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1. General method 

1H NMR spectra were recorded on commercial instruments (400 MHz). Chemical shifts were 

reported in ppm from tetramethylsilane with the solvent resonance as the internal standard (CDCl3, 

δ = 7.26). Spectra were reported as follows: chemical shift (δ ppm), multiplicity (s = singlet, d = 

doublet, t = triplet, q = quartet, m = multiplet), coupling constants (Hz), integration and 

assignment. 13C NMR spectra were collected on commercial instruments (100 MHz) with 

complete proton decoupling. Chemical shifts are reported in ppm from the tetramethylsilane with 

the solvent resonance as internal standard (CDCl3, δ = 77.0). HRMS was recorded on a 

commercial apparatus (ESI Source). Enantiomeric excesses (ee) were determined by HPLC 

analysis using the corresponding commercial chiralpak column as stated in the experimental 

procedures at 25 °C. Optical rotations were reported as follows: [a] T
D (c g/100 mL, in solvent). 

Reactions were carried out with commercial available reagent in over dried apparatus. All the 

solvents were purified by usual methods before use. Chiral N,N′-dioxide ligands1, 

2,3-dioxopyrrolidines2 and 2-alkenoyl pyridines3 were prepared using literature method. 

2. General procedure of the catalytic reactions  

L-RaPr2 (7.0 mg, 0.01 mmol), 1 or 4 (0.10 mmol) and Ni(OTf)2 (3.6 mg, 0.01 mmol) were 

added to an over-dried reaction tube under nitrogen atmosphere. Then 1.0 mL anhydrous 

Cl2CHCH2Cl was added and the solution was stirred at 30 °C for 40 min. Subsequently, 

cyclopentadiene 2 (100μL) was added under 30 °C, and the reaction mixture continued stirring for 

0.5-24 h. Need to be clearly explained, the diastereomer of the product was same point on TLC 

plate, but suffer somewhat separation after the chromatography on silica gel. For example, the dr 

value of 3a varied from 93:7 to 97:3. To avoid the variation, all dr values were determined using 

the flash filtration as the isolated procedure. To get the exact yield, the product was further 

purified by a flash chromatography on silica gel (petroleum ether/ethyl acetate = 3:1-10:1). The 

enantiomeric excesses (ee) was determined by high-performance liquid chromatography (HPLC). 

Optical rotations, copies of CD spectra and copies of 1H NMR and 13C NMR spectra of products 

were determined using the flash chromatography on silica gel as the isolated procedure. 
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3. Product characterization data 

(1R,2R,3S,4S)-1'-benzyl-3-phenylspiro[bicyclo[2.2.1]heptane-2,3'-pyrrolidin]-5-ene-4',5'-dione 3a 

Yield: 30.8 mg (90%), white amorphous solid, 93:7 dr, 97% ee; [α]17.3
D = 

-84.8 (c = 0.59, CH2Cl2); HPLC (Daicel chiralcel ID, n-hexane/i-PrOH 80/20, 

1.0 mL/min, 254 nm) tR(major) = 26.62 min, tR(minor) = 23.08 min; 1H NMR (400 

MHz, CDCl3) δ 7.28 – 7.25 (m, 3H), 7.21 – 7.12 (m, 3H), 7.07 (dd, J = 6.0, 

2.4 Hz, 1H), 6.89 (dd, J = 6.0, 2.4 Hz, 1H), 6.70 (dd, J = 5.6, 3.2 Hz, 1H), 6.17 (dd, J = 5.6, 3.2 

Hz, 1H), 4.70 (d, J = 14.4 Hz, 1H), 4.15 (d, J = 14.4 Hz, 1H), 3.90 (d, J = 2.8 Hz, 1H), 3.27 (s, 

1H), 3.01 (s, 1H), 2.97 (d, J = 11.2 Hz, 1H) 2.79 (d, J = 11.2 Hz, 1H), 2.31 (d, J = 9.2 Hz, 1H), 

1.57 (d, J = 9.2 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ = 203.5, 159.8, 140.7, 138.8, 135.7, 

134.4, 128.9, 128.5, 128.3, 128.1, 127.2, 58.8, 55.7, 51.9, 48.9, 48.4, 48.3, 47.8. ESI-HRMS calcd 

for [C23H21NO2+ Na+]: 366.1470, found 366.1470. 
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(1R,2R,3S,4S)-1'-benzyl-3-(3-fluorophenyl)spiro[bicyclo[2.2.1]heptane-2,3'-pyrrolidin]-5-ene-4',5

'-dione 3b 

Yield: 32.9 mg (91%), white powder, 93:7 dr, 96% ee; [α]20.6
D = -68.1 (c = 

0.66, CH2Cl2); HPLC (Daicel chiralcel IC, n-hexane/i-PrOH 70/30, 1.0 

mL/min, 254 nm) tR(major) = 54.68 min, tR(minor) = 27.48 min; 1H NMR (400 

MHz, CDCl3) δ 7.30 – 7.27 (m, 3H), 7.15 – 7.06 (m, 3H), 6.88 – 6.81 (m, 

1H), 6.67 (dd, J = 5.6, 3.2 Hz, 1H), 6.63 (d, J = 8.0 Hz, 2H), 6.21 (dd, J = 5.6, 3.2 Hz, 1H), 4.64 

(d, J = 14.4 Hz, 1H), 4.30 (d, J = 14.4 Hz, 1H), 3.89 (d, J = 2.8 Hz, 1H), 3.25 (s, 1H), 3.08 – 2.94 

(m, 2H), 2.78 (d, J = 11.6 Hz, 1H), 2.28 (d, J = 9.2 Hz, 1H), 1.57 (d, J = 8.8 Hz, 1H). 13C NMR 

(100 MHz, CDCl3) δ = 203.0, 162.6 (d, J = 245 Hz), 159.5, 141.5 (d, J = 6.9 Hz), 140.5, 136.1, 

134.3, 130.0 (d, J = 8.4 Hz), 128.9, 128.3, 128.2, 124.6 (d, J = 2.8 Hz), 115.1 (d, J = 21.6 Hz), 

114.1 (d, J = 20.8 Hz), 58.1, 55.6, 52.1, 48.8, 48.4, 48.3, 47.8. ESI-HRMS calcd for 

[C23H20FNO2+Na+]: 384.1376, found 384,1371. 
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(1R,2R,3S,4S)-1'-benzyl-3-(4-fluorophenyl)spiro[bicyclo[2.2.1]heptane-2,3'-pyrrolidin]-5-ene-4',5

'-dione 3c 

Yield: 31.3 mg (87%), white powder, 92:8 dr, 95% ee; [α]25.0
D = -67.6 (c = 

0.63, CH2Cl2); HPLC (Daicel chiralcel IC, n-hexane/i-PrOH 70/30, 1.0 

mL/min, 254 nm) tR(major) = 41.47 min, tR(minor) = 29.61 min; 1H NMR (400 

MHz, CDCl3) δ 7.32 – 7.27 (m, 3H), 7.10 – 7.01 (m, 2H), 6.90 – 6.76 (m, 

4H), 6.67 (dd, J = 5.6, 2.8 Hz, 1H), 6.22 (dd, J = 5.6, 3.2 Hz, 1H), 4.54 (d, J = 14.4 Hz, 1H), 4.35 

(d, J = 14.4 Hz, 1H), 3.85 (d, J = 2.7 Hz, 1H), 3.23 (s, 1H), 3.08 – 2.94 (m, 2H), 2.76 (d, J = 11.6 

Hz, 1H), 2.31 (d, J = 9.2 Hz, 1H), 1.57 (d, J = 9.2 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ = 

203.5, 161.7 (d, J = 245 Hz), 159.6, 140.4, 136.1, 134.4 (d, J = 3.3 Hz),134.3, 130.0 (d, J = 

7.8 Hz), 128.9, 128.4, 128.2, 115.3 (d, J = 21.1 Hz), 58.2, 55.4, 52.0, 48.7, 48.5, 48.3, 47.9. 

ESI-HRMS calcd for [C23H20FNO2+Na+]: 384.1376, found 384.1375. 
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(1R,2R,3S,4S)-1'-benzyl-3-(3-chlorophenyl)spiro[bicyclo[2.2.1]heptane-2,3'-pyrrolidin]-5-ene-4',

5'-dione 3d 

Yield: 34.3 mg (91%), white solid, 93:7 dr, 97% ee; [α]19.0
D = -80.6 (c = 

0.75, CH2Cl2); HPLC (Daicel chiralcel IC, n-hexane/i-PrOH 70/30, 1.0 

mL/min, 254 nm) tR(major) = 40.37 min, tR(minor) = 25.67 min; 1H NMR (400 

MHz, CDCl3) δ 7.30 – 7.27 (m, 3H), 7.14 – 7.02 (m, 4H), 6.91 (t, J = 1.6 Hz, 

1H), 6.72 (d, J = 7.6 Hz, 1H), 6.68 (dd, J = 6.0, 3.2 Hz, 1H), 6.21 (dd, J = 6.0, 3.2 Hz, 1H), 4.63 

(d, J = 14.4 Hz, 1H), 4.32 (d, J = 14.4 Hz, 1H), 3.86 (d, J = 2.8 Hz, 1H), 3.25 (s, 1H), 3.02 – 2.98 

(m, 2H), 2.78 (d, J = 11.6 Hz, 1H), 2.28 (d, J = 8.8 Hz, 1H), 1.57 (d, J = 9.2 Hz, 1H). 13C NMR 

(100 MHz, CDCl3) δ = 203.0, 159.5, 141.0, 140.4, 136.2, 134.4, 134.3, 129.8, 128.9, 128.4, 128.3, 

128.2, 127.4, 126.9, 58.1, 55.6, 52.1, 48.8, 48.4, 48.3, 47.8. ESI-HRMS: calcd for 

[C23H20
34.9689ClNO2+Na+] 400.1080, found 400.1079; ESI-HRMS: calcd for 

[C23H20
36.9659ClNO2+Na+] 402.1051, found 402.1069. 
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(1R,2R,3S,4S)-1'-benzyl-3-(4-chlorophenyl)spiro[bicyclo[2.2.1]heptane-2,3'-pyrrolidin]-5-ene-4',

5'-dione 3e 

Yield: 32.3 mg (86%), white powder, 93:7 dr, 95% ee; [α]23.0
D = -76.0 (c = 

0.65, CH2Cl2); HPLC (Daicel chiralcel IC, n-hexane/i-PrOH 70/30, 1.0 

mL/min, 254 nm) tR(major) = 41.95 min, tR(minor) = 29.89 min; 1H NMR (400 

MHz, CDCl3) δ 7.31 – 7.27 (m, 3H), 7.18 – 7.01 (m, 2H), 7.00 – 6.72 (m, 

4H), 6.67 (dd, J = 5.6, 2.8 Hz, 1H), 6.22 (dd, J = 5.6, 2.8 Hz, 1H), 4.54 (d, J = 14.4 Hz, 1H), 4.35 

(d, J = 14.4 Hz, 1H), 3.85 (d, J = 2.8 Hz, 1H), 3.24 (s, 1H), 3.11 – 2.94 (m, 2H), 2.76 (d, J = 11.6 

Hz, 1H), 2.31 (d, J = 8.8 Hz, 1H), 1.57 (d, J = 9.2 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ = 

203.5, 162.9, 160.5, 159.6, 140.4, 136.1, 134.5, 134.4, 134.3, 130.1, 129.9, 128.9, 128.4, 128.2, 

115.5, 115.3, 58.2, 55.4, 52.0, 48.7, 48.5, 48.3, 47.9. ESI-HRMS: calcd for 

[C23H20
34.9689ClNO2+Na+] 400.1080, found 400.1092; ESI-HRMS: calcd for 

[C23H20
36.9659ClNO2+Na+] 402.1051, found 402.1088. 
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(1R,2R,3S,4S)-1'-benzyl-3-(3-bromophenyl)spiro[bicyclo[2.2.1]heptane-2,3'-pyrrolidin]-5-ene-4',

5'-dione 3f 

Yield: 38.9 mg (92%), white amorphous solid, 94:6 dr, 97% ee; [α]18.1
D = 

-87.5 (c = 0.81, CH2Cl2); HPLC (Daicel chiralcel IC, n-hexane/i-PrOH 

70/30, 1.0 mL/min, 254 nm) tR(major) = 39.06 min, tR(minor) = 26.66 min; 1H 

NMR (400 MHz, CDCl3) δ 7.31 – 7.27 (m, 3H), 7.10 – 7.08 (m, 3H), 6.98 (t, 

J = 8.0 Hz, 1H), 6.76 (d, J = 7.6 Hz, 1H), 6.67 (dd, J = 5.6, 2.8 Hz, 1H), 6.22 (dd, J = 5.6, 2.8 Hz, 

1H), 4.64 (d, J = 14.4 Hz, 1H), 4.32 (d, J = 14.4 Hz, 1H), 3.85 (d, J = 2.8 Hz, 1H), 3.25 (s, 1H), 

3.02 – 2.98 (m, 2H), 2.78 (d, J = 11.2 Hz, 1H), 2.28 (d, J = 8.8 Hz, 1H), 1.57 (d, J = 9.2 Hz, 1H). 

13C NMR (100 MHz, CDCl3) δ = 203.0, 159.5, 141.3, 140.3, 136.2, 134.3, 131.3, 130.3, 130.0, 

128.9, 128.3, 128.2, 127.4, 122.7, 58.1, 55.6, 52.1, 48.8, 48.4, 48.3, 47.8. ESI-HRMS: calcd for 

[C23H20
78.9183BrNO2+Na+] 444.0575, found 444.0573; ESI-HRMS: calcd for 

[C23H20
80.9163BrNO2+Na+] 446.0555, found 446.0546. 
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(1R,2R,3S,4S)-1'-benzyl-3-(4-bromophenyl)spiro[bicyclo[2.2.1]heptane-2,3'-pyrrolidin]-5-ene-4',

5'-dione 3g 

Yield: 40.8 mg (97%), white amorphous solid, 93:7 dr, 96% ee; [α]22.8
D = 

-80.5 (c = 0.82, CH2Cl2); HPLC (Daicel chiralcel IC, n-hexane/i-PrOH 

70/30, 1.0 mL/min, 254 nm) tR(major) = 43.11 min, tR(minor) = 30.08 min; 1H 

NMR (400 MHz, CDCl3) δ 7.33 – 7.27 (m, 3H), 7.23 – 7.20 (m, 2H), 7.12 – 

7.04 (m, 2H), 6.72 (d, J = 8.4 Hz, 2H), 6.65 (dd, J = 5.6, 2.8 Hz, 1H), 6.22 (dd, J = 5.6, 3.2 Hz, 

1H), 4.46 (q, J = 14.4 Hz, 2H), 3.81 (d, J = 2.8 Hz, 1H), 3.23 (s, 1H), 3.06 – 2.95 (m, 2H), 2.76 (d, 

J = 11.2 Hz, 1H), 2.31 (d, J = 9.2 Hz, 1H), 1.57 (d, J = 8.8 Hz, 1H). 13C NMR (100 MHz, CDCl3) 

δ = 203.3, 159.5, 140.4, 137.8, 136.2, 134.2, 131.6, 130.1, 128.9, 128.4, 128.3, 121.1, 58.4, 55.3, 

52.1, 48.7, 48.3, 47.9. ESI-HRMS: calcd for [C23H20
78.9183BrNO2+Na+] 444.0575, found 444.0580; 

ESI-HRMS: calcd for[C23H20
80.9163BrNO2+Na+] 446.0555, found 446.0543. 
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(1R,2R,3S,4S)-1'-benzyl-3-(4-(trifluoromethyl)phenyl)spiro[bicyclo[2.2.1]heptane-2,3'-pyrrolidin]

-5-ene-4',5'-dione 3h 

Yield: 36.5 mg (89%), white amorphous solid, 94:6 dr, 96% ee; [α]18.6
D = 

-60.8 (c = 0.73, CH2Cl2); HPLC (Daicel chiralcel IC, n-hexane/i-PrOH 

70/30, 1.0 mL/min, 254 nm) tR(major) = 27.79 min, tR(minor) = 18.53 min; 1H 

NMR (400 MHz, CDCl3) δ 7.34 (d, J = 8.2 Hz, 2H), 7.30 – 7.26 (m, 3H), 

7.10 – 7.06 (m, 2H), 6.95 (d, J = 8.4 Hz, 2H), 6.68 (dd, J = 5.6, 2.8 Hz, 1H), 6.24 (dd, J = 5.6, 3.2 

Hz, 1H), 4.48 (s, 2H), 3.94 (d, J = 2.4 Hz, 1H), 3.29 (s, 1H), 3.13 – 2.97 (m, 2H), 2.74 (d, J = 11.6 

Hz, 1H), 2.33 (d, J = 8.8 Hz, 1H), 1.60 (d, J = 9.2 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ = 

202.9, 159.4, 143.0, 140.4, 136.3, 134.3, 128.9, 128.8, 128.4, 128.4, 125.4 (q, 2C), 122.5, 58.3, 

55.2, 52.3, 48.7, 48.4, 48.2, 47.7. ESI-HRMS calcd for [C24H20F3NO2+Na+]: 434.1344, found 

434.1343. 
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(1R,2R,3S,4S)-1'-benzyl-3-(3,4-dichlorophenyl)spiro[bicyclo[2.2.1]heptane-2,3'-pyrrolidin]-5-ene

-4',5'-dione 3i 

Yield: 36.8 mg (90%), white amorphous solid, 93:7 dr, 97% ee; [α]18.4
D = 

-92.5 (c = 0.74, CH2Cl2); HPLC (Daicel chiralcel IC, n-hexane/i-PrOH 

70/30, 1.0 mL/min, 254 nm) tR(major) = 45.49 min, tR(minor) = 28.80 min; 1H 

NMR (400 MHz, CDCl3) δ 7.38 – 7.26 (m, 3H), 7.16 – 6.95 (m, 4H), 6.67 – 

6.61 (m, 2H), 6.26 (dd, J = 5.6, 3.2 Hz, 1H), 4.49 (dd, J = 37.2, 14.4 Hz, 2H), 3.79 (d, J = 2.8 Hz, 

1H), 3.22 (s, 1H), 3.11 – 2.98 (m, 2H), 2.76 (d, J = 11.6 Hz, 1H), 2.30 (d, J = 9.2 Hz, 1H), 1.58 (d, 

J = 8.8 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ = 202.9, 159.3, 140.1, 139.1, 136.6, 134.1, 132.6, 

131.3, 130.4, 130.2, 128.9, 128.4, 128.3, 128.1, 57.8, 55.4, 52.2, 48.6, 48.5, 48.3, 47.9. 

ESI-HRMS: calcd for [C23H19
34.9689Cl2NO2+Na+] 434.0691, found 434.0690; ESI-HRMS: calcd 

for [C23H19
36.9659Cl2NO2+Na+] 436.0661, found 436.0666. 
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(1R,2R,3S,4S)-1'-benzyl-3-(o-tolyl)spiro[bicyclo[2.2.1]heptane-2,3'-pyrrolidin]-5-ene-4',5'-dione 

3j 

Yield: 28.6 mg (80%), white amorphous solid, 90:10 dr, 75% ee; [α]20.1
D = 

-58.6 (c = 0.57, CH2Cl2); HPLC (Chiralpak Lux 5u Cellulose-2, 

n-hexane/i-PrOH 70/30, 1.0 mL/min, 254 nm) tR(major) = 28.53 min, tR(minor) = 

21.83 min; 1H NMR (400 MHz, CDCl3) δ 7.20 – 7.18 (m, 3H), 7.05 – 6.88 (m, 

6H), 6.73 (dd, J = 5.6, 3.2 Hz, 1H), 6.06 (dd, J = 5.6, 3.2 Hz, 1H), 4.55 (d, J = 14.4 Hz, 1H), 4.27 

(d, J = 14.4 Hz, 1H), 3.98 (d, J = 2.8 Hz, 1H), 3.18 (s, 1H), 2.93 (s, 1H), 2.85 (d, J = 11.6 Hz, 1H), 

2.63 (d, J = 11.6 Hz, 1H), 2.23 (d, J = 9.2 Hz, 1H), 1.85 (s, 3H), 1.49 (d, J = 9.2 Hz, 1H). 13C 

NMR (100 MHz, CDCl3) δ = 202.7, 159.5, 141.6, 137.8, 137.6, 135.2, 134.4, 130.8, 128.9, 128.2, 

128.1, 127.4, 127.0, 125.9, 55.4, 53.9, 52.4, 48.7, 48.6, 48.2, 47.9, 21.0. ESI-HRMS calcd for 

[C24H23NO2+Na+]: 380.1626, found 380.1623. 
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(1R,2R,3S,4S)-1'-benzyl-3-(p-tolyl)spiro[bicyclo[2.2.1]heptane-2,3'-pyrrolidin]-5-ene-4',5'-dione 

3k 

Yield: 29.7 mg (83%), white amorphous solid, 92:8 dr, 93% ee; [α]18.8
D = 

-101.7 (c = 0.59, CH2Cl2); HPLC (Daicel chiralcel IC, n-hexane/i-PrOH 

70/30, 1.0 mL/min, 254 nm) tR(major) = 38.38 min, tR(minor) = 29.05 min; 1H 

NMR (400 MHz, CDCl3) δ 7.23 – 7.18 (m, 3H), 7.05 – 6.97 (m, 2H), 6.87 (d, 

J = 8.0 Hz, 2H), 6.69 (d, J = 8.0 Hz, 2H), 6.61 (dd, J = 5.6, 2.8 Hz, 1H), 6.10 (dd, J = 5.6, 3.2 Hz, 

1H), 4.57 (d, J = 14.8 Hz, 1H), 4.16 (d, J = 14.4 Hz, 1H), 3.79 (d, J = 2.8 Hz, 1H), 3.17 (s, 1H), 

2.98 – 2.86 (m, 2H), 2.73 (d, J = 11.6 Hz, 1H), 2.23 (d, J = 8.8 Hz, 1H), 2.20 (s, 3H), 1.48 (d, J = 

8.8 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ = 203.7, 159.8, 140.8, 136.7, 135.7, 135.6, 134.4, 

129.2, 128.8, 128.4, 128.4, 128.0, 58.7, 55.6, 51.9, 48.9, 48.4, 48.3, 47.9, 20.9. ESI-HRMS calcd 

for [C24H23NO2+Na+]: 380.1626, found 380.1623. 
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(1R,2R,3S,4S)-1'-benzyl-3-(4-methoxyphenyl)spiro[bicyclo[2.2.1]heptane-2,3'-pyrrolidin]-5-ene-

4',5'-dione 3l 

Yield: 31.8 mg (85%), white power, 92:8 dr, 96% ee; [α]18.7
D = -113.4 (c = 

0.64, CH2Cl2); HPLC (Daicel chiralcel IC, n-hexane/i-PrOH 70/30, 1.0 

mL/min, 254 nm) tR(major) = 63.74 min, tR(minor) = 41.23 min; 1H NMR (400 

MHz, CDCl3) δ 7.28 – 7.26 (m, 3H), 7.07 – 7.04 (m, 2H), 6.83 – 6.77 (m, 

2H), 6.71 – 6.65 (m, 3H), 6.18 (dd, J = 5.6, 2.8 Hz, 1H), 4.63 (d, J = 14.4 Hz, 1H), 4.23 (d, J = 

14.4 Hz, 1H), 3.83 (d, J = 2.8 Hz, 1H), 3.76 (s, 3H), 3.22 (s, 1H), 3.03 – 2.94 (m, 2H), 2.82 (d, J = 

11.6 Hz, 1H), 2.31 (d, J = 8.8 Hz, 1H), 1.55 (d, J = 8.8 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ = 

203.8, 159.8, 158.5, 140.7, 135.7, 134.4, 130.7, 129.6, 128.8, 128.3, 128.1, 113.8, 58.4, 55.6, 55.2, 

51.9, 48.8, 48.6, 48.3, 47.9. ESI-HRMS calcd for [C24H23NO3+Na+]: 396.1576, found 396.1572. 
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(1R,2R,3S,4S)-1'-benzyl-3-(naphthalen-1-yl)spiro[bicyclo[2.2.1]heptane-2,3'-pyrrolidin]-5-ene-4',

5'-dione 3m 

Yield: 36.8 mg (94%), white power, 88:12 dr, 95% ee; [α]20.1
D = 55.6 (c = 0.74, 

CH2Cl2); HPLC (Daicel chiralcel IC, n-hexane/i-PrOH 70/30, 1.0 mL/min, 

254 nm) tR(major) = 32.68 min, tR(minor) = 28.04 min; 1H NMR (400 MHz, CDCl3) 

δ 7.77 -7.73(m, 1H), 7.60 (d, J = 8.0 Hz, 1H), 7.41-7.37 (m, 2H), 7.24-7.14 (m, 

3H), 7.03 (t, J = 7.2 Hz, 1H), 6.94 (m, 2H), 6.87 (dd, J = 5.6, 3.2 Hz, 1H), 

6.49 (d, J = 7.2 Hz, 2H), 6.08 (dd, J = 5.6, 3.2 Hz, 1H), 4.51 (d, J = 2.4, 1H), 4.14 (s, 2H), 3.35 (s, 

1H), 2.99 (s, 1H), 2.67 (d, J = 12.0 Hz, 1H), 2.43 (d, J = 9.2 Hz, 1H), 2.19 (d, J = 11.6 Hz,1H), 

1.61 (d, J = 9.2 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ = 204.3, 159.5, 141.5, 135.5, 135.0, 

133.9, 133.6, 132.5, 129.2, 128.6, 128.1, 127.7, 127.6, 126.9, 126.0, 124.9, 124.9, 122.9, 55.0, 

54.8, 52.6, 48.5, 48.2, 47.9. ESI-HRMS calcd for [C27H23NO2+Na+]: 416.1626, found 416.1624. 
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(1R,2R,3S,4S)-1'-benzyl-3-(naphthalen-2-yl)spiro[bicyclo[2.2.1]heptane-2,3'-pyrrolidin]-5-ene-4',

5'-dione 3n 

Yield: 33.5 mg (85%), white power, 93:7 dr, 94% ee; [α]18.9
D = -131.2 (c = 

0.67, CH2Cl2); HPLC (Daicel chiralcel ASH, n-hexane/i-PrOH 70/30, 1.0 

mL/min, 254 nm) tR(major) = 58.90 min, tR(minor) = 33.96 min; 1H NMR (400 

MHz, CDCl3) δ 7.76 – 7.69 (m, 2H), 7.55 (d, J = 8.4 Hz, 1H), 7.48 – 7.42 (m, 

3H), 7.13 (t, J = 7.2 Hz, 1H), 7.04 (t, J = 7.2 Hz, 2H), 6.94 – 6.86 (m, 3H), 

6.82 (dd, J = 5.6, 3.2 Hz, 1H), 6.23 (dd, J = 5.6, 3.2 Hz, 1H), 4.57 (d, J = 14.4 Hz, 1H), 4.22 (d, J 

= 14.4 Hz, 1H), 4.07 (d, J = 2.8 Hz, 1H), 3.35 (s, 1H), 3.05 (s, 1H), 2.99 (d, J = 11.6 Hz, 1H), 2.81 

(d, J = 11.6 Hz, 1H), 2.38 (d, J = 9.2 Hz, 1H), 1.62 (d, J = 9.2 Hz, 1H). 13C NMR (100 MHz, 

CDCl3) δ = 203.7, 159.8, 140.8, 136.4, 135.8, 134.2, 133.2, 132.3, 128.7, 128.2, 127.9, 127.8, 

127.6, 127.1, 126.6, 126.4, 126.1, 59.4, 55.5, 52.1, 48.9, 48.4, 48.3, 48.1. ESI-HRMS calcd for 

[C27H23NO2+Na+]: 416.1626, found 416.1629. 
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(1R,2R,3R,4S)-3-(benzo[b]thiophen-3-yl)-1'-benzylspiro[bicyclo[2.2.1]heptane-2,3'-pyrrolidin]-5-

ene-4',5'-dione 3o 

Yield: 31.0 mg (78%), white power, 82:18 dr, 92% ee; [α]19.0
D = 6.6 (c = 0.62, 

CH2Cl2); HPLC (Daicel chiralcel IC, n-hexane/i-PrOH 70/30, 1.0 mL/min, 

254 nm) tR(major) = 31.35 min, tR(minor) = 25.68 min; 1H NMR (400 MHz, CDCl3) 

δ 7.80 – 7.74 (m, 1H), 7.32 – 7.22 (m, 2H), 7.17 – 7.05 (m, 2H), 7.06 – 6.85 

(m, 3H), 6.75 (dd, J = 5.7, 2.8 Hz, 1H), 6.62 (d, J = 7.2 Hz, 1H), 6.13 (dd, J = 

5.6, 3.2 Hz, 1H), 4.23 (q, J = 14.8 Hz, 2H), 4.10 (d, J = 2.8 Hz, 1H), 3.32 (s, 1H), 3.01 (s, 1H), 

2.78 (d, J = 11.6 Hz, 1H), 2.43 (d, J = 11.6 Hz, 1H), 2.34 (d, J = 9.2 Hz, 1H), 1.57 (d, J = 9.2 Hz, 

1H). 13C NMR (100 MHz, CDCl3) δ = 203.9, 159.5, 140.8, 139.8, 138.9, 135.9, 134.7, 133.8, 

128.7, 127.8, 127.8, 127.7, 124.9, 124.8, 122.9, 122.6, 121.3, 54.5, 52.4, 51.6, 48.7, 48.3, 48.1, 

47.9. ESI-HRMS calcd for [C25H21NO2S +Na+]: 422.1191, found 

422.1194.
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(1S,2R,3S,4R)-1'-benzyl-3-(3-chlorophenyl)spiro[bicyclo[2.2.1]heptane-2,3'-pyrrolidine]-4',5'-dio

ne 6 

Yield: 25.8 mg (68%), white power, >95:5 dr, 96% ee; [α]15.7
D = -49.8 (c = 

0.52, CH2Cl2); HPLC (Daicel chiralcel IC, n-hexane/i-PrOH 70/30, 1.0 

mL/min, 254 nm) tR(major) = 44.30 min, tR(minor) = 27.55 min; 1H NMR (400 

MHz, CDCl3) δ 7.37 – 7.29 (m, 3H), 7.24 – 7.18 (m, 2H), 7.17 – 7.13 (m, 

1H), 7.03 (t, J = 8.0 Hz, 1H), 6.97 (s, 1H), 6.65 (d, J = 8.0 Hz, 1H), 4.73 (d, J = 14.4 Hz, 1H), 4.45 

(d, J = 14.4 Hz, 1H), 3.53 (d, J = 2.8 Hz, 1H), 3.41 (d, J = 11.6 Hz, 1H), 3.18 (d, J = 11.6 Hz, 1H), 

2.68 (s, 1H), 2.43 (s, 1H), 2.30 (d, J = 10.4 Hz, 1H), 1.73 – 1.66 (m, 1H), 1.61 – 1.49 (m, 1H), 

1.48 – 1.39 (m, 1H). 13C NMR (100 MHz, CDCl3) δ = 203.3, 159.2, 139.9, 134.4, 134.3, 129.6, 

129.0, 128.8, 128.5, 128.3, 127.1, 126.9, 53.3, 51.9, 48.6, 46.9, 46.4, 40.9, 37.1, 25.1, 21.8. 

ESI-HRMS calcd for [C23H22ClNO2+Na+]: 402.1237, found 402.1231. 
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(1S,2R,3R,4R)-3-phenylbicyclo[2.2.1]hept-5-en-2-yl)(pyridin-2-yl)methanone 5a 

Yield: 24.5 mg (89%), colorless oil, 93:7 dr, 96% ee; [α]18.6
D = -184.6 (c = 0.51, 

CHCl3); HPLC (Daicel chiralcel ODH, n-hexane/i-PrOH 98/2, 1.0 mL/min, 254 

nm) tR(major) = 7.59 min, tR(minor) = 9.83 min; 1H NMR (400 MHz, CDCl3) δ 8.60 

(d, J = 4.4 Hz, 1H), 7.94 (d, J = 8.0 Hz, 1H), 7.74 (td, J = 7.6, 1.6 Hz, 1H), 7.37 

(ddd, J = 7.6, 4.8, 1.2 Hz, 1H), 7.27 – 7.16 (m, 4H), 7.11 – 7.06 (m, 1H), 6.42 

(dd, J = 5.6, 3.2 Hz, 1H), 5.75 (dd, J = 5.6, 2.8 Hz, 1H), 4.46 (dd, J = 5.2, 4.4 Hz, 1H), 3.47 (s, 

1H), 3.38 (d, J = 4.4 Hz, 1H), 3.01 (s, 1H), 2.00 (d, J = 8.4 Hz, 1H), 1.54 (dd, J = 8.8, 2.0 Hz, 1H).   

13C NMR (100 MHz, CDCl3) δ = 201.2, 153.6, 148.9, 144.6, 139.5, 136.9, 132.9, 128.4, 127.7, 

126.9, 125.8, 122.2, 54.2, 49.4, 48.8, 48.2, 45.6. ESI-HRMS calcd for [C19H17NO +Na+]: 

298.1208, found 298.1205. 
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(1S,2R,3R,4R)-3-(4-fluorophenyl)bicyclo[2.2.1]hept-5-en-2-yl)(pyridin-2-yl)methanone 5b 

Yield: 25.2 mg (86%), colorless oil, 93:7 dr, 95% ee; [α]12.7
D = -132.6 (c = 

0.47, CH2Cl2); HPLC (Daicel chiralcel ADH, n-hexane/i-PrOH 95/5, 1.0 

mL/min, 254 nm) tR(major) = 10.41 min, tR(minor) = 8.26 min; 1H NMR (400 

MHz, CDCl3) δ 8.60 (ddd, J = 4.4, 1.6, 0.8 Hz, 1H), 7.96 – 7.90 (m, 1H), 

7.75 (td, J = 7.6, 1.6 Hz, 1H), 7.39 (ddd, J = 7.6, 4.8, 1.2 Hz, 1H), 7.20 – 

7.17 (m, 2H), 6.91 – 6.85 (m, 2H), 6.41 (dd, J = 5.6, 3.2 Hz, 1H), 5.75 (dd, J = 5.6, 2.8 Hz, 1H), 

4.39 (dd, J = 5.2, 3.6 Hz, 1H), 3.47 (s, 1H), 3.34 (d, J = 4.8 Hz, 1H), 2.97 (d, J = 1.2 Hz, 1H), 1.96 

(d, J = 8.4 Hz, 1H), 1.54 (dd, J = 8.8, 2.0 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ = 201.0, 161.6 

(d, J = 242 Hz), 153.5, 148.9, 140.3, 139.4, 136.9, 132.9, 128.9 (d, J = 0.8 Hz), 127.0, 122.3, 

115.2 (d, J = 21.0 Hz), 54.5, 49.4, 48.7, 48.2, 44.9. ESI-HRMS calcd for [C19H16FNO +H+]: 

294.1294, found 294.1292. 
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(1S,2R,3R,4R)-3-(4-chlorophenyl)bicyclo[2.2.1]hept-5-en-2-yl)(pyridin-2-yl)methanone 5c 

Yield: 27.8 mg (90%), colorless oil, 92:8 dr, 88% ee; [α]10.6
D = -132.4 (c = 

0.48, CH2Cl2); HPLC (Daicel chiralcel ADH, n-hexane/i-PrOH 95/5, 1.0 

mL/min, 254 nm) tR(major) = 10.39 min, tR(minor) = 8.90 min; 1H NMR (400 

MHz, CDCl3) δ 8.61 (d, J = 4.4 Hz, 1H), 7.93 (d, J = 7.6 Hz, 1H), 7.76 (td, 

J = 7.6, 1.6 Hz, 1H), 7.39 (ddd, J = 7.2, 4.8, 0.8 Hz, 1H), 7.20 – 7.15 (m, 

4H), 6.41 (dd, J = 5.2, 3.2 Hz, 1H), 5.76 (dd, J = 5.2, 2.4 Hz, 1H), 4.38 (dd, J = 4.8, 3.2 Hz, 1H), 

3.47 (s, 1H), 3.34 (dd, J = 4.8, 1.2 Hz, 1H), 2.98 (s, 1H), 1.94 (d, J = 8.4 Hz, 1H), 1.56 (d, J = 1.6 

Hz, 1H). 13C NMR (100 MHz, CDCl3) δ = 200.9, 153.4, 148.9, 143.2, 139.3, 136.9, 133.0, 131.5, 

128.9, 128.4, 127.0, 122.3, 54.4, 49.3, 48.7, 48.2, 45.0. ESI-HRMS: calcd for 

[C19H16
34.9689ClNO+Na+] 332.0818, found 400.0811; ESI-HRMS: calcd for 

[C19H16
36.9659ClNO+Na+] 334.0789, found 402.0786. 
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 (1S,2R,3R,4R)-3-(2-bromophenyl)bicyclo[2.2.1]hept-5-en-2-yl)(pyridin-2-yl)methanone 5d 

Yield: 28.9 mg (82%), colorless oil, 92:8 dr, 90% ee; [α]9.8
D = -91.5 (c = 0.58, 

CH2Cl2); HPLC (Daicel chiralcel ADH, n-hexane/i-PrOH 95/5, 1.0 mL/min, 254 

nm) tR(major) = 8.25 min, tR(minor) = 7.20 min; 1H NMR (400 MHz, CDCl3) δ 8.59 

(d, J = 4.4 Hz, 1H), 7.95 (d, J = 7.6 Hz, 1H), 7.75 (td, J = 7.6, 1.6 Hz, 1H), 7.46 

(ddd, J = 10.8, 7.6, 1.2 Hz, 2H), 7.38 (ddd, J = 7.6, 4.0, 0.8 Hz, 1H), 7.25 – 7.20 

(m, 1H), 6.98 (td, J = 8.0, 1.6 Hz, 1H), 6.46 (dd, J = 5.6, 3.2 Hz, 1H), 5.83 (dd, J = 5.6, 2.8 Hz, 

1H), 4.61 (dd, J = 4.8, 3.6 Hz, 1H), 3.53 (d, J = 4.0 Hz, 1H), 3.41 (s, 1H), 2.99 (d, J = 1.2 Hz, 1H), 

1.92 (d, J = 8.4 Hz, 1H), 1.52 (dd, J = 8.9, 1.6 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ = 200.4, 

153.6, 148.8, 143.4, 138.5, 136.9, 133.7, 133.2, 127.9, 127.4, 127.2, 126.9, 126.4, 122.3, 51.2, 

49.9, 48.5, 47.5, 46.3. ESI-HRMS: calcd for [C19H16
78.9183BrNO +Na+] 376.0313, found 376.0315; 

ESI-HRMS: calcd for [C19H16
80.9163BrNO +Na+] 378.0292, found 

378.0287.
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(1S,2R,3R,4R)-3-(3-bromophenyl)bicyclo[2.2.1]hept-5-en-2-yl)(pyridin-2-yl)methanone 5e 

Yield: 26.2 mg (74%), colorless oil, 90:10 dr, 88% ee; [α]8.8
D = -133.9 (c = 

0.52, CH2Cl2); HPLC (Daicel chiralcel ID-Chiralpak Lux 5u Cellulose-2, 

n-hexane/i-PrOH 90/10, 0.9 mL/min, 254 nm) tR(major) = 13.94 min, tR(minor) 

= 12.16 min; 1H NMR (400 MHz, CDCl3) δ 8.65 – 8.59 (m, 1H), 7.94 (d, J 

= 7.6 Hz, 1H), 7.76 (td, J = 7.6, 1.6 Hz, 1H), 7.42 – 7.36 (m, 2H), 7.21 – 

7.13 (m, 2H), 7.06 (t, J = 8.0 Hz, 1H), 6.40 (dd, J = 5.6, 3.2 Hz, 0H), 5.75 (dd, J = 5.6, 2.4 Hz, 

1H), 4.38 (dd, J = 5.2, 3.2 Hz, 1H), 3.49 (s, 0H), 3.34 (d, J = 4.4 Hz, 1H), 2.99 (d, J = 1.2 Hz, 1H), 

1.96 (d, J = 8.4 Hz, 1H), 1.56 (dd, J = 8.4, 1.6 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ = 199.7, 

152.3, 147.9, 146.1, 138.2, 135.9, 132.0, 129.5, 128.9, 127.9, 126.0, 125.4, 121.5, 121.2, 53.4, 

48.1, 47.7, 47.2, 44.2. ESI-HRMS: calcd for [C19H16
78.9183BrNO +Na+] 376.0313, found 376.0309; 

ESI-HRMS: calcd for [C19H16
80.9163BrNO +Na+] 378.0292, found 378.0285. 

1
0

.8
8

4

1
1

.3
0

8

1
2

.1
0

7

1
3

.9
6

2

A
U

0.00

0.10

0.20

0.30

0.40

0.50

Minutes

0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00 13.00 14.00 15.00 16.00 17.00

 

 Retention 

Time 

Area % Area 

1 10.884 995501 5.06 

2 11.308 1119589 5.69 

3 12.107 8753920 44.50 

4 13.962 8804460 44.75 

1
0

.8
9

1

1
2

.1
6

7

1
3

.9
4

0

A
U

0.00

0.10

0.20

0.30

0.40

0.50

Minutes

0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00 13.00 14.00 15.00 16.00

 

 Retention 

Time 

Area % Area 

1 10.891 1143982 8.52 

2 12.167 742971 5.53 

3 13.940 11542197 85.95 

 

O

N

Br



24 
 

(1S,2R,3R,4R)-3-(4-bromophenyl)bicyclo[2.2.1]hept-5-en-2-yl)(pyridin-2-yl)methanone 5f 

Yield: 29.1 mg (82%), colorless oil, 91:9 dr, 93% ee; [α]9.5
D = -117.5 (c = 

0.58, CH2Cl2); HPLC (Daicel chiralcel ADH, n-hexane/i-PrOH 95/5, 1.0 

mL/min, 254 nm) tR(major) = 10.65 min, tR(minor) = 9.42 min; 1H NMR (400 

MHz, CDCl3) δ 8.68 (d, J = 4.4 Hz, 1H), 8.00 (d, J = 8.0 Hz, 1H), 7.81 (td, 

J = 8.0, 1.6 Hz, 1H), 7.47 – 7.44 (m, 1H), 7.39 (d, J = 8.4 Hz, 2H), 7.18 (d, 

J = 8.4 Hz, 2H), 6.47 (dd, J = 5.2, 3.2 Hz, 1H), 5.82 (dd, J = 4.8, 2.8 Hz, 1H), 4.45 (dd, J = 5.2, 

3.6 Hz, 1H), 3.54 (s, 1H), 3.38 (d, J = 4.4 Hz, 1H), 3.04 (s, 1H), 2.00 (d, J = 8.4 Hz, 1H), 1.61 (dd, 

J = 8.8, 1.6 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ = 200.9, 153.4, 148.9, 143.7, 139.3, 136.9, 

133.0, 131.4, 129.4, 127.0, 122.3, 119.6, 54.4, 49.2, 48.7, 48.2, 45.1. ESI-HRMS: calcd for 

[C19H16
78.9183BrNO +Na+] 376.0313, found 376.0307; ESI-HRMS: calcd for [C19H16

80.9163BrNO 

+Na+] 378.0292, found 378.0287. 

8
.3

8
3

8
.8

4
2

9
.4

9
0

1
0

.7
3

3

A
U

0.00

0.10

0.20

Minutes

0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

 

 Retention 

Time 

Area % Area 

1 8.383 524459 4.80 

2 8.842 640541 5.86 

3 9.490 4955975 45.37 

4 10.733 4801411 43.96 

 

8
.3

4
6

9
.4

2
4

1
0

.6
5

5

A
U

0.00

0.50

1.00

Minutes

0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

 

 Retention 

Time 

Area % Area 

1 8.346 2724355 8.08 

2 9.424 1044746 3.10 

3 10.655 29966718 88.83 

 

O

N

Br



25 
 

Pyridin-2-yl((1S,2R,3R,4R)-3-(p-tolyl)bicyclo[2.2.1]hept-5-en-2-yl)methanone 5g 

Yield: 24.2 mg (84%), colorless oil, 94:6 dr, 94% ee; [α]9.2
D = -165.9 (c = 

0.48, CH2Cl2); HPLC (Daicel chiralcel ODH, n-hexane/i-PrOH 95/5, 1.0 

mL/min, 254 nm) tR(major) = 5.79 min, tR(minor) = 7.04 min; 1H NMR (400 MHz, 

CDCl3) δ 8.60 (ddd, J = 4.8, 1.6, 0.8 Hz, 1H), 7.93 (d, J = 7.6 Hz, 1H), 7.74 

(td, J = 7.6, 1.6 Hz, 1H), 7.37 (ddd, J = 7.2, 4.8, 1.2 Hz, 1H), 7.14 (d, J = 8.0 

Hz, 2H), 7.01 (d, J = 8.0 Hz, 2H), 6.42 (dd, J = 5.6, 3.2 Hz, 1H), 5.74 (dd, J = 5.6, 2.8 Hz, 1H), 

4.45 (dd, J = 5.2, 3.6 Hz, 1H), 3.46 (s, 1H), 3.33 (d, J = 4.8 Hz, 1H), 2.97 (d, J = 1.6 Hz, 1H), 2.23 

(s, 1H), 1.99 (d, J = 8.4 Hz, 1H), 1.52 (dd, J = 8.4, 2.0 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ = 

201.2, 153.6, 148.9, 141.6, 139.5, 136.8, 135.3, 132.8, 129.1, 127.6, 126.9, 122.2, 54.2, 49.6, 48.7, 

48.2, 45.3, 20.9. ESI-HRMS calcd for [C20H19NO +H+]: 290.1545 found 290.1545. 
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(1S,2R,3R,4R)-3-(4-methoxyphenyl)bicyclo[2.2.1]hept-5-en-2-yl)(pyridin-2-yl)methanone 5h 

Yield: 20.2 mg (77%), colorless oil, 95:5 dr, 96% ee; [α]8.6
D = -159.6 (c = 

0.40, CH2Cl2); HPLC (Daicel chiralcel ADH, n-hexane/i-PrOH 90/10, 1.0 

mL/min, 254 nm) tR(major) = 13.60 min, tR(minor) = 10.57 min; 1H NMR (400 

MHz, CDCl3) δ 8.61 (ddd, J = 4.8, 1.6, 0.8 Hz, 1H), 7.93 (dd, J = 6.8, 0.8 

Hz, 1H), 7.75 (td, J = 7.6, 2.0 Hz, 1H), 7.38 (ddd, J = 7.6, 4.8, 1.2 Hz, 1H), 

7.19 – 7.14 (m, 2H),, 6.79 – 6.69 (m, 2H), 6.41 (dd, J = 5.6, 3.2 Hz, 1H), 5.74 (dd, J = 5.6, 2.8 Hz, 

1H), 4.42 (dd, J = 5.2, 3.6 Hz, 1H), 3.70 (s, 3H), 3.45 (s, 1H), 3.31 (d, J = 4.0 Hz, 1H), 2.95 (d, J 

= 1.2 Hz, 1H), 1.99 (d, J = 8.4 Hz, 1H), 1.53 (dd, J = 8.4, 1.6 Hz, 1H). 13C NMR (100 MHz, 

CDCl3) δ = 201.2, 157.7, 153.6, 148.9, 139.5, 136.9, 136.7, 132.7, 128.6, 126.9, 122.2, 113.8, 55.3, 

54.3, 49.7, 48.7, 48.2, 44.9. ESI-HRMS calcd for [C20H19NO2 +Na+]: 328.1313 found 328.1304. 
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(1S,2R,3R,4R)-3-(furan-2-yl)bicyclo[2.2.1]hept-5-en-2-yl)(pyridin-2-yl)methanone 5i 

Yield: 20.5 mg (77%), colorless oil, 94:6 dr, 94% ee; [α]14.2
D = -120.9 (c = 0.41, 

CH2Cl2); HPLC (Daicel chiralcel ADH, n-hexane/i-PrOH 98/2, 1.0 mL/min, 254 

nm) tR(major) = 11.86 min, tR(minor) = 11.18 min; 1H NMR (400 MHz, CDCl3) δ 

8.64 (d, J = 4.0 Hz, 1H), 7.93 (d, J = 8.0 Hz, 1H), 7.75 (td, J = 7.6, 1.6 Hz, 1H), 

7.40 (ddd, J = 7.6, 4.8, 1.2 Hz, 1H), 7.24 (d, J = 0.8 Hz, 1H), 6.34 (dd, J = 5.6, 

3.2 Hz, 1H), 6.20 (dd, J = 3.2, 2.0 Hz, 1H), 6.03 (d, J = 3.2 Hz, 1H), 5.72 (dd, J = 5.6, 2.8 Hz, 1H), 

4.52 (dd, J = 4.8, 3.6 Hz, 1H), 3.46 (s, 1H), 3.32 (d, J = 4.0 Hz, 1H), 3.00 (d, J = 1.6 Hz, 1H), 1.97 

(d, J = 8.4 Hz, 1H), 1.49 (dd, J = 8.4, 1.6 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ = 200.4, 158.1, 

153.4, 148.9, 141.1, 138.4, 136.9, 132.8, 126.9, 122.3, 110.1, 104.8, 52.2, 49.2, 48.6, 48.2, 39.7. 

ESI-HRMS calcd for [C17H15NO2+Na+]: 288.1000, found 288.0996. 
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 (1S,2R,3R,4R)-3-(furan-3-yl)bicyclo[2.2.1]hept-5-en-2-yl)(pyridin-2-yl)methanone 5j 

Yield: 17.4 mg (66%), colorless oil, 94:6 dr, 96% ee; [α]12.3
D = -136.5 (c = 0.35, 

CH2Cl2); HPLC (Daicel chiralcel ODH, n-hexane/i-PrOH 99/1, 1.0 mL/min, 

254 nm) tR(major) = 10.33 min, tR(minor) = 11.80 min; 1H NMR (400 MHz, CDCl3) 

δ 8.64 (d, J = 4.4 Hz, 1H), 7.92 (d, J = 8.0 Hz, 1H), 7.76 (td, J = 7.6, 1.6 Hz, 

1H), 7.40 (ddd, J = 7.6, 4.8, 1.2 Hz, 1H), 7.29 – 7.24 (m, 2H), 6.36 (dd, J = 5.6, 

3.2 Hz, 1H), 6.27 (d, J = 0.8 Hz, 1H), 5.71 (dd, J = 5.6, 2.8 Hz, 1H), 4.34 (dd, J = 4.8, 3.2 Hz, 1H), 

3.43 (s, 1H), 3.14 (d, J = 4.8 Hz, 1H), 2.87 (d, J = 1.6 Hz, 1H), 1.86 (d, J = 8.4 Hz, 1H), 1.50 (dd, 

J = 8.4, 1.6 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ = 200.9, 153.5, 148.9, 142.8, 138.7, 138.6, 

136.9, 132.4, 128.7, 126.9, 122.2, 110.8, 53.6, 49.8, 48.5, 48.4, 37.1. ESI-HRMS calcd for 

[C17H15NO2+Na+]: 288.1000, found 288.1002. 
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Pyridin-2-yl((1S,2R,3R,4R)-3-(thiophen-2-yl)bicyclo[2.2.1]hept-5-en-2-yl)methanone 5k 

Yield: 23.3 mg (83%), white solid, 94:6 dr, 94% ee; [α]17.5
D = -104.9 (c = 0.47, 

CH2Cl2); HPLC (Daicel chiralcel ODH, n-hexane/i-PrOH 98/2, 1.0 mL/min, 254 

nm) tR(major) = 6.41 min, tR(minor) = 7.23 min; 1H NMR (400 MHz, CDCl3) δ 8.63 

(ddd, J = 4.8, 2.0, 1.2 Hz, 1H), 7.96 – 7.89 (m, 1H), 7.75 (td, J = 7.6, 1.6 Hz, 1H), 

7.39 (ddd, J = 7.6, 4.8, 1.2 Hz, 1H), 7.09 – 7.01 (m, 1H), 6.88 – 6.79 (m, 2H), 

6.38 (dd, J = 5.6, 3.2 Hz, 1H), 5.73 (dd, J = 5.6, 2.8 Hz, 1H), 4.50 (dd, J = 4.8, 3.6 Hz, 1H), 3.56 

(dd, J = 4.8, 1.6 Hz, 1H), 3.48 (s, 1H), 2.98 (s, 1H), 2.04 (d, J = 8.4 Hz, 1H), 1.57 (dd, J = 8.4, 1.6 

Hz, 1H). 13C NMR (100 MHz, CDCl3) δ = 200.4, 153.4, 149.0, 148.9, 138.7, 136.9, 132.7, 127.0, 

126.7, 123.7, 123.0, 122.3, 55.7, 51.5, 48.6, 48.6, 41.6. ESI-HRMS calcd for [C17H15NOS+Na+]: 

304.0772, found 304.0763. 
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Pyridin-2-yl((1S,2R,3R,4R)-3-(thiophen-3-yl)bicyclo[2.2.1]hept-5-en-2-yl)methanone 5l 

Yield: 21.1 mg (75%), white solid, 95:5 dr, 94% ee; [α]14.9
D = -109.1 (c = 0.42, 

CH2Cl2); HPLC (Daicel chiralcel ODH, n-hexane/i-PrOH 98/2, 1.0 mL/min, 

254 nm) tR(major) = 9.30 min, tR(minor) = 10.57 min; 1H NMR (400 MHz, CDCl3) δ 

8.63 (d, J = 4.4 Hz, 1H), 7.93 (d, J = 8.0 Hz, 1H), 7.75 (td, J = 7.6, 1.6 Hz, 1H), 

7.39 (dd, J = 6.4, 4.8 Hz, 1H), 7.17 (dd, J = 4.8, 2.8 Hz, 1H), 7.02 – 6.88 (m, 

2H), 6.38 (dd, J = 5.6, 3.2 Hz, 1H), 5.73 (dd, J = 5.6, 2.8 Hz, 1H), 4.45 (dd, J = 4.8, 3.6 Hz, 1H), 

3.45 (s, 1H), 3.36 (d, J = 4.8 Hz, 1H), 2.98 (d, J = 1.2 Hz, 1H), 1.94 (d, J = 8.4 Hz, 1H), 1.53 (dd, 

J = 8.4, 1.6 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ = 200.9, 153.5, 148.9, 145.8, 138.9, 136.9, 

132.6, 128.2, 126.9, 125.3, 122.2, 119.4, 54.0, 49.9, 48.6, 48.4, 41.6. ESI-HRMS calcd for 

[C17H15NOS+Na+]: 304.0772, found 304.0773. 
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(1S,2R,3R,4R)-3-cyclohexylbicyclo[2.2.1]hept-5-en-2-yl)(pyridin-2-yl)methanone 5m 

Yield: 22.1 mg (79%), colorless oil, 77:23 dr, 96% ee; HPLC (Daicel chiralcel 

ADH, n-hexane/i-PrOH 98/2, 1.0 mL/min, 254 nm) tR(major) = 6.09 min, tR(minor) = 

6.99 min; 1H NMR (400 MHz, CDCl3) δ 8.72 (d, J = 4.4 Hz, 1H), 8.06 (d, J = 7.6 Hz, 

0.23H), 7.98 (d, J = 8.0 Hz, 0.77H),  7.82 (t, J = 7.2 Hz, 1H), 7.47 (t, J = 5.6 Hz, 

1H), 6.33 (s, 1H), 6.19 (s, 0.23H), 5.69 (t, J = 2.4 Hz, 0.77H), 4.12 (s, 0.78H), 3.51 (d, 

J = 4.4 Hz, 0.22H), 3.30 (s, 0.75H), 3.00 (s, 0.25H), 2.89 (d, J = 16.8 Hz, 1H), 1.99 – 1.56 (m, 7H), 

1.29 – 0.85 (m, 7H). 13C NMR (100 MHz, CDCl3) δ 201.9, 153.7, 148.8, 139.4, 136.9, 131.7, 126.8, 

122.2, 51.4, 48.5, 48.1, 47.8, 44.7, 42.3, 32.9, 32.5, 26.6, 26.5, 26.3. ESI-HRMS calcd for 

[C19H23NO+H+]: 282.1852, found 282.1864. 
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4. Determination methods of relative and absolute configurations of products 5 

The relative and absolute configurations of products 5 were determined by optical rotations and 

spectral data. The configuration of 5a was the opposite enantiomer of the product reported in the 

literature.3 

DA product endo-5a (93:7 dr and 96% ee) we obtained: [α]18.6
D = -184.6 (c = 

0.51, CHCl3). 

HPLC (Daicel chiralcel ODH, n-hexane/i-PrOH 98/2, 1.0 mL/min, 254 nm) 

Major exo tR = 6.108 min, minor exo tR = 6.772 min, major endo (−) tR = 

7.592 min, minor endo (+) tR = 9.837 min. 

1H NMR (400 MHz, CDCl3) δ 8.60 (d, J = 4.4 Hz, 1H), 7.94 (d, J = 8.0 Hz, 1H), 7.74 (td, J = 7.6, 

1.6 Hz, 1H), 7.37 (ddd, J = 7.6, 4.8, 1.2 Hz, 1H), 7.27 – 7.16 (m, 4H), 7.11 – 7.06 (m, 1H), 6.42 

(dd, J = 5.6, 3.2 Hz, 1H), 5.75 (dd, J = 5.6, 2.8 Hz, 1H), 4.46 (dd, J = 5.2, 4.4 Hz, 1H), 3.47 (s, 

1H), 3.38 (d, J = 4.4 Hz, 1H), 3.01 (s, 1H), 2.00 (d, J = 8.4 Hz, 1H), 1.54 (dd, J = 8.8, 2.0 Hz, 1H).   

DA product endo-5a (>98% de and 90% ee) reported in literature: [α]25
D = 

+176.6 (c = 0.81, CHCl3). 

HPLC (Daicel chiralcel ODH, n-hexane/i-PrOH 98/2, 1.0 mL/min, 254 nm) 

Major exo tR = 6.5 min, minor exo tR = 7.2 min, minor endo (−) tR = 7.9 

min, major endo (+) tR = 9.5 min. 

1H NMR (300 MHz, CDCl3,) δ 8.67 (1H, d, J = 4.8 Hz), 8.00 (1H, d, J = 7.8 Hz), 7.81 (1H, dt, J 

= 1.7, 7.7 Hz), 7.44 (1H, ddd, J = 1.2, 4.8, 7.5 Hz), 7.37-7.22 (m, 4H), 7.15 (tt, J = 1.7, 6.9Hz), 

6.49 (1H, dd, J = 3.2, 5.6 Hz), 5.82 (1H, dd, J = 2.8, 5.6 Hz), 4.53 (1H, dd, J = 3.4, 5.2 Hz), 3.54 

(1H, s), 3.45 (1H, dd, J = 1.3, 5.0 Hz), 3.08 (1H, s), 2.06 (1H, d, J = 8.4 Hz), 1.61 (1H, dd, J = 1.7, 

8.5 Hz). 

5. Experimental procedure for the reduction of 3d 

 

To a solution of 3d (37.7 mg, 0.1 mmol) in EtOAc (1.0 mL) at 30 oC, under magnetic stirring 
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and hydrogen atmosphere, was added Pd/C (1.8 mg). The mixture was allowed to stir for 3 h. 

After complete consumption of starting material, the product 6 was purified on silica gel 

chromatography (EtOAc: Pet = 1: 3). The results were 68% yield, > 95:5 d.r. and 96% ee. 

6. Gram scale experiment 

 

L-RaPr2 (245 mg, 0.35 mmol), Ni(OTf)2 (126 mg, 0.35 mmol), and 1d (1.09 g, 3.5 mmol) in 

Cl2CHCH2Cl (3.5 mL) were added to an over-dried reaction tube under nitrogen atmosphere and 

then stirred at 30 °C for 1 h. Subsequently, cyclopentadiene 2 (3.5 mL) was added under 30 °C, 

the reaction mixture continued stirring for 1 h. After completion, the residue was purified by flash 

chromatography on silica gel to afford the desired product 3d (1.313 g, 99% yield) as a white solid. 

The product was determined by HPLC and NMR analysis. 

7. Operando IR experiments 
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8. ESI-MS analysis of the solution of catalyst/substrate 
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9. Copies of CD Spectra and their Absolute Configurations 
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10. Copies of 1H NMR and 13C NMR Spectra for Products 
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