.97. HRMS (EI) m/z Calcd. for C13H12O ([M+H]+): 185.0961. 

Found: 185.0961. 
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(E)-2-Methyl-7-phenylhept-4-en-6-yn-3-one (1w) 

Yellow oil, 45% yield, 0.5 g. 1H NMR (400 MHz, CDCl3): δ 7.41 (dd, J 

= 7.4, 2.2 Hz, 2H), 7.33-7.23 (m, 3H), 6.85 (d, J = 15.8 Hz, 1H), 6.63 (d, 

J = 15.8 Hz, 1H), 2.71 (p, J = 6.9 Hz, 1H), 1.08 (d, J = 6.9 Hz, 6H). 13C 

NMR (101 MHz, CDCl3): δ 202.33, 135.31, 132.00, 129.33, 128.50, 

123.00, 122.29, 98.59, 87.28, 39.60, 18.14. HRMS (EI) m/z Calcd. for C14H15O ([M+H]+): 199.1118. 

Found: 199.1118. 

 

(E)-1-cyclohexyl-5-phenylpent-2-en-4-yn-1-one (1x) 

Light yellow solid, 60% yield, 1H NMR (600 MHz, Chloro-

form-d) δ 7.48 (d, J = 5.6 Hz, 2H), 7.35 (q, J = 6.9, 6.4 Hz, 

3H), 6.90 (d, J = 15.8 Hz, 1H), 6.70 (d, J = 15.8 Hz, 1H), 2.52 

(tt, J = 11.3, 3.4 Hz, 1H), 1.88 (d, J = 17.1 Hz, 2H), 1.81 (d, J 

= 12.8 Hz, 2H), 1.69 (d, J = 12.6 Hz, 1H), 1.45 – 1.17 (m, 

5H).13C NMR (151 MHz, Chloroform-d) δ 201.71, 135.62, 131.99, 129.30, 128.49, 122.82, 122.32, 

98.51, 87.34, 49.52, 28.40, 25.85, 25.66. HRMS (EI) m/z Calcd. for C17H19O ([M+H]+): 239.1430. 

Found: 239.1431. 

(E)-1-cyclopropyl-5-phenylpent-2-en-4-yn-1-one (1z) 

White solid, 52% yield, 1.0 g. 1H NMR (600 MHz, CDCl3): δ 

7.51-7.47 (m, 2H), 7.37-7.35 (m, 2H), 6.90 (d, J = 15.9 Hz, 1H), 6.73 

(d, J = 15.9 Hz, 1H), 2.10 (tt, J = 7.8, 4.5 Hz, 1H), 1.15 (dt, J = 4.5, 3.4 

Hz, 2H), 0.98 (dq, J = 7.3, 3.7 Hz, 2H). 13C NMR (151 MHz, CDCl3): 

δ 198.92, 137.00, 132.01, 129.34, 128.50, 122.48, 122.30, 98.81, 87.19, 20.02, 11.64. HRMS (EI) m/z 

Calcd. for C14H13O ([M+H]+): 197.0962. Found: 197.0961. 

(E)-4-ethyl-6-phenylhex-3-en-5-yn-2-one (1aa) [4] 

Orange oil, 76% yield, 0.3 g. 1H NMR (600 MHz, CDCl3) δ 7.50-7.46 (m, 

2H), 7.35 (q, J = 3.9 Hz, 3H), 6.50 (s, 1H), 2.81 (q, J = 7.5 Hz, 2H), 2.24 

(s, 3H), 1.21 (t, J = 7.5 Hz, 3H). 13C NMR (151 MHz, CDCl3) δ 197.71, 

142.90, 131.96, 130.06, 129.07, 128.45, 122.43, 94.81, 90.56, 31.93, 25.83, 

12.90. HRMS (EI) m/z Calcd. for C14H15O ([M+H]+): 199.1117. Found: 

199.1117. 
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III. General procedure for iridium catalyzed hydrogenation 

General procedure for the asymmetric hydrogenation at S/C = 1 000: To a 2.5 

mL vial was added the catalyst precursor [Ir(COD)Cl]2 (3.4 mg, 0.005 mmol), ligands (L1-L5, 0.011 

mmol) and anhydrous iPrOH (1.0 mL) under argon atmosphere. The mixture was stirred for 3 h at 

25 °C giving orange red solution in the argon-filled glovebox. The resulting solution (10 μL) trans-

ferred by syringe into a 3.0 mL vial charged with fresh distilled substrate (0.1 mmol) and Cs2CO3 

(0.001 mmol, 0.33 mg) in 1.0 mL iPrOH. The vials were transferred to an autoclave, which was then 

charged with 50 atm of H2 and stirred at room temperature for 16 h. The hydrogen gas was released 

slowly in a well-ventilated hood and the solution was concentrated and passed through a short column 

of silica gel to get the product. The yield was determined by 1H NMR analysis. The product was ana-

lyzed by chiral HPLC for ee values. 

(E)-6-(3-Methoxylphenyl)hex-3-en-5-yn-2-ol (2a) [8] 

 Brown oil, 99% yield, 93% ee; [α]D
25 = +13.50 (c = 1.0, CHCl3). The en-

antiomeric excess was determined by HPLC on OJ-H column, hexane: 

isopropanol = 95:5; flow rate = 0.9 mL/min; UV detection at 220 nm; tR = 

40.67 min (minor), 42.88 min (major). 1H NMR (600 MHz, CDCl3) δ 7.43 

(dd, J = 6.4, 3.0 Hz, 2H), 7.31 (dd, J = 5.2, 2.0 Hz, 3H), 6.27 (dd, J = 15.9, 5.7 Hz, 1H), 5.93 (dd, J = 

15.9, 1.6 Hz, 1H), 4.49-4.36 (m, 1H), 1.60 (br, 1H), 1.33 (d, J = 6.4 Hz, 3H). 13C NMR (151 MHz, 

CDCl3) δ 146.62, 131.52, 128.32, 128.22, 123.24, 109.24, 90.14, 87.26, 68.35, 23.08. HRMS (EI) m/z 

Calcd. for C12H11 ([M+H-H2O]+): 155.0855. Found: 155.0855. 
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(E)-6-(4-Fluorophenyl)hex-3-en-5-yn-2-ol (2b) [9] 

Brown oil, 90% yield, 91% ee; [α]D
25 = +3.00 (c = 1.0, CHCl3). The 

enantiomeric excess was determined by HPLC on OJ-H column, hex-

ane: isopropanol = 95:5; flow rate = 0.9 mL/min; UV detection at 254 

nm; tR = 29.24 min (minor), 32.17 min (major). 1H NMR (600 MHz, 

CDCl3): δ 7.43-7.39 (m, 2H), 7.03-6.98 (m, 2H), 6.27 (dd, J = 15.9, 5.8 Hz, 1H), 5.91 (dd, J = 15.9, 1.5 

Hz, 1H), 4.42 (t, J = 6.6 Hz, 1H), 1.80 (br, 1H), 1.33 (d, J = 6.5 Hz, 3H). 13C NMR (101 MHz, CDCl3): 

δ 162.46 (J = 249.2 Hz), 146.71, 133.37 (J = 8.0 Hz), 119.35 (J = 3.7 Hz), 115.61 (J = 22.0 Hz), 109.04, 

89.04, 86.96, 68.30, 23.08. 19F NMR (376 MHz, CDCl3): δ -111.01 (dd, J = 9.8, 4.9 Hz). HRMS (EI) 

m/z Calcd. for C12H10F ([M+H-H2O]+): 173.0761. Found: 173.0761. 

 

 

(E)-6-(4-Chlorophenyl)hex-3-en-5-yn-2-ol (2c)  

Light yellow solid, 95% yield, 90% ee; [α]D
25 = +6.40 (c = 1.0, 

CHCl3). The enantiomeric excess was determined by HPLC on OJ-H 

column, hexane: isopropanol = 95:5; flow rate = 0.9 mL/min; UV 

detection at 254 nm; tR = 28.45 min (minor), 30.85 min (major). 1H 

NMR (400 MHz, CDCl3): δ 7.38-7.33 (m, 2H), 7.30-7.26 (m, 2H), 6.27 (dd, J = 15.9, 5.7 Hz, 1H), 5.91 

(dd, J = 15.9, 1.4 Hz, 1H), 4.41 (pd, J = 6.4, 1.5 Hz, 1H), 1.68 (br, 1H), 1.33 (d, J = 6.4 Hz, 3H). 13C 

NMR (101 MHz, CDCl3): δ 147.08, 134.22, 132.71, 128.74, 128.67, 121.75, 108.92, 88.97, 88.25, 

68.27, 23.08. HRMS (EI) m/z Calcd. for C12H10Cl ([M+H-H2O]+): 189.0466. Found: 189.0466. 
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(E)-6-(p-Tolyl)hex-3-en-5-yn-2-ol (2d) 

Light yellow oil, 99% yield, 93% ee; [α]D
25 = +13.10 (c = 1.0, 

CHCl3). The enantiomeric excess was determined by HPLC on OJ-H 

column, hexane: isopropanol = 95:5; flow rate = 1.0 mL/min; UV 

detection at 220 nm; tR = 51.38 min (minor), 56.48 min (major). 1H 

NMR (400 MHz, CDCl3): δ 7.37-7.29 (m, 3H), 7.12 (dd, J = 7.9, 5.8 Hz, 3H), 6.25 (dd, J = 15.9, 5.9 

Hz, 1H), 5.91 (dd, J = 15.8, 1.4 Hz, 1H), 4.41 (pd, J = 6.4, 1.5 Hz, 1H), 2.35 (s, 3H), 1.75 (br, 1H), 

1.32 (d, J = 6.4 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ 146.12, 138.27, 131.31, 128.99, 120.04, 

109.30, 90.24, 86.53, 68.26, 22.96, 21.39. HRMS (EI) m/z Calcd. for C13H13 ([M+H-H2O]+): 169.1012. 

Found: 169.1011. 

 

 

(E)-6-(4-(Trifluoromethyl)phenyl)hex-3-en-5-yn-2-ol (2e) 

Brown oil, 89% yield, 90% ee; [α]D
25 = +14.70 (c = 1.0, CHCl3). The enantiomeric excess was deter-

mined by HPLC on OJ-H column, hexane: isopropanol = 97:3; flow rate = 0.9 mL/min; UV detection 

at 220 nm; tR = 34.11 min (minor), 38.19 min (major). 1H NMR (400 MHz, CDCl3): δ 7.56 (d, J = 8.4 
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Hz, 2H), 7.52 (d, J = 8.2 Hz, 2H), 6.33 (dd, J = 15.9, 5.6 Hz, 1H), 

5.94 (dd, J = 15.9, 1.5 Hz, 1H), 4.44 (pd, J = 6.4, 1.5 Hz, 1H), 1.83 

(br, 1H), 1.34 (d, J = 6.4 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ 

147.87, 131.70, 129.84 (q, J = 34.2 Hz), 127.10, 125.24 (q, J = 3.6 

Hz), 122.72, 108.62, 89.69, 88.65, 68.20, 23.05. 19F NMR (377 MHz, CDCl3): δ -62.82. HRMS (EI) 

m/z Calcd. for C13H10F3 ([M+H-H2O]+): 223.0729. Found: 223.0728. 

 

 

(E)-6-(4-Methoxylphenyl)hex-3-en-5-yn-2-ol (2f) [9] 

Light yellow oil, 99% yield, 92% ee; [α]D
25 = +53.30 (c = 1.0, 

CHCl3). The enantiomeric excess was determined by HPLC on 

OD-H column, hexane: isopropanol = 90:10; flow rate = 1.0 

mL/min; UV detection at 210 nm; tR = 17.00 min (minor), 33.63 

min (major). 1H NMR (600 MHz, CDCl3): δ 7.37 (d, J = 8.6 Hz, 2H), 6.85 (d, J = 8.3 Hz, 2H), 6.23 (dd, 

J = 15.9, 5.8 Hz, 1H), 5.97-5.87 (m, 1H), 4.41 (p, J = 6.2 Hz, 1H), 3.81 (s, 3H), 1.70 (br, 1H), 1.33 (d, J 

= 6.4 Hz, 3H). 13C NMR (151 MHz, CDCl3): δ 159.58, 145.82, 132.97, 115.35, 113.99, 109.49, 90.17, 

85.99, 68.39, 55.29, 23.08. HRMS (EI) m/z Calcd. for C13H13O ([M+H-H2O]+): 185.0961. Found: 

185.0958. 
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(E)-6-(3-Fluorophenyl)hex-3-en-5-yn-2-ol (2g) 

Brown oil, 89% yield, 90% ee; [α]D
25 = +23.20 (c = 1.0, CHCl3). The 

enantiomeric excess was determined by HPLC on OD-H column, hex-

ane: isopropanol = 95:5; flow rate = 1.0 mL/min; UV detection at 220 

nm; tR = 10.96 min (minor), 13.95 min (major). 1H NMR (600 MHz, 

CDCl3): δ 7.27 (q, J = 7.8 Hz, 1H), 7.20 (dd, J = 7.6, 1.4 Hz, 1H), 7.13-7.10 (m, 1H), 7.01 (td, J = 8.5, 

2.7 Hz, 1H), 6.29 (dd, J = 15.9, 5.7 Hz, 1H), 5.91 (dd, J = 16.0, 1.5 Hz, 1H), 4.55-4.35 (m, 1H), 1.89 

(br, 1H), 1.33 (d, J = 6.5 Hz, 3H). 13C NMR (151 MHz, CDCl3): δ 162.36 (d, J = 246.3 Hz), 147.36, 

129.87 (d, J = 8.7 Hz), 127.39 (d, J = 2.8 Hz), 125.10 (d, J = 9.4 Hz), 118.26 (d, J = 22.6 Hz), 115.54 

(d, J = 21.2 Hz), 108.80, 88.81 (d, J = 3.6 Hz), 88.19, 68.25, 23.05. 19F NMR (376 MHz, CDCl3): δ 

-113.03 (td, J = 9.2, 5.9 Hz). HRMS (EI) m/z Calcd. for C14H15O ([M+H-H2O]+): 173.0761. Found: 

173.0761. 

 

 

(E)-6-(3-Chlorophenyl)hex-3-en-5-yn-2-ol (2h) 

Light yellow oil, 97% yield, 90% ee; [α]D
25 = +6.40 (c = 1.0, CHCl3). 

The enantiomeric excess was determined by HPLC on OD-H column, 

hexane: isopropanol = 95:5; flow rate = 1.0 mL/min; UV detection at 

210 nm; tR = 10.56 min (minor), 13.29 min (major). 1H NMR (600 

MHz, CDCl3): δ 7.41 (d, J = 1.9 Hz, 1H), 7.31-7.26 (m, 2H), 7.23 (t, J = 7.8 Hz, 1H), 6.29 (dd, J = 
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15.9, 5.7 Hz, 1H), 5.91 (dd, J = 15.9, 1.6 Hz, 1H), 4.42 (p, J = 6.2 Hz, 1H), 1.80 (br, 1H), 1.33 (d, J = 

6.5 Hz, 3H). 13C NMR (151 MHz, CDCl3): δ 147.42, 134.14, 131.34, 129.75, 129.62, 129.54, 128.45, 

124.98, 108.78, 88.63, 88.49, 68.24, 23.06. HRMS (EI) m/z Calcd. for C12H10Cl ([M+H-H2O]+): 

189.0466. Found: 189.0466. 

 

 

(E)-6-(3-(Trifluoromethyl)phenyl)hex-3-en-5-yn-2-ol (2i) 

Brown oil, 87% yield, 90% ee; [α]D
25 = +14.70 (c = 1.0, CHCl3). 

The enantiomeric excess was determined by HPLC on OD-H col-

umn, hexane: isopropanol = 95:5; flow rate = 1.0 mL/min; UV de-

tection at 220 nm; tR = 8.16 min (minor), 8.95 min (major). 1H NMR 

(600 MHz, CDCl3): δ 7.68 (s, 1H), 7.58 (d, J = 7.8 Hz, 1H), 7.54 (d, J = 7.8 Hz, 1H), 7.43 (t, J = 7.8 

Hz, 1H), 6.32 (dd, J = 16.0, 5.6 Hz, 1H), 5.93 (dd, J = 16.0, 1.5 Hz, 1H), 4.51-4.32 (m, 1H), 1.84 (br, 

1H), 1.34 (d, J = 6.5 Hz, 3H). 13C NMR (151 MHz, CDCl3): δ 147.70, 134.53, 130.94 (d, J = 32.5 Hz), 

128.84, 128.29 (q, J = 3.9 Hz), 124.71 (q, J = 3.7 Hz), 124.22, 122.80, 108.62, 88.83, 88.47, 68.22, 

23.06. 19F NMR (376 MHz, CDCl3): δ -63.00. HRMS (EI) m/z Calcd. for C13H10F3 ([M+H-H2O]+): 

223.0729. Found: 223.0728. 
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(E)-6-(3-Methoxylphenyl)hex-3-en-5-yn-2-ol (2j) 

Light yellow oil, 98% yield, 93% ee; [α]D
25 = +12.30 (c = 1.0, 

CHCl3). The enantiomeric excess was determined by HPLC on 

OD-H column, hexane: isopropanol = 95:5; flow rate = 1.0 mL/min; 

UV detection at 210 nm; tR = 10.56 min (minor), 13.29 min (major). 

1H NMR (400 MHz, CDCl3): δ 7.14 (t, J = 7.9 Hz, 1H), 6.95 (dt, J = 7.6, 1.2 Hz, 1H), 6.89 (dd, J = 2.7, 

1.4 Hz, 1H), 6.79 (ddd, J = 8.3, 2.6, 1.0 Hz, 1H), 6.20 (dd, J = 15.9, 5.8 Hz, 1H), 5.84 (dd, J = 15.9, 1.5 

Hz, 1H), 4.33 (pd, J = 6.4, 1.5 Hz, 1H), 3.73 (s, 1H), 3.72 (s, 3H), 1.71 (br, 1H), 1.25 (zd, J = 6.5 Hz, 

3H). 13C NMR (101 MHz, CDCl3): δ 159.31, 146.80, 129.39, 124.23, 124.10, 116.28, 114.89, 109.13, 

90.05, 87.14, 68.30, 55.27, 23.06. HRMS (EI) m/z Calcd. for C13H13O ([M+H-H2O]+): 185.0961. 

Found: 185.0958. 

 

 

(E)-6-(2-Fluorophenyl)hex-3-en-5-yn-2-ol (2k) 

Brown oil, 89% yield, 93% ee; [α]D
25 = +18.20 (c = 1.0, CHCl3). The enan-

tiomeric excess was determined by HPLC on OD-H column, hexane: iso-

propanol = 90:10; flow rate = 1.0 mL/min; UV detection at 220 nm; tR = 

7.08 min (minor), 8.39 min (major). 1H NMR (600 MHz, Chloroform-d) δ 

7.42 (td, J = 7.4, 1.8 Hz, 1H), 7.28 (dddd, J = 8.4, 7.3, 5.3, 1.8 Hz, 1H), 7.11-7.05 (m, 2H), 6.32 (dd, J 

= 15.9, 5.7 Hz, 1H), 5.96 (dd, J = 15.9, 1.5 Hz, 1H), 4.58-4.20 (m, 1H), 1.89 (br, 1H), 1.33 (d, J = 6.5 
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Hz, 3H). 13C NMR (151 MHz, Chloroform-d) δ 162.56 (d, J = 251.5 Hz), 147.36, 133.38, 129.92 (d, J 

= 8.1 Hz), 123.94 (d, J = 3.8 Hz), 115.49 (d, J = 21.0 Hz), 111.87 (d, J = 15.4 Hz), 108.93, 92.32 (d, J 

= 3.2 Hz), 83.32, 68.29, 23.02. 19F NMR (376 MHz, Chloroform-d) δ -110.13 (m). HRMS (EI) m/z 

Calcd. for C14H15O ([M+H-H2O]+): 173.0761. Found: 173.0761. 

 

 

(E)-6-(2-Chlorophenyl)hex-3-en-5-yn-2-ol (2l) 

Light yellow oil, 93% yield, 92% ee; [α]D
25 = +13.80 (c = 1.0, CHCl3). The 

enantiomeric excess was determined by HPLC on OD-H column, hexane: 

isopropanol = 95:5; flow rate = 1.0 mL/min; UV detection at 220 nm; tR = 

10.56 min (minor), 13.29 min (major). 1H NMR (600 MHz, CDCl3): δ 

7.47-7.44 (m, 1H), 7.40-7.37 (m, 1H), 7.24-7.18 (m, 2H), 6.34 (dd, J = 15.9, 5.7 Hz, 1H), 5.98 (dd, J = 

15.9, 1.5 Hz, 1H), 4.51-4.27 (m, 1H), 1.75 (s, 1H), 1.33 (d, J = 6.5 Hz, 3H). 13C NMR (151 MHz, 

CDCl3): δ 147.55, 135.75, 133.24, 129.26, 129.21, 126.44, 123.18, 108.92, 92.44, 86.77, 68.27, 23.01. 

HRMS (EI) m/z Calcd. for C12H10Cl ([M+H-H2O]+): 189.0466. Found: 189.0466. 
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(E)-6-(2-Methoxylphenyl)hex-3-en-5-yn-2-ol (2m) 

Light yellow oil, 99% yield, 91% ee; [α]D
25 = +12.10 (c = 1.0, CHCl3). The 

enantiomeric excess was determined by HPLC on OD-H column, hexane: 

isopropanol = 80:20; flow rate = 1.0 mL/min; UV detection at 220 nm; tR = 

17.30 min (minor), 32.48 min (major). 1H NMR (600 MHz, CDCl3): δ 7.40 

(dd, J = 7.6, 1.7 Hz, 1H), 7.30-7.26 (m, 1H), 6.91 (t, J = 7.5 Hz, 1H), 6.87 (d, J = 8.4 Hz, 1H), 6.29 (dd, 

J = 15.9, 5.9 Hz, 1H), 5.98 (dd, J = 15.9, 1.4 Hz, 1H), 4.41 (pd, J = 6.4, 1.4 Hz, 1H), 3.89 (s, 3H), 1.60 

(br, 1H), 1.32 (d, J = 6.4 Hz, 3H). 13C NMR (151 MHz, CDCl3): δ 159.82, 146.35, 133.52, 129.74, 

120.49, 112.37, 110.60, 109.59, 91.30, 86.44, 68.44, 55.82, 23.03. HRMS (EI) m/z Calcd. for C13H13O 

([M+H-H2O]+): 185.0961. Found: 185.0958. 

 

 

(E)-6-(2,3-Dimethoxylphenyl)hex-3-en-5-yn-2-ol (2n) 

Light yellow oil, 96% yield, 91% ee; [α]D
25 = +21.70 (c = 1.0, 

CHCl3). The enantiomeric excess was determined by HPLC on 

OD-H column, hexane: isopropanol = 90:10; flow rate = 1.0 

mL/min; UV detection at 220 nm; tR = 18.84 min (minor), 29.06 

min (major). 1H NMR (600 MHz, CDCl3): δ 7.04 (dd, J = 8.3, 1.9 Hz, 1H), 6.94 (d, J = 1.9 Hz, 1H), 

6.80 (d, J = 8.3 Hz, 1H), 6.24 (dd, J = 15.9, 5.9 Hz, 1H), 5.91 (dd, J = 15.9, 1.5 Hz, 1H), 4.57-4.33 (m, 

1H), 3.88 (s, 3H), 3.87 (s, 3H), 1.59 (br, 1H), 1.33 (d, J = 6.4 Hz, 3H). 13C NMR (151 MHz, CDCl3): δ 

149.48, 148.62, 146.03, 124.82, 115.41, 114.19, 111.01, 109.35, 90.28, 85.88, 68.39, 55.89, 23.11. 

HRMS (EI) m/z Calcd. for C14H15O2 ([M+H-H2O]+): 215.1067. Found: 215.1067. 
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(E)-6-(Benzo[d][1,3]dioxol-5-yl)hex-3-en-5-yn-2-ol (2o) 

Light yellow oil, 98% yield, 91% ee; [α]D
25 = +21.00 (c = 1.0, CHCl3). 

The enantiomeric excess was determined by HPLC on OD-H column, 

hexane: isopropanol = 90:10; flow rate = 1.0 mL/min; UV detection at 

220 nm; tR = 17.30 min (minor), 32.48 min (major). 1H NMR (600 

MHz, CDCl3): δ 6.87 (dd, J = 6.1, 3.1 Hz, 1H), 6.77 (q, J = 3.9, 3.1 Hz, 2H), 6.30 (dd, J = 15.9, 5.7 Hz, 

1H), 6.01 (s, 2H), 5.95 (dd, J = 15.9, 1.6 Hz, 1H), 4.41 (pd, J = 6.5, 1.5 Hz, 1H), 1.66 (br, 1H), 1.32 (d, 

J = 6.5 Hz, 3H). 13C NMR (151 MHz, CDCl3): δ 148.30, 147.41, 147.21, 124.77, 121.60, 108.90, 

108.74, 105.02, 101.29, 91.36, 83.85, 68.29, 23.02. HRMS (EI) m/z Calcd. for C13H11O2 

([M+H-H2O]+): 199.0754. Found: 199.0753. 

 

 

(E)-6-(Naphthalen-1-yl)hex-3-en-5-yn-2-ol (2p) 

Light yellow oil, 96% yield, 92% ee; [α]D
25 = +11.60 (c = 1.0, CHCl3). 

The enantiomeric excess was determined by HPLC on OJ-H column, 

hexane: isopropanol = 95:5; flow rate = 0.9 mL/min; UV detection at 
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220 nm; tR = 51.42 min (minor), 60.18 min (major). 1H NMR (400 MHz, CDCl3): δ 8.36-8.28 (m, 1H), 

7.83 (ddt, J = 12.9, 8.3, 1.0 Hz, 2H), 7.70-7.64 (m, 1H), 7.55 (dddd, J = 22.2, 8.1, 6.8, 1.4 Hz, 3H), 

7.43 (dt, J = 8.3, 6.2 Hz, 1H), 6.39 (dd, J = 15.9, 5.8 Hz, 1H), 6.15-5.99 (m, 1H), 4.47 (pd, J = 6.5, 1.5 

Hz, 1H), 1.72 (br, 1H), 1.38 (d, J = 6.4 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ 146.75, 133.22, 

133.19, 130.33, 128.73, 128.29, 126.75, 126.43, 126.18, 125.27, 120.92, 109.40, 92.22, 88.26, 68.40, 

23.12. HRMS (EI) m/z Calcd. for C16H13 ([M+H-H2O]+): 205.1012. Found: 205.1012. 

 

 

(E)-6-(Naphthalen-2-yl)hex-3-en-5-yn-2-ol (2q) 

Light yellow oil, 94% yield, 90% ee; [α]D
25 = +27.10 (c = 1.0, 

CHCl3). The enantiomeric excess was determined by HPLC on 

OD-H column, hexane: isopropanol = 92:8; flow rate = 1.0 mL/min; 

UV detection at 220 nm; tR = 16.75 min (minor), 23.37 min (major). 

1H NMR (600 MHz, CDCl3): δ 7.96 (d, J = 1.6 Hz, 1H), 7.82-7.76 (m, 3H), 7.49 (ddd, J = 7.2, 3.4, 2.0 

Hz, 3H), 6.33 (dd, J = 15.9, 5.8 Hz, 1H), 5.98 (dd, J = 15.8, 1.5 Hz, 1H), 4.44 (pd, J = 6.5, 1.5 Hz, 1H), 

1.73 (br, 1H), 1.35 (d, J = 6.5 Hz, 3H). 13C NMR (151 MHz, CDCl3): δ 146.80, 133.01, 132.79, 131.37, 

128.34, 128.00, 127.77 (d, 2 C), 126.68, 126.56, 120.56, 109.27, 90.57, 87.69, 68.36, 23.10. HRMS (EI) 

m/z Calcd. for C16H13 ([M+H-H2O]+): 205.1012. Found: 205.1012. 
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(E)-6-(Thiophen-2-yl)hex-3-en-5-yn-2-ol (2r) 

Brown oil, 78% yield, 60% ee; [α]D
25 = +2.00 (c = 0.5, CHCl3). The en-

antiomeric excess was determined by HPLC on OD-H column, hexane: 

isopropanol = 90:110; flow rate = 1.0 mL/min; UV detection at 254 nm; 

tR = 8.19 min (minor), 10.06 min (major). 1H NMR (600 MHz, CDCl3): δ 

7.25 (d, J = 3.7 Hz, 1H), 7.19 (d, J = 3.7 Hz, 1H), 6.97 (dd, J = 5.2, 3.7 Hz, 1H), 6.26 (dd, J = 15.9, 5.7 

Hz, 1H), 5.93 (dd, J = 15.9, 1.5 Hz, 1H), 4.42 (pd, J = 6.3, 1.5 Hz, 1H), 1.57 (br, 1H), 1.33 (d, J = 6.4 

Hz, 3H). 13C NMR (151 MHz, CDCl3): δ 146.68, 131.79, 127.22, 127.07, 123.30, 108.90, 91.10, 83.30, 

68.30, 23.08. HRMS (EI) m/z Calcd. for C10H9S ([M+H-H2O]+): 161.0420. Found: 161.0420. 

 

 

(E)-6-Cyclohexylhex-3-en-5-yn-2-ol (2s) 

Light yellow oil, 99% yield, 99% ee; [α]D
25 = +13.90 (c = 1.0, CHCl3). The 

enantiomeric excess was determined by HPLC on OD-H column, hexane: 

isopropanol = 98:2; flow rate = 0.5 mL/min; UV detection at 220 nm; tR = 

20.57 min (minor), 21.61 min (major). 1H NMR (600 MHz, CDCl3): δ 6.07 

(ddd, J = 15.8, 6.2, 0.6 Hz, 1H), 5.69 (ddd, J = 15.8, 2.1, 1.4 Hz, 1H), 4.37-4.26 (m, 1H), 2.61-2.37 (m, 

1H), 1.83-1.78 (m, 2H), 1.73-1.67 (m, 2H), 1.55-1.49 (m, 1H), 1.43 (dtd, J = 15.3, 8.6, 7.7, 3.3 Hz, 2H), 

1.35-1.26 (m, 4H). 1.27 (d, J = 6.4 Hz, 3H). 13C NMR (151 MHz, CDCl3): δ 144.96, 109.96, 96.21, 

78.13, 68.43, 32.66, 29.69, 25.86, 24.92, 23.00. HRMS (EI) m/z Calcd. for C12H17 ([M+H-H2O]+): 

161.1325. Found: 161.1326. 
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(E)-6-Cyclopentylhex-3-en-5-yn-2-ol (2t) 

Light yellow oil, 97% yield, 95% ee; [α]D
25 = +10.40 (c = 1.0, CHCl3). 

The enantiomeric excess was determined by HPLC on OD-H column, 

hexane: isopropanol = 98:2; flow rate = 0.8 mL/min; UV detection at 220 

nm; tR = 11.21 min (minor), 11.97 min (major). 1H NMR (600 MHz, 

CDCl3): δ 6.08 (ddd, J = 15.8, 6.4, 0.6 Hz, 1H), 5.70 (ddd, J = 15.8, 2.1, 1.4 Hz, 1H), 4.34 (pd, J = 6.4, 

1.4 Hz, 1H), 2.73 (pd, J = 7.6, 2.1 Hz, 1H), 2.00-1.90 (m, 2H), 1.80-1.70 (m, 2H), 1.69-1.50 (m, 6H), 

1.29 (d, J = 6.4 Hz, 3H). 13C NMR (151 MHz, CDCl3): δ 144.91, 109.98, 95.57, 77.76, 68.43, 33.82, 

30.76, 24.99, 23.01. HRMS (EI) m/z Calcd. for C11H15 ([M+H-H2O]+): 147.1168. Found: 147.1169. 

 

 

(E)-Tridec-3-en-5-yn-2-ol (2u) 

Light yellow oil, 99% yield, 93% ee; [α]D
25 = +8.10 (c = 1.0, 

CHCl3). The enantiomeric excess was determined by HPLC on 

AS-H column, hexane: isopropanol = 97:3; flow rate = 0.6 
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mL/min; UV detection at 210 nm; tR = 8.92 min (major), 9.56 min (minor). 1H NMR (600 MHz, 

CDCl3): δ 6.07 (dd, J = 15.8, 6.1 Hz, 1H), 5.68 (dq, J = 15.8, 1.9 Hz, 1H), 4.33 (pd, J = 6.1, 1.3 Hz, 

1H), 2.29 (td, J = 7.2, 2.1 Hz, 2H), 1.52 (p, J = 7.2 Hz, 3H), 1.33-1.24 (m, 11H), 0.88 (t, J = 6.8 Hz, 

3H). 13C NMR (151 MHz, CDCl3): δ 145.04, 109.92, 91.48, 78.23, 68.42, 31.74, 28.87, 28.82, 28.72, 

23.03, 22.63, 19.39, 14.09. HRMS (EI) m/z Calcd. for C13H21 ([M+H-H2O]+): 177.1638. Found: 

177.1639. 

 

 

(E)-7-Phenylhept-4-en-6-yn-3-ol (2v) 

Light yellow oil, 98% yield, 93% ee; [α]D
25 = +15.60 (c = 1.0, CHCl3). 

The enantiomeric excess was determined by HPLC on OJ-H column, 

hexane: isopropanol = 95:5; flow rate = 0.9 mL/min; UV detection at 

220 nm; tR = 27.15 min (minor), 30.79 min (major). 1H NMR (600 MHz, 

CDCl3): δ 7.43 (m, 2H), 7.31 (m, 3H), 6.24 (dd, J = 15.9, 6.1 Hz, 1H), 5.94 (dd, J = 15.9, 1.4 Hz, 1H), 

4.15 (qd, J = 6.3, 1.4 Hz, 1H), 1.71 (br, 1H), 1.61 (q, J = 7.2 Hz, 2H), 0.97 (t, J = 7.4 Hz, 3H). 13C 

NMR (151 MHz, CDCl3): δ 145.47, 131.52, 128.32, 128.21, 123.26, 110.07, 90.04, 87.40, 73.68, 29.91, 

9.58. HRMS (EI) m/z Calcd. for C13H13O ([M+H-H2O]+): 169.1012. Found: 169.1013. 
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(E)-2-Methyl-7-phenylhept-4-en-6-yn-3-ol (2w) 

Light yellow oil, 98% yield, 93% ee; [α]D
25 = +5.80 (c = 1.0, CHCl3). 

The enantiomeric excess was determined by HPLC on OJ-H column, 

hexane: isopropanol = 95:5; flow rate = 0.9 mL/min; UV detection at 

220 nm; tR = 22.47 min (minor), 26.41 min (major). 1H NMR (600 

MHz, CDCl3): δ 7.46-7.41 (m, 2H), 7.30 (dd, J = 5.1, 2.0 Hz, 3H), 6.24 (dd, J = 15.9, 6.3 Hz, 1H), 5.93 

(dd, J = 15.9, 1.4 Hz, 1H), 3.98 (td, J = 6.3, 1.4 Hz, 1H), 1.86-1.73 (m, 1H), 1.60 (s, 1H), 0.95 (dd, J = 

10.7, 6.8 Hz, 6H). 13C NMR (151 MHz, CDCl3): δ 144.19, 131.52, 128.32, 128.20, 123.27, 110.81, 

89.93, 87.49, 77.38, 33.88, 18.20, 17.78.  HRMS (EI) m/z Calcd. for C14H15 ([M+H-H2O]+): 183.1168. 

Found: 183.1169. 

 

 

 

(R,E)-1-cyclohexyl-5-phenylpent-2-en-4-yn-1-ol (2x) 

95% yield, 90% ee. [α]D 26 = -16.10 (c = 1.0, CHCl3). The enantio-

meric excess was determined by HPLC on Chiral OJ-3 column, 254 

nm, 25 oC, nHexane: iPrOH = 95: 5; flow 1.0 mL/min; tR (major) = 

32.8 min; tR (minor) = 28.6 min. 1H NMR (400 MHz, Chloroform-d) 

δ 7.60 (dd, J = 7.8, 1.8 Hz, 2H), 7.18 – 7.00 (m, 3H), 6.29 (dd, J = 15.9, 6.1 Hz, 1H), 6.01 (dd, J = 15.9, 

1.5 Hz, 1H), 3.73 – 3.59 (m, 1H), 1.87 – 1.59 (m, 5H), 1.34 – 0.93 (m, 7H). 13C NMR (101 MHz, 

Chloroform-d) δ 145.33, 131.55, 128.40, 123.92, 110.15, 90.14, 88.34, 43.68, 28.74, 28.07, 26.49, 

26.19, 26.15.  
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(E)-1-cyclopropyl-5-phenylpent-2-en-4-yn-1-ol (2y) 

Light yellow oil, 97% yield, 53% ee; [α]D
25 = +9.80 (c = 1.0, CHCl3). 

The enantiomeric excess was determined by HPLC on OD-H column, 

hexane: isopropanol = 90:10; flow rate = 1.0 mL/min; UV detection at 

220 nm; tR = 10.79 min (minor), 13.97 min (major). 1H NMR (600 

MHz, CDCl3): δ 7.46-7.41 (m, 2H), 7.31 (qd, J = 4.1, 1.3 Hz, 3H), 6.32 (dd, J = 15.9, 5.6 Hz, 1H), 5.98 

(dd, J = 15.9, 1.5 Hz, 1H), 3.58 (ddd, J = 8.2, 5.6, 1.5 Hz, 1H), 1.61 (br, 1H), 1.03 (qt, J = 8.2, 4.9 Hz, 

1H), 0.64-0.54 (m, 2H), 0.43-0.38 (m, 1H), 0.34-0.29 (m, 1H). 13C NMR (151 MHz, CDCl3): δ 141.90, 

129.33, 126.12, 126.00, 121.09, 107.63, 87.91, 85.25, 74.18, 15.18, 1.02. HRMS (EI) m/z Calcd. for 

C14H13 ([M+H-H2O]+): 181.1012. Found: 181.1011. 
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(E)-1,5-diphenyl-1λ3-pent-2-en-4-yn-1-ol (2z)[10] 

55% yield, 63% ee，[α]D
26 = 17.50 (c = 1.0, CHCl3). The enanti-

omeric excess was determined by HPLC on Chiral IF column, 254 

nm, 25 oC, nHexane: iPrOH = 95: 5; flow 1.0 mL/min; tR (major) = 

14.1 min; tR (minor) = 16.4 min. 1H NMR (400 MHz, 

Chloroform-d) δ 7.54 (dd, J = 7.6, 2.1 Hz, 2H), 7.29 – 7.27 (m, 1H), 7.25 – 7.13 (m, 4H), 7.07 (q, J = 

5.3 Hz, 3H), 6.38 (dd, J = 15.8, 5.7 Hz, 1H), 6.12 (dd, J = 15.7, 1.6 Hz, 1H), 4.90 (d, J = 5.7 Hz, 1H). 

13C NMR (101 MHz, Chloroform-d) δ 94.40, 91.63, 80.84, 77.73, 76.90, 75.71, 73.05, 58.95, 40.07, 

37.31, 23.32. 

 

(E)-4-ethyl-6-phenylhex-3-en-5-yn-2-ol (2aa) 

Light yellow oil, 90% yield, 96% ee; [α]D
25 = +40.00 (c = 1.0, CHCl3). The 

enantiomeric excess was determined by HPLC on OD-H column, hexane: 

isopropanol = 95:5; flow rate = 1.0 mL/min; UV detection at 210 nm; tR = 

8.89 min (minor), 10.80 min (major). 1H NMR (600 MHz, CDCl3): δ 

7.48-7.41 (m, 2H), 7.30 (qd, J z= 4.8, 1.7 Hz, 3H), 5.91 (d, J = 8.9 Hz, 1H), 4.68 (dq, J = 8.9, 6.3 Hz, 

1H), 2.29 (q, J = 7.6 Hz, 2H), 1.57 (br, 1H), 1.31 (d, J = 6.3 Hz, 3H), 1.18 (t, J = 7.6 Hz, 3H). 13C 

NMR (151 MHz, CDCl3): δ 139.80, 131.56, 128.29, 128.09, 126.17, 123.36, 90.35, 88.54, 64.32, 24.52, 

23.44, 13.54. HRMS (EI) m/z Calcd. for C14H15 ([M+H-H2O]+): 183.1168. Found: 183.1168. 
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IV. Gram-scale reaction and transformation of products 

 

Asymmetric hydrogenation of (E)-6-phenylhex-3-en-5-yn-2-one at S/C = 

1000: To a 2.5 mL vial was added the catalyst precursor [Ir(COD)Cl]2 (3.4 mg, 0.005 mmol), ligands 

(L3, 0.011 mmol) and anhydrous iPrOH (1.0 mL) under argon atmosphere. The mixture was stirred for 

3 h at 25 °C giving orange red solution in the argon-filled glovebox. An aliquot of the catalyst solution 

(580 μL, 0.0058mmol) was transferred into a 50 mL hydrogenation vessel, then Cs2CO3 (1.9 mg, 0.06 

mmol), ketone (5.8 mmol, 1.0 g) and anhydrous iPrOH (10 mL) was added. The vessel was placed in 

an autoclave which was then charged with 50 atm of H2 and stirred at 25-30 °C for 16 h. The work-up 

was identical to that described for the asymmetric hydrogenation at S/C = 1 000. 

(R)-(E)-6-phenylhex-3-en-5-yn-2-ol (2a): 95% yield, 90% ee. 

 

Hydrogenation of (R)-(E)-6-phenylhex-3-en-5-yn-2-ol (2a): In a 2.5 mL vial was added 

the (R)-(E)-6-phenylhex-3-en-5-yn-2-ol (2a) (17.0 mg, 0.1 mmol) and 5% wt Pd/C (1 mg) and 1mL 

MeOH, Then the vial was placed in an autoclave which was then charged with 20 atm of H2 and stirred 

at 25-30 °C for 12 h. The hydrogen gas was released slowly in a well-ventilated hood and the solution 

was concentrated and passed through a short column of silica gel to get the product in almost quantita-

tive yield (16.9 mg, 99% yield).[11] The yield was determined by 1H NMR analysis. The product was 

analyzed by chiral HPLC for determination of ee values (85% ee). 

 

Oxidation of (R)-(E)-6-phenylhex-3-en-5-yn-2-ol (2a): To a solution of 2a (0.10 mmol, 

1.00 eq.) in DCM (2 mL) at 0 °C was added mchloroperbenzoic acid (0.20 mmol, 2.00 eq.). After 0.5 h, 

the resulting solution was stirred at room temperature for 24 h until complete consumption of starting 
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material (verified by TLC). The mixture was washed with 10% solution of Na2CO3 (2 mL) and then 

extracted with DCM (2 mL). The organic layer was dried with Na2SO4 and the solvent was removed 

under reduced pressure. The crude product was purified by flash chromatography on silica to afford 

product 4 as mixtures of two diastereomers (4a, 57% yield, 90% ee; 4b, 38% yield, 90% ee).[6,7] Mix-

ture of two diastereoisomers that could not be separated by flash cromatography. 

 

(R)-6-phenylhexan-2-ol (3) [11] 

Colorless oil, 16.9 mg, 99% yield, 85% ee; [α]D
25 = -5.50 (c = 1.0, 

CHCl3). The enantiomeric excess was determined by HPLC on OD-H 

column, hexane: isopropanol = 90:10; flow rate = 0.9 mL/min; UV de-

tection at 210 nm; tR = 6.22 min (minor), 6.77 min (major). 1H NMR (600 MHz, CDCl3) δ: 7.29-7.26 

(m, 2H), 7.20-7.15 (m, 3H), 3.82-3.74 (m, 1H), 2.62 (t, J = 7.7 Hz, 2H), 1.71-1.58 (m, 2H), 1.52-1.42 

(m, 3H), 1.35 (m, 2H), 1.18 (d, J = 6.2 Hz, 3H). 13C NMR (151 MHz, CDCl3) δ: 142.59, 128.39, 

128.28, 125.66, 68.09, 39.18, 35.92, 31.48, 25.44, 23.53. 

 

 

1-(3-(phenylethynyl)oxiran-2-yl)ethan-1-ol (4) [12, 13] 

Light yellow oil (17.0 mg, 95% total yield), 57% 

yield, 90% ee for the major diastereoisomer (4a): 

1H NMR (600 MHz, CDCl3) δ 7.45 (m, 2H), 7.32 

(m, 3H), 3.81 (m, 1H), 3.61 (d, J = 2.2 Hz, 1H), 

3.26 (dd, J = 2.2 Hz, 1H), 1.88 (s, 1H), 1.36 (d, J = 6.5 Hz, 5H). 13C NMR (151 MHz, CDCl3) δ 131.91, 

128.89, 128.35, 121.85, 84.90, 84.22, 66.42, 64.03, 44.03, 20.04. The enantiomeric excess was deter-

mined by HPLC on OD-H column, hexane: isopropanol = 95:5; flow rate = 1.0 mL/min; UV detection 
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at 210 nm; tR = 33.65 min (minor), 37.08 min (major). 

 

 

38% yield and 90% ee for the minor diastereoisomer (4b):  1H NMR (600 MHz, CDCl3) δ 7.45 (m, 

2H), 7.32 (m, 3H), 4.06 (m, 1H), 3.68 (d, J = 2.5 Hz, 1H), 3.30 (t, J = 2.5 Hz, 1H), 1.94 (s, 1H), 1.33 (d, 

J = 6.5 Hz, 3H). 13C NMR (151 MHz, CDCl3) δ 131.89, 128.87, 128.41, 121.89, 85.17, 84.20, 64.17, 

63.52, 42.30, 18.56.  The enantiomeric excess was determined by HPLC on OD-H column, hexane: 

isopropanol = 95:5; flow rate = 1.0 mL/min; UV detection at 210 nm; tR = 27.62 min (minor), 47.89 

min (major). 
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V. NMR spectra of all the compounds 

1H NMR spectra (600 MHz, CDCl3) of 1a 

 

 

13C NMR spectra (151 MHz, CDCl3) of 1a 
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1H NMR spectra (600 MHz, CDCl3) of 1b 

 

 

13C NMR spectra (151 MHz, CDCl3) of 1b 
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13F NMR spectra (376 MHz, CDCl3) of 1b 

 

 

1H NMR spectra (600 MHz, CDCl3) of 1c 
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13C NMR spectra (151 MHz, CDCl3) of 1c 

 

 

1H NMR spectra (600 MHz, CDCl3) of 1d 

 

 



S36 
 

13C NMR spectra (151 MHz, CDCl3) of 1d 

 

 

1H NMR spectra (600 MHz, CDCl3) of 1e 
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13C NMR spectra (151 MHz, CDCl3) of 1e 

 

 

19F NMR spectra (376 MHz, CDCl3) of 1e 
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1H NMR spectra (600 MHz, CDCl3) of 1f 

 

 

13C NMR spectra (151 MHz, CDCl3) of 1f 
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1H NMR spectra (600 MHz, CDCl3) of 1g 

 

 

13C NMR spectra (151 MHz, CDCl3) of 1g 
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19F NMR spectra (376 MHz, CDCl3) of 1g 

 

 

1H NMR spectra (600 MHz, CDCl3) of 1h 
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13C NMR spectra (151 MHz, CDCl3) of 1h 

 

 

1H NMR spectra (600 MHz, CDCl3) of 1i 
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13C NMR spectra (151 MHz, CDCl3) of 1i 

 

 

19F NMR spectra (376 MHz, CDCl3) of 1i 

 

 



S43 
 

1H NMR spectra (600 MHz, CDCl3) of 1j 

 

 

13C NMR spectra (151 MHz, CDCl3) of 1j 
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1H NMR spectra (600 MHz, CDCl3) of 1k 

 

 

13C NMR spectra (151 MHz, CDCl3) of 1k 
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19F NMR spectra (376 MHz, CDCl3) of 1k 

 

 

1H NMR spectra (600 MHz, CDCl3) of 1l 
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13C NMR spectra (151 MHz, CDCl3) of 1l 

 

 

1H NMR spectra (600 MHz, CDCl3) of 1m 
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13C NMR spectra (151 MHz, CDCl3) of 1m 

 

 

1H NMR spectra (600 MHz, CDCl3) of 1n 
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13C NMR spectra (151 MHz, CDCl3) of 1n 

 

 

1H NMR spectra (600 MHz, CDCl3) of 1o 
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13C NMR spectra (151 MHz, CDCl3) of 1o 

 

 

1H NMR spectra (600 MHz, CDCl3) of 1p 
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13C NMR spectra (151 MHz, CDCl3) of 1p 

 

 

1H NMR spectra (600 MHz, CDCl3) of 1q 
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13C NMR spectra (151 MHz, CDCl3) of 1q 

 

 

1H NMR spectra (600 MHz, CDCl3) of 1r 
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13C NMR spectra (151 MHz, CDCl3) of 1r 

 

 

1H NMR spectra (600 MHz, CDCl3) of 1s 
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13C NMR spectra (151 MHz, CDCl3) of 1s 

 

 

1H NMR spectra (600 MHz, CDCl3) of 1t 
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13C NMR spectra (151 MHz, CDCl3) of 1t 

 

 

1H NMR spectra (600 MHz, CDCl3) of 1u 
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13C NMR spectra (151 MHz, CDCl3) of 1u 

 

 

1H NMR spectra (600 MHz, CDCl3) of 1v 
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13C NMR spectra (151 MHz, CDCl3) of 1v 

 

 

1H NMR spectra (400 MHz, CDCl3) of 1w 
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13C NMR spectra (101 MHz, CDCl3) of 1w 

 

 

1H NMR spectra (600 MHz, CDCl3) of 1x 

 

 



S58 
 

13C NMR spectra (151 MHz, CDCl3) of 1x 

 

1H NMR (600 MHz, CDCl3) of 1y 
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13C NMR (151 MHz, CDCl3) of 1y 
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13C NMR spectra (151 MHz, CDCl3) of 1aa 

 

 

1H NMR spectra (600 MHz, CDCl3) of 2a 
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13C NMR spectra (151 MHz, CDCl3) of 2a 
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13C NMR spectra (151 MHz, CDCl3) of 2b 

 

 

19F NMR spectra (376 MHz, CDCl3) of 2b 
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1H NMR spectra (400 MHz, CDCl3) of 2c 
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19F NMR spectra (377 MHz, CDCl3) of 2e 
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13C NMR spectra (151 MHz, CDCl3) of 2f 
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1H NMR spectra (400 MHz, CDCl3) of 2j 

 

 



S72 
 

13C NMR spectra (101 MHz, CDCl3) of 2j 

 

 

1H NMR spectra (600 MHz, CDCl3) of 2k 

 

 



S73 
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1H NMR (400 MHz, CDCl3) of 2x 
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