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General information 

All the reactions dealing with air- or moisture-sensitive compounds were carried 

out in a dry reaction vessel under a positive pressure of nitrogen or in the nitrogen-filled 

glovebox. Unless otherwise noted, all reagents and solvents were purchased from 

commercial suppliers and used without further purification. NMR spectra were 

recorded on Bruker ADVANCE III (400 MHz) spectrometers for 1H NMR and 13C 

NMR. CDCl3 was the solvent used for the NMR analysis, with tetramethylsilane as the 

internal standard. Chemical shifts were reported upfield to TMS (0.00 ppm) for 1H 

NMR and relative to CDCl3 (77.0 ppm) for 13C NMR. Optical rotation was determined 

using a Perkin Elmer 343 polarimeter. HPLC analysis was conducted on an Agilent 

1260 Series instrument. Column Chromatography was performed with silica gel Merck 

60 (300-400 mesh). 

General Preparation of exocyclic α,β-Unsaturated Carbonyl Compounds 

 

    The cyclic carbonyl compound (20 mmol) was dissolved in toluene (25 mL) and 

the solution was cooled to 0 °C, followed by the addition of corresponding aldehyde 

(10 mmol), the mixture was slowly charged to potassium t-butoxide (1.2 equiv.) under 

an ice/water bath. The mixture was heated to 55°C and stirred therein for 1 h. The 

reaction mixture was concentrated to a slurry under vacuum, then water (100 mL) was 

added. The mixture was filtered, and the solid was washed with water and dried in 

vacuum oven overnight. The crude product was purified by recrystallization from ethyl 

acetate/petroleum ether or hexane.  

 

(E)-3-benzylidenetetrahydro-2H-pyran-2-one (1a)1 

White solid. 1H NMR (400 MHz, CDCl3) δ 7.93 (t, J = 2.2 Hz, 1H), 7.53 – 7.30 (m, 
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5H), 4.49 – 4.31 (m, 2H), 2.90 – 2.86 (m, 2H), 2.00 – 1.94 (m, 2H). 13C NMR (101 

MHz, CDCl3) δ 166.99, 141.61, 134.91, 130.21, 129.18, 128.55, 125.71, 68.72, 25.91, 

22.98. 

 

(E)-3-(4-methylbenzylidene)tetrahydro-2H-pyran-2-one (1b) 

White solid. 1H NMR (400 MHz, CDCl3) δ 7.89 (s, 1H), 7.35 (d, J = 8.1 Hz, 2H), 7.22 

(d, J = 8.0 Hz, 2H), 4.53 – 4.28 (m, 2H), 2.90 – 2.86 (m, 2H), 2.38 (s, 3H), 2.06 – 1.91 

(m, 2H). 13C NMR (101 MHz, CDCl3) δ 167.26, 141.67, 139.58, 132.14, 130.36, 129.31, 

124.66, 68.63, 25.99, 22.98, 21.42. HRMS (ESI): [M+Na+] Calc. 225.0886, found 

225.0883. 

 

(E)-3-(4-(tert-butyl)benzylidene)tetrahydro-2H-pyran-2-one (1c)  

White solid. 1H NMR (400 MHz, CDCl3) δ 7.91 (t, J = 2.2 Hz, 1H), 7.46 – 7.39 (m, 

4H), 4.54 – 4.29 (m, 2H), 2.92 – 2.89 (m, 2H), 1.99 – 1.96 (m, 2H), 1.34 (s, 9H). 13C 

NMR (101 MHz, CDCl3) δ 167.21, 152.64, 141.58, 132.15, 130.23, 125.54, 124.78, 

68.64, 34.82, 31.15, 25.99, 22.99. HRMS (ESI): [M+Na+] Calc. 267.1356, found 

267.1358. 

 

(E)-3-(4-methoxybenzylidene)tetrahydro-2H-pyran-2-one (1d)2 

White solid. 1H NMR (400 MHz, CDCl3) δ 7.87 (t, J = 2.1 Hz, 1H), 7.43 (d, J = 8.8 Hz, 

1H), 6.98 – 6.90 (m, 1H), 4.49 – 4.30 (m, 1H), 3.85 (s, 2H), 2.89 – 2.86 (m, 1H), 2.02 

– 1.96 (m, 1H). 13C NMR (101 MHz, CDCl3) δ 167.41, 160.34, 141.40, 132.23, 127.67, 

123.10, 114.04, 68.51, 55.36, 26.03, 22.97. 



3 

 

 

(E)-3-(4-fluorobenzylidene)tetrahydro-2H-pyran-2-one (1e)3 

White solid. 1H NMR (400 MHz, CDCl3) δ 7.88 (s, 1H), 7.46 – 7.42 (m, 2H), 7.21 – 

6.96 (m, 2H), 4.57 – 4.25 (m, 2H), 2.88 – 2.84 (m, 2H), 2.02 – 1.96 (m, 2H). 13C NMR 

(101 MHz, CDCl3) δ 166.87, 162.89 (d, J =250 Hz), 140.38, 132.21 (d, J = 9 Hz), 

131.10 (d, J = 2 Hz), 125.36 (d, J = 2 Hz), 115.73 (d, J = 21 Hz), 68.66, 25.86, 22.91. 

 

(E)-3-(4-chlorobenzylidene)tetrahydro-2H-pyran-2-one (1f)4 

White solid. 1H NMR (400 MHz, CDCl3) δ 7.86 (t, J = 2.3 Hz, 1H), 7.42 – 7.33 (m, 

4H), 4.61 – 4.16 (m, 2H), 2.88 – 2.84 (m, 2H), 2.02 – 1.96 (m, 2H). 13C NMR (101 

MHz, CDCl3) δ 166.69, 140.16, 135.13, 133.29, 131.41, 128.82, 126.24, 68.69, 25.88, 

22.86. 

 

(E)-3-(4-(trifluoromethyl)benzylidene)tetrahydro-2H-pyran-2-one (1g) 

White solid. 1H NMR (400 MHz, CDCl3) δ 7.92 (s, 1H), 7.67 (d, J = 8.2 Hz, 2H), 7.53 

(d, J = 8.2 Hz, 2H), 4.69 – 4.21 (m, 2H), 2.90 – 2.86 (m, 2H), 2.03 – 1.97 (m, 2H). 13C 

NMR (101 MHz, CDCl3) δ 166.34, 139.72, 138.31 (d, J = 2 Hz), 130.64 (d, J = 33 Hz), 

130.16, 128.09, 125.45 (q, J = 4 Hz), 123.82 (q, J = 270 Hz), 68.85, 25.82, 22.86. 

HRMS (ESI): [M+Na+] Calc. 279.0603, found 279.0603. 

  

methyl (E)-4-((2-oxodihydro-2H-pyran-3(4H)-ylidene)methyl)benzoate (1h)5 

White solid. 1H NMR (400 MHz, CDCl3) δ 8.07 (d, J = 8.4 Hz, 2H), 7.93 (t, J = 2.1 Hz, 
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1H), 7.49 (d, J = 8.3 Hz, 2H), 4.49 – 4.36 (m, 2H), 3.94 (s, 3H), 2.90 – 2.88 (m, 2H), 

2.03 – 1.97 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 166.46, 166.42, 140.21, 139.25, 

130.28, 129.94, 129.70, 127.87, 68.79, 52.30, 25.95, 22.91. 

 

(E)-3-(2-methylbenzylidene)tetrahydro-2H-pyran-2-one (1i) 

White solid. 1H NMR (400 MHz, CDCl3) δ 8.03 (s, 1H), 7.31 – 7.18 (m, 4H), 4.50 – 

4.30 (m, 2H), 2.74 – 2.70 (m, 2H), 2.32 (s, 3H), 1.96 – 1.90 (m, 2H). 13C NMR (101 

MHz, CDCl3) δ 166.67, 140.64, 137.66, 133.91, 130.33, 128.85, 128.56, 126.46, 125.49, 

69.09, 25.40, 23.12, 19.95. HRMS (ESI): [M+Na+] Calc. 225.0886, found 225.0886. 

 

(E)-3-(2-fluorobenzylidene)tetrahydro-2H-pyran-2-one (1j) 

White solid. 1H NMR (400 MHz, CDCl3) δ 7.98 (s, 1H), 7.47 – 7.30 (m, 2H), 7.15 (m, 

2H), 4.55 – 4.28 (m, 2H), 2.79 – 2.75 (m, 2H), 2.00 – 1.94 (m, 2H). 13C NMR (101 

MHz, CDCl3) δ 166.29, 160.57 (d, J = 250 Hz), 134.24 (d, J = 4 Hz), 130.96 (d, J = 8 

Hz), 130.35 (d, J = 2 Hz), 128.25, 123.94 (d, J = 4 Hz), 122.85 (d, J = 14 Hz), 115.94 

(d, J = 21 Hz), 69.06, 25.76 (d, J = 3 Hz), 22.95. HRMS (ESI): [M+Na+] Calc. 229.0635, 

found 229.0634. 

 

(E)-3-(3-methylbenzylidene)tetrahydro-2H-pyran-2-one (1k) 

White solid.1H NMR (400 MHz, CDCl3) δ 7.89 (t, J = 2.1 Hz, 1H), 7.34 – 7.28 (m, 1H), 

7.22 (dd, J = 26.4, 6.1 Hz, 3H), 4.49 – 4.27 (m, 2H), 2.91 – 2.87 (m, 2H), 2.38 (s, 3H), 

2.00 – 1.94 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 167.05, 141.80, 138.20, 134.88, 

130.95, 129.99, 128.42, 127.26, 125.50, 68.71, 25.95, 22.99, 21.45. HRMS (ESI): 

[M+Na+] Calc. 225.0886, found 225.0883. 
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(E)-3-(3-methoxybenzylidene)tetrahydro-2H-pyran-2-one (1l) 

White solid. 1H NMR (400 MHz, CDCl3) δ 7.89 (t, J = 2.1 Hz, 1H), 7.33 (t, J = 7.9 Hz, 

1H), 7.03 (d, J = 7.7 Hz, 1H), 6.98 – 6.88 (m, 2H), 4.55 – 4.18 (m, 2H), 3.83 (s, 3H), 

2.90 – 2.87 (m, 2H), 2.19 – 1.84 (m, 2H) 13C NMR (101 MHz, CDCl3) δ 166.92, 159.46, 

141.48, 136.18, 129.54, 126.00, 122.59, 115.70, 114.62, 68.72, 55.29, 25.92, 22.95. 

HRMS (ESI): [M+Na+] Calc. 241.0835, found 241.0834. 

 

(E)-3-(3-fluorobenzylidene)tetrahydro-2H-pyran-2-one (1m) 

White solid. 1H NMR (400 MHz, CDCl3) δ 7.86 (t, J = 2.2 Hz, 1H), 7.39 (m, 1H), 7.21 

(d, J = 7.8 Hz, 1H), 7.17 – 7.01 (m, 2H), 4.57 – 4.15 (m, 2H), 2.90 – 2.86 (m, 2H), 2.04 

– 1.96 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 166.52, 162.47 (d, J = 245 Hz), 139.99 

(d, J = 3 Hz), 136.84 (d, J =8 Hz), 130.07 (d, J = 9 Hz), 126.97, 126.06 (d, J = 3 Hz), 

116.44 (d, J = 22 Hz), 115.99 (d, J = 21 Hz), 68.69, 25.78, 22.78. HRMS (ESI): [M+Na+] 

Calc. 229.0635, found 229.0632. 

 

(E)-3-(naphthalen-2-ylmethylene)tetrahydro-2H-pyran-2-one (1n) 

White solid. 1H NMR (400 MHz, CDCl3) δ 8.07 (t, J = 2.1 Hz, 1H), 7.91 (s, 1H), 7.85 

(dd, J = 8.8, 5.7 Hz, 3H), 7.58 – 7.47 (m, 3H), 4.62 – 4.28 (m, 2H), 2.99 (m, 2H), 2.03 

– 1.97 (m, 2H).13C NMR (101 MHz, CDCl3) δ 167.01, 141.69, 133.25, 132.99, 132.46, 

130.35, 128.51, 128.18, 127.68, 127.22, 127.18, 126.64, 125.91, 68.73, 26.08, 23.03. 

HRMS (ESI): [M+Na+] Calc. 261.0886, found 261.0886. 
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tert-butyl (E)-3-benzylidene-2-oxopiperidine-1-carboxylate (1o)6 

White solid. 1H NMR (400 MHz, CDCl3) δ 7.88 (t, J = 2.0 Hz, 1H), 7.39 (d, J = 4.4 Hz, 

4H), 7.36 – 7.28 (m, 1H), 3.92 – 3.61 (m, 2H), 2.95 – 2.60 (m, 2H), 1.91 – 1.85 (m, 

2H), 1.57 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 165.77, 153.18, 138.51, 135.67, 

130.74, 130.00, 128.57, 128.40, 82.99, 45.98, 28.08, 26.27, 22.57.  

 

tert-butyl (E)-3-(4-fluorobenzylidene)-2-oxopiperidine-1-carboxylate (1p)6 

White solid. 1H NMR (400 MHz, CDCl3) δ 7.83 (s, 1H), 7.40 – 7.36 (m, 2H), 7.08 (t, J 

= 8.6 Hz, 2H), 3.84 – 3.69 (m, 2H), 2.77 (t, J = 5.7 Hz, 2H), 1.98 – 1.84 (m, 2H), 1.63 

(s, 1H), 1.57 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 165.68, 162.63 (d, J =249 Hz), 

153.15, 137.39, 131.93 (d, J =8 Hz), 131.82 (d, J =4 Hz), 130.49 (d, J =1 Hz), 115.56 

(d, J =22 Hz), 83.10, 45.95, 28.11, 26.29, 22.57. 

 

(E)-2-benzylidenecyclohexan-1-one (1q)6 

Yellow solid. 1H NMR (400 MHz, CDCl3) δ 7.50 (t, J = 2.1 Hz, 1H), 7.43 – 7.35 (m, 

4H), 7.34 – 7.30 (m, 1H), 2.86 – 2.82 (m, 2H), 2.54 (t, J = 6.7 Hz, 2H), 1.96 – 1.90 (m, 

2H), 1.81 – 1.69 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 201.88, 136.66, 135.61, 

135.59, 130.30, 128.53, 128.33, 40.34, 28.94, 23.87, 23.38. 

 

(E)-3-benzylidenedihydrofuran-2(3H)-one (1r)6 

Yellow solid. 1H NMR (400 MHz, CDCl3) δ 7.58 (t, J = 2.9 Hz, 1H), 7.52 – 7.41 (m, 

5H), 4.47 (t, J = 7.3 Hz, 2H), 3.28 – 3.24 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 

172.53, 136.67, 134.64, 130.00, 129.86, 128.94, 123.53, 65.45, 27.43. 
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General Procedure for Asymmetric Hydrogenation of exocyclic α,β-Unsaturated 

Carbonyl Compounds  

 

    In a nitrogen-filled glovebox, the Rh(NBD)2BF4 (0.02 mmol) and ZhaoPhos 

(0.022 mmol) were dissolved in 1.0 mL anhydrous DCE, and the solution was stirred 

for 30 min at rt. Then the solution was equally divided into 10 vials charged with 

substrates (0.1 mmol) in anhydrous DCE solution (1.0 mL). The resulting vials were 

transferred to an autoclave, which was charged with 50 atm H2, and the reaction was 

stirred at 35°C for 24h. When the reaction was completed, the H2 was released slowly 

and the solution was passed through a short column of silica gel with EA. The solution 

was concentrated under reduced pressure to get the target compound. The chiral 

compounds were the analyzed by using HPLC on a chiral stationary phase to determine 

the ee. 

 

 

(R)-3-benzyltetrahydro-2H-pyran-2-one (2a)1 

White solid; Isolated yield: 98%, 18.6 mg; 97% ee; [α]D
25 = + 61.1 (c =1, MeOH); The 

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

isopropanol = 97:3, flow rate = 1.0 mL/min; UV detection at 210 nm; tR = 20.0 min 

(major), 21.3 min (minor). 1H NMR (400 MHz, CDCl3) δ 7.32 – 7.29 (m, 2H), 7.26 – 

7.18 (m, 3H), 4.31 – 4.24 (m, 2H), 3.51 – 3.21 (m, 1H), 2.83 – 2.58 (m, 2H), 1.96 – 

1.85 (m, 2H), 1.81 (dd, J = 12.3, 6.1 Hz, 1H), 1.58 – 1.46 (m, 1H). 13C NMR (101 MHz, 

CDCl3) δ 174.15, 138.93, 129.19, 128.54, 126.52, 68.57, 41.52, 37.18, 24.04, 21.91. 
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(R)-3-(4-methylbenzyl)tetrahydro-2H-pyran-2-one (2b) 

White solid; Isolated yield: 98%, 19.9 mg; 99% ee; [α]D
25 = + 76.5 (c = 1, CH3Cl); The 

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

isopropanol = 97:3, flow rate = 0.5 mL/min; UV detection at 210 nm; tR = 45.4 min 

(major), 50.1 min (minor).1H NMR (400 MHz, CDCl3) δ 7.16 – 7.05 (m, 4H), 4.53 – 

4.02 (m, 2H), 3.45 – 3.12 (m, 1H), 2.79 – 2.55 (m, 2H), 2.33 (s, 3H), 1.97 – 1.85 (m, 

2H), 1.83 – 1.74 (m, 1H), 1.58 – 1.44 (m, 1H). 13C NMR (101 MHz, CDCl3) δ 174.23, 

136.03, 135.76, 129.19, 129.04, 68.56, 41.55, 36.72, 23.98, 21.88, 21.03. HRMS (ESI): 

[M+Na+] Calc. 227.1043, found 227.1038. 

 

(R)-3-(4-(tert-butyl)benzyl)tetrahydro-2H-pyran-2-one (2c) 

White solid. Isolated yield: 97%, 23.9 mg; 99% ee; [α]D
25 = + 76.5 (c = 1, CH3Cl); The 

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

isopropanol = 97:3, flow rate = 1.0 mL/min; UV detection at 210 nm; tR = 16.8 min 

(major), 24.7 min (minor). 1H NMR (400 MHz, CDCl3) δ 7.32 (d, J = 8.3 Hz, 1H), 7.13 

(d, J = 8.2 Hz, 1H), 4.39 – 4.15 (m, 1H), 3.35 (dd, J = 12.9, 3.1 Hz, 1H), 2.74 – 2.61 

(m, 1H), 1.95 – 1.85 (m, 1H), 1.85 – 1.77 (m, 1H), 1.56 – 1.52 (m, 1H), 1.31 (s, 4H). 

13C NMR (101 MHz, CDCl3) δ 174.31, 149.34, 135.82, 128.84, 125.41, 68.55, 41.52, 

36.64, 34.43, 31.39, 24.07, 21.89. HRMS (ESI): [M+Na+] Calc. 269.1512, found 

269.1512. 

 

(R)-3-(4-methoxybenzyl)tetrahydro-2H-pyran-2-one (2d)2 

White solid; Isolated yield: 96%, 21.1 mg; 98% ee; [α]D
25 = + 71.6 (c = 1, CH3Cl); The 
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enantiomeric excess was determined by HPLC on Chiralpak AD-H column, hexane: 

isopropanol = 97:3, flow rate = 1.0 mL/min; UV detection at 210 nm; tR = 31.0 min 

(major), 33.7 min (minor).  1H NMR (400 MHz, CDCl3) δ 7.12 (d, J = 8.6 Hz, 1H), 

6.84 (d, J = 8.7 Hz, 1H), 4.47 – 4.08 (m, 1H), 3.79 (s, 2H), 3.28 (d, J = 9.7 Hz, 1H), 

2.85 – 2.59 (m, 1H), 1.96 – 1.85 (m, 1H), 1.84 – 1.80 (m, 1H), 1.57 – 1.46 (m, 1H). 13C 

NMR (101 MHz, CDCl3) δ 174.21, 158.24, 130.86, 130.18, 113.89, 68.62, 55.28, 41.70, 

36.30, 24.00, 21.93. 

 

(R)-3-(4-fluorobenzyl)tetrahydro-2H-pyran-2-one (2e)3 

White solid; Isolated yield: 93%, 19.4 mg; 97% ee; [α]D
25 = - 12.6 (c = 1, CH3Cl); The 

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

isopropanol = 97:3, flow rate = 1.0 mL/min; UV detection at 210 nm; tR = 22.1 min 

(major), 24.4 min (minor). 1H NMR (400 MHz, CDCl3) δ 7.20 – 7.12 (m, 1H), 7.01 – 

6.96 (m, 1H), 4.31 – 4.24 (m, 1H), 3.39 – 3.14 (m, 1H), 2.88 – 2.50 (m, 1H), 1.96 – 

1.86 (m, 1H), 1.86 – 1.78 (m, 1H), 1.59 – 1.43 (m, 1H). 13C NMR (101 MHz, CDCl3) 

δ 173.95, 161.64 (d, J = 243 Hz), 134.53 (d, J = 3 Hz), 130.64 (d, J = 8 Hz), 115.32 (d, 

J = 21 Hz), 68.58, 41.56, 36.32, 24.02, 21.92. 

 

(R)-3-(4-chlorobenzyl)tetrahydro-2H-pyran-2-one (2f)4 

White solid; Isolated yield: 95%, 21.3 mg; 98% ee; [α]25
D = + 45.3 (c = 1, CH3Cl); The 

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

isopropanol = 97:3, flow rate = 1.0 mL/min; UV detection at 210 nm; tR = 23.3 min 

(major), 26.7 min (minor).1H NMR (400 MHz, CDCl3) δ 7.28 (t, J = 2.3 Hz, 1H), 7.25 

(d, J = 2.5 Hz, 1H), 7.18 – 7.12 (m, 2H), 4.34 – 4.24 (m, 2H), 3.41 – 3.19 (m, 1H), 2.71 

(m, 2H), 1.97 – 1.86 (m, 2H), 1.94 – 1.79 (m, 1H), 1.55 – 1.48 (m, 1H). 13C NMR (101 

MHz, CDCl3) δ 173.81, 137.36, 132.31, 130.57, 128.62, 68.56, 41.39, 36.46, 24.04, 
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21.91. 

 

(R)-3-(4-(trifluoromethyl)benzyl)tetrahydro-2H-pyran-2-one (2g) 

White solid; Isolated yield: 94%, 24.5 mg; 97% ee; [α]D
25 = + 31.1 (c = 1, CH3Cl); The 

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

isopropanol = 95:5, flow rate = 0.5 mL/min; UV detection at 210 nm; tR = 26.0 min 

(major), 28.6 min (minor). 1H NMR (400 MHz, CDCl3) δ 7.56 (d, J = 8.0 Hz, 2H), 7.34 

(d, J = 8.0 Hz, 2H), 4.46 – 4.16 (m, 2H), 3.41 – 3.37 (m, 1H), 2.94 – 2.63 (m, 2H), 2.00 

– 1.88 (m, 2H), 1.87 – 1.78 (m, 1H), 1.62 – 1.46 (m, 1H). 13C NMR (101 MHz, CDCl3) 

δ 173.69, 143.14 (d, J = 1 Hz), 129.56, 128.88 (q, J = 33 Hz), 125.45 (q, J = 4 Hz), 

124.22 (q, J = 270 Hz), 68.54, 41.26, 36.93, 24.14, 21.91. HRMS (ESI): [M+Na+] Calc. 

281.0760, found 281.0756. 

 

methyl (R)-4-((2-oxotetrahydro-2H-pyran-3-yl)methyl)benzoate (2h)5 

White solid; Isolated yield: 94%, 23.3 mg; 90% ee; [α]D
25 = + 11.4 (c = 1, CH3Cl); The 

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

isopropanol = 90:10, flow rate = 1.0 mL/min; UV detection at 210 nm; tR = 23.1 min 

(minor), 28.3 min (major). 1H NMR (400 MHz, CDCl3) δ 7.97 (d, J = 8.3 Hz, 2H), 7.28 

(d, J = 8.2 Hz, 2H), 4.35 – 3.91 (m, 2H), 3.91 (s, 3H), 3.40 (dd, J = 12.8, 3.5 Hz, 1H), 

2.84 – 2.71 (m, 2H), 1.94 – 1.86 (m, 2H), 1.86 – 1.77 (m, 1H), 1.58 – 1.48 (m, 1H). 13C 

NMR (101 MHz, CDCl3) δ 173.67, 166.98, 144.46, 129.87, 129.26, 128.59, 68.55, 

52.11, 41.27, 37.19, 24.19, 21.96. 

 

(R)-3-(2-methylbenzyl)tetrahydro-2H-pyran-2-one (2i) 
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White solid; Isolated yield: 98%, 20.0 mg; 97% ee; [α]D
25 = + 8.1 (c = 1, CH3Cl); The 

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

isopropanol = 95:5, flow rate = 1.0 mL/min; UV detection at 210 nm; tR = 29.6 min 

(major), 32.6 min (minor). 1H NMR (400 MHz, CDCl3) δ 7.17 – 7.13 (m, 4H), 4.31 (t, 

J = 5.9 Hz, 2H), 3.66 – 3.31 (m, 1H), 2.69 – 2.60 (m, 2H), 2.34 (s, 3H), 1.95 – 1.87 (m, 

2H), 1.86 – 1.75 (m, 1H), 1.61 – 1.49 (m, 1H). 13C NMR (101 MHz, CDCl3) δ 174.25, 

137.21, 136.34, 130.56, 129.90, 126.64, 125.95, 68.47, 40.31, 34.37, 24.17, 21.89, 

19.53. HRMS (ESI): [M+Na+] Calc. 227.1043, found 227.1042. 

 

(R)-3-(2-fluorobenzyl)tetrahydro-2H-pyran-2-one (2j) 

White solid; Isolated yield: 95%, 19.7 mg; 99% ee; [α]D
25 = - 4.4 (c =1, CH3Cl); The 

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

isopropanol = 95:5, flow rate = 1.0 mL/min; UV detection at 210 nm; tR = 28.2 min 

(minor), 32.6 min (major). 1H NMR (400 MHz, CDCl3) δ 7.27 – 7.17 (m, 2H), 7.08 – 

7.01 (m, 2H), 4.43 – 4.17 (m, 2H), 3.37 (q, J = 9.0 Hz, 1H), 2.88 – 2.66 (m, 2H), 1.91 

(m, 2H), 1.87 – 1.78 (m, 1H), 1.55 (m, 1H). 13C NMR (101 MHz, CDCl3) δ 174.06, 

161.30 (d, J = 243 Hz), 131.67 (d, J = 5 Hz), 128.35 (d, J = 8 Hz), 125.83 (d, J = 15 

Hz), 124.17 (d, J = 4 Hz), 115.31 (d, J = 22 Hz), 68.41, 40.28 (d, J = 1 Hz), 30.37 (d, J 

= 2 Hz), 23.92, 21.81. HRMS (ESI): [M+Na+] Calc. 231.0792, found 231.0789. 

 

(R)-3-(3-methylbenzyl)tetrahydro-2H-pyran-2-one (2k) 

White solid; Isolated yield: 98%, 19.9 mg; 99% ee; [α]D
25 = + 91.8 (c = 1, CH3Cl); The 

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

isopropanol = 95:5, flow rate = 1.0 mL/min; UV detection at 210 nm; tR = 30.7 min 

(minor), 38.7 min (major). 1H NMR (400 MHz, CDCl3) δ 7.19 (t, J = 7.5 Hz, 1H), 7.07 

– 6.96 (m, 3H), 4.35 – 4.22 (m, 2H), 3.36 – 3.33 (m, 1H), 2.76 – 2.64 (m, 2H), 2.33 (s, 
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3H), 1.92 – 1.87 (m, 2H), 1.83 – 1.73 (m, 1H), 1.51 (dd, J = 16.0, 6.5 Hz, 1H). 13C 

NMR (101 MHz, CDCl3) δ 174.27, 138.84, 138.13, 129.91, 128.39, 127.22, 126.15, 

68.55, 41.48, 37.07, 24.02, 21.86, 21.41. HRMS (ESI): [M+Na+] Calc. 227.1043, found 

227.1041. 

 

(R)-3-(3-methoxybenzyl)tetrahydro-2H-pyran-2-one (2l) 

White solid; Isolated yield: 96%, 21.2 mg; 98% ee; [α]D
25 = + 65.7 (c = 1, CH3Cl); The 

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

isopropanol = 90:10, flow rate = 1.0 mL/min; UV detection at 210 nm; tR = 43.8 min 

(minor), 47.7 min (major).1H NMR (400 MHz, CDCl3) δ 7.22 (t, J = 7.8 Hz, 1H), 6.88 

– 6.59 (m, 3H), 4.49 – 4.08 (m, 2H), 3.80 (s, 3H), 3.49 – 3.25 (m, 1H), 2.74 – 2.65 (m, 

2H), 1.96 – 1.86 (m, 2H), 1.83 (dd, J = 11.4, 5.1 Hz, 1H), 1.60 – 1.44 (m, 1H). 13C NMR 

(101 MHz, CDCl3) δ 174.13, 159.66, 140.51, 129.49, 121.50, 114.88, 111.67, 68.57, 

55.17, 41.41, 37.19, 24.02, 21.87. HRMS (ESI): [M+Na+] Calc. 243.0992, found 

243.0987.  

 

(R)-3-(3-fluorobenzyl)tetrahydro-2H-pyran-2-one (2m) 

White solid; Isolated yield: 98%, 20.4 mg; 99% ee; [α]D
25 = + 61.4 (c = 1, CH3Cl); The 

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

isopropanol = 95:5, flow rate = 1.0 mL/min; UV detection at 210 nm; tR = 40.0 min 

(major), 49.0 min (minor).1H NMR (400 MHz, CDCl3) δ 7.27 – 7.20 (m, 1H), 7.03 – 

6.83 (m, 3H), 4.32 – 4.25 (m, 3H), 3.35 (q, J = 8.5 Hz, 1H), 2.87 – 2.48 (m, 3H), 1.99 

– 1.76 (m, 4H), 1.60 – 1.44 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 173.76, 162.87 (d, 

J = 245 Hz), 141.49 (d, J = 9 Hz), 129.98 (d, J = 8 Hz), 127.85 (d, J = 3 Hz), 116.02 (d, 

J = 21 Hz), 113.44 (d, J = 21 Hz), 68.52, 41.29, 36.88, 36.87, 24.10, 21.92. HRMS 

(ESI): [M+Na+] Calc. 231.0792, found 231.0788. 
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(R)-3-(naphthalen-2-ylmethyl)tetrahydro-2H-pyran-2-one (2n) 

White solid; Isolated yield: 98%, 23.5 mg; 99% ee; [α]D
25 = + 29.2 (c = 1, CH3Cl); The 

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

isopropanol = 90:10, flow rate = 1.0 mL/min; UV detection at 210 nm; tR = 58.5 min 

(major), 65.3 min (minor).1H NMR (400 MHz, CDCl3) δ 7.83 – 7.78 (m, 3H), 7.64 (s, 

1H), 7.55 – 7.39 (m, 2H), 7.34 (dd, J = 8.4, 1.7 Hz, 1H), 4.42 – 4.18 (m, 2H), 3.55 – 

3.51 (dd, J = 13.2, 3.6 Hz, 1H), 2.99 – 2.74 (m, 2H), 1.96 – 1.83 (m, 2H), 1.83 – 1.73 

(m, 1H), 1.62 – 1.52 (m, 1H). 13C NMR (101 MHz, CDCl3) δ 174.11, 136.42, 133.47, 

132.24, 128.23, 127.73, 127.66, 127.51, 127.40, 126.16, 125.57, 68.63, 41.48, 37.35, 

24.11, 21.93. HRMS (ESI): [M+Na+] Calc. 263.1043, found 263.1040. 

 

tert-butyl (R)-3-benzyl-2-oxopiperidine-1-carboxylate (2o)6 

White solid; Isolated yield: 74%, 21.4 mg; 95% ee; [α]D
25 = + 33.7 (c = 1, CH3Cl); The 

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

isopropanol = 97:3, flow rate = 1.0 mL/min; UV detection at 210 nm; tR = 12.5 min 

(major), 13.7 min (minor).1H NMR (400 MHz, CDCl3) δ 7.30 (d, J = 7.1 Hz, 1H), 7.23 

– 7.18 (m, 3H), 3.77 – 3.65 (m, 1H), 3.61 – 3.54 (m, 1H), 3.42 (d, J = 9.8 Hz, 1H), 2.71 

– 2.56 (m, 2H), 1.87 – 1.79 (m, 2H), 1.77 – 1.70 (m, 1H), 1.54 (s, 3H), 1.47 – 1.39 (m, 

1H). 13C NMR (101 MHz, CDCl3) δ 173.78, 152.97, 139.62, 129.26, 128.42, 126.28, 

82.91, 45.77, 45.60, 37.08, 28.06, 25.27, 21.55. 

 

(R)-1-((l1-methyl)(l1-oxidanyl)boranyl)-3-(4-fluorobenzyl)piperidin-2-one (2p)6 

White solid; Isolated yield: 73%, 22.5 mg; 91% ee; [α]D
25 = + 48.2 (c = 1, CH3Cl); The 

enantiomeric excess was determined by HPLC on Chiralpak AD-H column, hexane: 
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isopropanol = 95:5, flow rate = 1.0 mL/min; UV detection at 210 nm; tR = 9.5 min 

(major), 11.3 min (minor).1H NMR (400 MHz, CDCl3) δ 7.16 – 7.13 (m, 2H), 6.97 (t, 

J = 8.7 Hz, 2H), 3.74 – 3.67 (m, 1H), 3.69 – 3.57 (m, 1H), 3.36 – 3.33 (m, 1H), 2.65 – 

2.59 (m, 2H), 1.85 – 1.79 (m, 2H), 1.77 – 1.72 (m, 1H), 1.71 – 1.62 (m, 1H), 1.54 (s, 

9H). 13C NMR (101 MHz, CDCl3) δ 173.56, 161.55 (d, J = 243 Hz), 152.91, 135.21 (d, 

J = 3 Hz), 130.69 (d, J = 8 Hz), 115.21 (d, J = 21 Hz), 82.97, 45.78, 45.65, 36.27, 28.07, 

25.33, 21.60. 

 

(R)-2-benzylcyclohexan-1-one (2q)6 

Yellow solid; Isolated yield: 98%, 18.4 mg; 91% ee; [α]D
25 = + 31.2 (c = 1, CH3Cl); 

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

isopropanol = 99:1, flow rate = 1.0 mL/min; UV detection at 210 nm; tR = 12.9 min 

(minor), 14.3 min (major).1H NMR (400 MHz, CDCl3) δ 7.29 – 7.25 (m, 2H), 7.21 – 

7.11 (m, 3H), 3.26 – 3.21 (m, 1H), 2.57-2.54 (m, 1H), 2.48 – 2.39 (m, 2H), 2.39 – 2.28 

(m, 1H), 2.11 – 1.99 (m, 2H), 1.86 – 1.79 (m, 1H), 1.72 – 1.58 (m, 2H), 1.39 – 1.30 (m, 

1H). 13C NMR (101 MHz, CDCl3) δ 212.66, 140.40, 129.17, 128.32, 125.99, 52.51, 

42.21, 35.49, 33.43, 28.09, 25.10. 

 

(R)-3-benzyldihydrofuran-2(3H)-one (2r)6 

White solid; Isolated yield: 93%, 16.4 mg; 79% ee; [α]D
25 = + 23.5 (c = 1, CH3Cl); The 

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

isopropanol = 95:5, flow rate = 0.5 mL/min; UV detection at 210 nm; tR = 22.8 min 

(major), 25.4 min (minor).1H NMR (400 MHz, CDCl3) δ 7.31 (t, J = 7.2 Hz, 2H), 7.27 

– 7.18 (m, 3H), 4.24 – 4.11 (m, 2H), 3.27 – 3.23 (m, 1H), 2.98 – 2.58 (m, 2H), 2.32 – 

2.16 (m, 1H), 2.08 – 1.92 (m, 1H). 13C NMR (101 MHz, CDCl3) δ 178.77, 138.42, 

128.88, 128.71, 126.76, 66.58, 41.12, 36.12, 28.05. 
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Procedure for the chiral piperdine 47 

   
 

In a nitrogen-filled glovebox, the Rh(NBD)2BF4 (2 mol%) and ZhaoPhos (2.2 

mol%) were dissolved in anhydrous DCE (1 M), and the solution was stirred for 1h at 

rt. Then the benzylidenelactam 1p (1.5g) was added. The resulting vial was transferred 

to an autoclave, which was charged with 70 atm H2, and the reaction was stirred at 35°C 

for 48h. When the reaction was completed, the H2 was released slowly and the solution 

was passed through a short column of silica gel with EA. The solution was concentrated 

under reduced pressure to get benzyllactam 2p in 71% yield. Benzyllactam 2p (1.68 g) 

was dissolved in a mixture of CH2Cl2 (5 ml) and TFA (5 ml). The mixture was stirred 

at room temperature for 1 h and the evaporated in vacuo. The resulting residue was used 

for reduction. A dry round bottomed flask was charged with the residue followed by 

THF (2 M). The reaction flask was purged with N2 for three times, then cooled to 0 °C. 

30 minutes later, LiAlH4 (1.0 M in THF, 2 eq) was added dropwise. The mixture was 

reflux for 12 h and quenched with water. The overall yield of piperidine 4 was 68.4 %. 

 

(R)-3-(4-fluorobenzyl)piperidine (4) 

colourless liquid. 1H NMR (400 MHz, CDCl3) δ 7.08 (dd, J = 8.4, 5.5 Hz, 2H), 6.95 (t, 

J = 8.7 Hz, 2H), 3.05 (t, J = 12.9 Hz, 2H), 2.58 (t, J = 12.0 Hz, 1H), 2.50 – 2.44 (m, 

2H), 2.33 (t, J = 11.2 Hz, 2H), 1.74 (m, 3H), 1.52 (d, J = 12.9 Hz, 1H), 1.08 (m, 1H). 

13C NMR (101 MHz, CDCl3) δ 161.42 (d, J = 242 Hz), 135.28 (d, J = 3 Hz), 130.33 

(d, J = 8 Hz), 115.09 (d, J = 21 Hz), 51.37, 46.02, 40.02, 37.94, 30.56, 25.20.  
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1H,13C NMR spectra of substrates and products 



18 

 

 

  



19 

 

 

  



20 

 

 

 

  



21 

 

 

  



22 

 

 

  



23 

 

 

  



24 

 

  



25 

 

 

 

 

  



26 

 

 

  



27 

 

 

  



28 

 

 

  



29 

 

 

  



30 

 

 

 



31 

 

 

  



32 

 

 

  



33 

 

 

 

 



34 

 

 

  

  



35 

 

 

 

 

 

 



36 

 

   

  



37 

 

 

  



38 

 

 

 

  



39 

 

 

  



40 

 

 

  



41 

 

 

  



42 

 

 

  



43 

 

 

  



44 

 

  



45 

 

 

   

  



46 

 

 

  



47 

 

 

  



48 

 

 

  



49 

 

  

  



50 

 

 

  



51 

 

  



52 

 

 

  



53 

 

 

  



54 

 

HPLC of substrates and products 
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