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1. General methods 

NMR data were obtained for 1H at 400 MHz, and for 13C at 100 MHz. Chemical shifts were 

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

solution. ESI HRMS was recorded on a Waters SYNAPT G2. In each case, enantiomeric ratio was 

determined by HPLC analysis on a chiral column in comparison with authentic racemate, using a 

Daicel Chiralpak AD-H Column (250  4.6 mm) or Chiralpak OD Column (250  4.6 mm), 

Chiralpak IB Column (250  4.6 mm), Chiralpak IC Column (250  4.6 mm). UV detection was 

monitored at 220 nm or 254 nm. Optical rotation was examined in CHCl3 solution at 20 °C. Column 

chromatography was performed on silica gel (200-300 mesh) eluting with ethyl acetate and 

petroleum ether. TLC was performed on glass-backed silica plates. UV light and I2 were used to 

visualize products. All chemicals were used without purification as commercially available unless 

otherwise noted. The secondary amines 1 were synthesized according to the literature procedures.1 

 

1. (a) M. Marigo, T. C. Wabnitz, D. Fielenbach and K. A. Jørgensen, Angew. Chem., Int. Ed., 2005, 

44, 794; (b) Y. Hayashi, H. Gotoh, T. Hayashi and M. Shoji, Angew. Chem., Int. Ed., 2005, 44, 4212; 

(c) Y.-K. Liu, C. Ma, K. Jiang, T.-Y. Liu and Y.-C. Chen, Org. Lett., 2009, 11, 2848; (d) C. Ma, Z.-J. 

Jia, J.-X. Liu, Q.-Q. Zhou, L. Dong, Y.-C. Chen, Angew. Chem., Int. Ed., 2013, 52, 948. 

 

2. General procedure for the preparation of cyclohexenylidenemalononitriles  

The cyclohexenylidenemalononitriles 2a2e were prepared from the corresponding 3-substituted 

2-cyclohexenones and malononitrile. The desired condensation product could not be obtained from 

simple 2-cyclohexenone.  

A solution of 3-methyl-2-cyclohexenone (2.2 g, 20 mmol), malononitrile (1.3 g, 20 mmol), 

anhydrous ammonium acetate (0.3 g, 2 mmol) and acetic acid (1.1 mL, 20 mmol) in toluene (20 mL) 

was refluxed under a Dean-Stark trap for 48 h at 120 C. The solvent was removed under reduced 

pressure, and the residue was purified by flash column chromatography on silica gel (petroleum 

ether/ethyl acetate = 30:1) to give the cyclohexenylidenemalononitrile 2a (2.3 g, 73% yield). 

 

2-(3-Methylcyclohex-2-en-1-ylidene)malononitrile 2a: 1H NMR (400 MHz, CDCl3): 

 = 6.62 (d, J = 1.6 Hz, 1H), 2.72 (t, J = 7.2 Hz, 2H), 2.33 (t, J = 6.0 Hz, 2H), 2.06 (s, 

NC CN
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3H), 1.88 (quint, J = 6.4 Hz, 2H) ppm. 

 

3. General procedure for asymmetric [4+2] formal cycloadditions  

Conditions A: The reaction was conducted with cyclohexenylidenemalononitrile 2 (0.1 mmol) and 

a,β-unsaturated aldehyde 3 (0.15 mmol) in the presence of α,α-diphenylprolinol O-TES ether 1b 

(0.02 mmol), N,N-diisopropylethylamine (DIPEA, 0.02 mmol) in MeCN (1 mL) at room 

temperature. After completion (monitored by TLC analysis), the solvent was removed under 

vacuum and the residue was purified by flash chromatography on silica gel (petroleum ether/ethyl 

acetate) to afford the bicyclo[2.2.2]octanes 4a, 4c and 4d. 

Conditions B: The reaction was conducted with cyclohexenylidenemalononitrile 2 (0.1 mmol) and 

a,β-unsaturated aldehydes 3 (0.15 mmol) in the presence of α,α-diphenylprolinol O-TMS ether 1a 

(0.02 mmol), benzoic acid (0.02 mmol) in MeCN (1 mL) at room temperature. After completion 

(monitored by TLC analysis), the solvent was removed under vacuum and the residue was purified 

by flash chromatography on silica gel (petroleum ether/ethyl acetate) to afford the 

bicyclo[2.2.2]octanes 4b and 4e–4q. 

 

2-((1S,4S,5R)-5-Formyl-4,6-dimethylbicyclo[2.2.2]octan-2-ylidene)malononit

rile (4a) was obtained in 84% yield. After reduction, the enantiomeric excess of 

the corresponding alcohol was determined to be 97% by HPLC analysis on 

Chiralpak OD column (5% 2-propanol/n-hexane, 1 mL/min), UV 254 nm, tmajor = 25.53 min, tminor = 

29.33 min; [α]D
20 = -15.3 (c = 0.6 in CHCl3); 

1H NMR (400 MHz, CDCl3):  = 9.87 (d, J = 2.4 Hz, 

1H), 2.98-2.97 (m, 1H), 2.62-2.56 (m, 2H), 2.47 (d, J = 20.4 Hz, 1H), 2.00-1.89 (m, 2H), 1.74-1.59 

(m, 2H), 1.33-1.27 (m, 1H), 1.22 (s, 3H), 0.92 (d, J = 6.8 Hz, 3H) ppm; 13C NMR (100 MHz, 

CDCl3):  = 201.9, 187.0, 111.1, 111.0, 83.6, 61.9, 44.7, 42.2, 34.5, 31.6, 27.0, 24.7, 24.0, 20.9 ppm; 

ESI HRMS: calcd. for C14H16N2O+MeOH+Na+283.1417, found 283.1420. 

 

2-((1S,4S,5R)-5-Formyl-4-methyl-6-phenylbicyclo[2.2.2]octan-2-ylidene)mal

ononitrile (4b) was obtained in 90% yield. After reduction, the enantiomeric 

excess of the corresponding alcohol was determined to be 98% by HPLC 

analysis on Chiralpak OD column (20% 2-propanol/n-hexane, 1 mL/min), UV 254 nm, tmajor = 

14.07 min, tminor = 22.66 min; [α]D
20 = +44.1 (c = 1.8 in CHCl3); 

1H NMR (400 MHz, CDCl3):  = 
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9.93 (d, J = 1.6 Hz, 1H), 7.35-7.26(m, 3H), 7.02 (d, J = 7.2 Hz, 2H), 3.88 (dd, J = 7.2 Hz, J = 1.6 

Hz, 1H), 3.24-3.23 (m, 1H), 2.83-2.74 (m, 2H), 2.58 (d, J = 20.4 Hz, 1H), 2.20-2.13 (m, 1H), 

1.79-1.67 (m, 2H), 1.41-1.34 (m, 1H), 1.35 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3):  = 201.6, 

185.8, 141.1, 129.0, 127.5, 126.8, 111.0, 110.5, 83.7, 59.5, 45.0, 43.0, 42.3, 34.7, 27.1, 25.5, 24.0 

ppm; ESI HRMS: calcd. for C19H18N2O+MeOH+Na+ 345.1573, found 345.1576. 

 

2-((1S,4S,5R,6S)-6-Ethyl-5-formyl-4-methylbicyclo[2.2.2]octan-2-ylidene)malo

nonitrile (4c) was obtained in 73% yield. After reduction, the enantiomeric excess 

of the corresponding alcohol was determined to be 91% by HPLC analysis on 

Chiralpak OD column (20% 2-propanol/n-hexane, 1 mL/min), UV 254 nm, tmajor = 7.06 min, tminor = 

8.40 min; [α]D
20 = -21.6 (c = 1.3 in CHCl3); 

1H NMR (400 MHz, CDCl3):  = 9.88 (d, J = 2.0 Hz, 

1H), 3.14-3.12 (m, 1H), 2.56 (dd, J = 20.4 Hz, J = 2.4 Hz, 1H), 2.46 (d, J = 20.4 Hz, 1H), 2.39-2.37 

(m, 1H), 1.96-1.92 (m, 1H), 1.71-1.57 (m, 2H), 1.31-1.22 (m, 3H), 1.22 (s, 3H), 1.13-1.09 (m, 1H), 

0.89 (t, J = 7.2 Hz, 3H) ppm; 13C NMR (100 MHz, CDCl3):  = 202.2, 187.4, 111.2, 111.0, 83.4, 

60.6, 44.8, 40.3, 38.8, 34.6, 28.8, 27.4, 24.9, 24.1, 11.5 ppm; ESI HRMS: calcd. for C15H18N2O-H+ 

241.1346, found 241.1341. 

 

2-((1S,4S,5R,6S)-5-Formyl-4-methyl-6-propylbicyclo[2.2.2]octan-2-ylidene)mal

ononitrile (4d) was obtained in 76% yield. After reduction, the enantiomeric 

excess of the corresponding alcohol was determined to be 93% by HPLC analysis 

on Chiralpak IC column (30% 2-propanol/n-hexane, 1 mL/min), UV 254 nm, tmajor = 26.70 min, 

tminor = 31.71 min; [α]D
20 = -11.4 (c = 0.45 in CHCl3); 

1H NMR (400 MHz, CDCl3):  = 9.88 (d, J = 

2.4 Hz, 1H), 3.09-3.09 (m, 1H), 2.56 (dd, J = 20.8 Hz, J = 2.4 Hz, 1H), 2.49-2.44 (m, 2H), 

1.97-1.93 (m, 2H), 1.71-1.59 (m, 2H), 1.31-1.19 (m, 4H), 1.21 (s, 3H), 1.05-1.01 (m, 1H), 0.89 (t, J 

= 7.2 Hz, 3H) ppm; 13C NMR (100 MHz, CDCl3):  = 202.3, 187.4, 111.1, 111.0, 83.3, 60.8, 44.8, 

40.4, 38.0, 36.7, 34.6, 27.4, 24.9, 24.1, 20.0, 13.8 ppm; ESI HRMS: calcd. for C16H20N2O-H+ 

255.1503, found 255.1501. 

 

2-((1S,4S,5R)-5-Formyl-6-(4-methoxyphenyl)-4-methylbicyclo[2.2.2]octan-2-ylidene)malononi

trile (4e) was obtained in 94% yield. After reduction, the enantiomeric excess of the corresponding 

OHC

CN

CN
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alcohol was determined to be 95% by HPLC analysis on Chiralpak OD column 

(30% 2-propanol/n-hexane, 1 mL/min), UV 254 nm, tmajor = 20.26 min, tminor = 

8.44 min; [α]D
20 = +13.4 (c = 1.2 in CHCl3); 

1H NMR (400 MHz, CDCl3):  = 

9.90 (d, J = 1.2 Hz, 1H), 6.95 (d, J = 8.8 Hz, 2H), 6.84 (d, J = 8.4 Hz, 2H), 

3.80-3.78 (m, 1H), 3.78 (s, 3H), 3.19 (d, J = 2.4 Hz, 1H), 2.77 (dd, J = 20.8 Hz, J = 2.4 Hz, 1H), 

2.70 (d, J = 6.4 Hz, 1H), 2.57 (d, J = 20.8 Hz, 1H), 2.17-2.05 (m, 1H), 1.77-1.65 (m, 2H), 1.38-1.26 

(m, 1H), 1.33 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3):  = 201.7, 186.0, 158.7, 133.1, 127.9, 

114.3, 111.0, 110.7, 83.7, 59.8, 55.2, 45.0, 43.3, 41.6, 34.7, 27.0, 25.5, 24.0 ppm; ESI HRMS: calcd. 

for C20H20N2O2+MeOH+Na+ 375.1679, found 375.1689. 

 

2-((1S,4S,5R)-5-Formyl-4-methyl-6-(p-tolyl)bicyclo[2.2.2]octan-2-ylidene)mal

ononitrile (4f) was obtained in 83% yield. After reduction, the enantiomeric 

excess of the corresponding alcohol was determined to be 95% by HPLC analysis 

on Chiralpak OD column (30% 2-propanol/n-hexane, 1 mL/min), UV 254 nm, 

tmajor = 14.04 min, tminor = 7.18 min; [α]D
20 = +21.3 (c = 0.43 in CHCl3); 

1H NMR (400 MHz, 

CDCl3):  = 9.91 (d, J = 1.2 Hz, 1H), 7.12 (d, J = 7.6 Hz, 2H), 6.91 (d, J = 8.0 Hz, 2H), 3.82 (dd, J 

= 7.2 Hz, J = 1.6 Hz, 1H), 3.22-3.20 (m, 1H), 2.77 (dd, J = 20.8 Hz, J = 2.4 Hz, 1H), 2.72 (d, J = 

6.8 Hz, 1H), 2.57 (d, J = 20.4 Hz, 1H), 2.32 (s, 3H), 2.15-2.14 (m, 1H), 1.74-1.69 (m, 2H), 

1.37-1.32 (m, 1H), 1.33 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3):  = 201.6, 186.0, 138.1, 137.2, 

129.7, 126.6, 111.0, 110.6, 83.7, 59.7, 45.1, 43.1, 42.0, 34.7, 27.1, 25.6, 24.1, 20.9 ppm; ESI HRMS: 

calcd. for C20H20N2O+MeOH+Na+ 359.1730, found 359.1734. 

 

2-((1S,4S,5R)-6-(3-Chlorophenyl)-5-formyl-4-methylbicyclo[2.2.2]octan-2-yli

dene)malononitrile (4g) was obtained in 91% yield. After reduction, the 

enantiomeric excess of the corresponding alcohol was determined to be 94% by 

HPLC analysis on Chiralpak AD column (20% 2-propanol/n-hexane, 1 mL/min), 

UV 254 nm, tmajor = 5.70 min, tminor = 7.60 min; [α]D
20 = +28.6 (c = 1.3 in CHCl3); 

1H NMR (400 

MHz, CDCl3):  = 9.92 (d, J = 1.2 Hz, 1H), 7.29-7.23 (m, 2H), 7.03 (s, 1H), 6.92-6.89 (m, 1H), 

3.87 (dd, J = 6.8 Hz, J = 1.6 Hz, 1H), 3.22-3.21 (m, 1H), 2.79 (dd, J = 20.4 Hz, J = 2.4 Hz, 1H), 

2.69 (d, J = 7.2 Hz, 1H), 2.59 (d, J = 20.4 Hz, 1H), 2.18-2.12 (m, 1H), 1.78-1.61 (m, 2H), 1.41-1.33 

(m, 1H), 1.36 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3):  = 201.1, 185.1, 143.2, 134.9, 130.3, 
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127.8, 127.3, 124.8, 110.8, 110.5, 84.0, 59.5, 45.0, 42.6, 41.8, 34.8, 27.0, 25.6, 24.0 ppm; ESI 

HRMS: calcd. for C19H17ClN2O+MeOH+Na+ 379.1184 (Cl35) and 381.1155 (Cl37), found 379.1187 

and 381.1160. 

 

2-((1S,4S,5R)-6-(2-Bromophenyl)-5-formyl-4-methylbicyclo[2.2.2]octan-2-ylid

ene)malononitrile (4h) was obtained in 87% yield. After reduction, the 

enantiomeric excess of the corresponding alcohol was determined to be 94% by 

HPLC analysis on Chiralpak OD column (30% 2-propanol/n-hexane, 1 mL/min), 

UV 254 nm, tmajor = 10.14 min, tminor = 8.47 min; [α]D
20 = +10.4 (c = 1.4 in CHCl3); 

1H NMR (400 

MHz, CDCl3):  = 9.88 (d, J = 1.2 Hz, 1H), 7.64-7.62 (m, 1H), 7.33-7.29 (m, 1H), 7.18-7.14 (m, 

1H), 6.83 (d, J = 8.0 Hz, 1H), 4.44 (dd, J = 7.2 Hz, J = 1.6 Hz, 1H), 3.19 (d, J = 2.0 Hz, 1H), 2.81 

(dd, J = 20.4 Hz, J = 1.6 Hz, 1H), 2.74 (d, J = 7.2 Hz, 1H), 2.58 (d, J = 20.4 Hz, 1H), 2.30-2.22 (m, 

1H), 1.81-1.74 (m, 2H), 1.43-1.35 (m, 1H), 1.35 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3):  = 

200.8, 184.6, 138.9, 134.0, 129.2, 127.7, 126.4, 125.5, 110.9, 110.1, 84.1, 57.9, 44.9, 42.0, 41.6, 

34.8, 27.1, 24.7, 24.2 ppm; ESI HRMS: calcd. for C19H17BrN2O+MeOH+Na+ 423.0679 (Br79) and 

425.0659 (Br81), found 423.0681 and 425.0664. 

 

2-((1S,4S,5R)-6-(3,4-Dichlorophenyl)-5-formyl-4-methylbicyclo[2.2.2]octan-2-

ylidene)malononitrile (4i) was obtained in 85% yield. After reduction, the 

enantiomeric excess of the corresponding alcohol was determined to be 96% by 

HPLC analysis on Chiralpak AD column (30% 2-propanol/n-hexane, 1 mL/min), 

UV 254 nm, tmajor = 10.09 min, tminor = 11.38 min; [α]D
20 = +17.9 (c = 2.1 in CHCl3); 

1H NMR (400 

MHz, CDCl3):  = 9.93 (s, 1H), 7.41 (d, J = 8.4 Hz, 1H), 7.14 (d, J = 2.0 Hz, 1H), 6.86 (dd, J = 8.4 

Hz, J = 2.4 Hz, 1H), 3.87-3.85 (m, 1H), 3.23 (d, J = 2.4 Hz, 1H), 2.79 (dd, J = 20.8 Hz, J = 2.4 Hz, 

1H), 2.65-2.58 (m, 2H), 2.18-2.12 (m, 1H), 1.78-1.61 (2H), 1.42-1.34 (m, 1H), 1.37 (s, 3H) ppm; 

13C NMR (100 MHz, CDCl3):  = 200.9, 184.7, 141.4, 133.2, 131.8, 131.0, 129.2, 125.9, 110.7, 

110.4, 84.2, 59.8, 45.0, 42.4, 41.2, 34.9, 27.0, 25.6, 24.2 ppm; ESI HRMS: calcd. for 

C19H16Cl2N2O+MeOH+Na+ 413.0794 (Cl35) and 415.0764 (Cl37), found 413.0793 and 415.0766. 

 

2-((1S,4S,5R)-5-Formyl-4-methyl-6-(4-nitrophenyl)bicyclo[2.2.2]octan-2-ylidene)malononitrile 

(4j) was obtained in 90% yield. After reduction, the enantiomeric excess of the corresponding 
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alcohol was determined to be 92% by HPLC analysis on Chiralpak AD column 

(20% 2-propanol/n-hexane, 1 mL/min), UV 254 nm, tmajor = 16.21 min, tminor = 

14.95 min; [α]D
20 = +14.0 (c = 0.94 in CHCl3); 

1H NMR (400 MHz, CDCl3):  = 

9.95 (s, 1H), 8.20 (d, J = 8.8 Hz, 2H), 7.23 (d, J = 8.8 Hz, 2H), 4.05 (dd, J = 7.2 

Hz, J = 1.2 Hz, 1H), 3.26-3.25 (m, 1H), 2.85 (dd, J = 20.8 Hz, J = 2.4 Hz, 1H), 

2.73 (d, J = 6.8 Hz, 1H), 2.65 (d, J = 20.8 Hz, 1H), 2.23-2.16 (m, 1H), 1.82-1.74 (m, 1H), 1.72-1.64 

(m, 1H), 1.46-1.38 (m, 1H), 1.41 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3):  = 184, 148.5, 147.1, 

127.9, 124.3, 110.6, 110.4, 84.3, 59.6, 45.0, 42.3, 41.7, 34.9, 27.0, 25.6, 24.0 ppm; ESI HRMS: 

calcd. for C19H17N3O3+MeOH+Na+ 390.1424, found 390.1430. 

 

2-((1S,4S,5R)-5-Formyl-4-methyl-6-(pyridin-2-yl)bicyclo[2.2.2]octan-2-ylidene

)malononitrile (4k) was obtained in 94% yield. After reduction, the enantiomeric 

excess of the corresponding alcohol was determined to be 84% by HPLC analysis 

on Chiralpak IC column (10% 2-propanol/n-hexane, 1 mL/min), UV 254 nm, tmajor 

= 16.48 min, tminor = 19.72 min; [α]D
20 = +9.3 (c = 0.56 in CHCl3); 

1H NMR (400 MHz, CDCl3):  = 

9.94 (s, 1H), 8.54 (dd, J = 4.8 Hz, J = 1.6 Hz, 1H), 8.37 (d, J = 2.0 Hz, 1H), 7.36-7.26 (m, 2H), 

3.94-3.93 (m, 1H), 3.21-3.20 (m, 1H), 2.83 (dd, J = 20.8 Hz, J = 2.4 Hz, 1H), 2.71 (d, J = 6.8 Hz, 

1H), 2.64 (d, J = 20.8 Hz, 1H), 2.22-2.16 (m, 1H), 1.81-1.65 (m, 2H), 1.43-1.39 (m, 1H), 1.39 (s, 

3H) ppm; 13C NMR (100 MHz, CDCl3):  = 200.8, 184.6, 149.1, 148.6, 136.7, 134.2, 123.7, 110.7, 

110.4, 84.3, 59.5, 45.1, 42.5, 39.8, 34.8, 27.0, 25.6, 24.0 ppm; ESI HRMS: calcd. for 

C18H17N3O+MeOH+H+ 324.1707, found 324.1705. 

 

2-((1S,4S,5R)-5-Formyl-6-(furan-2-yl)-4-methylbicyclo[2.2.2]octan-2-ylidene)

malononitrile (4l) was obtained in 93% yield. After reduction, the enantiomeric 

excess of the corresponding alcohol was determined to be 94% by HPLC analysis 

on Chiralpak OD column (20% 2-propanol/n-hexane, 1 mL/min), UV 254 nm, 

tmajor = 8.80 min, tminor = 12.15 min; [α]D
20 = +45.5 (c = 1.4 in CHCl3); 

1H NMR (400 MHz, CDCl3): 

 = 9.95 (s, 1H), 7.32 (d, J = 1.6 Hz, 1H), 6.29-6.28 (m, 1H), 6.05 (d, J = 2.8 Hz, 1H), 3.96 (dd, J = 

6.0 Hz, J = 2.0 Hz, 1H), 3.41-3.40 (m, 1H), 2.78-2.72 (m, 2H), 2.52 (d, J = 20.4 Hz,1H), 2.08-2.03 

(m, 1H), 1.76-1.69 (m, 1H), 1.67-1.60 (m, 1H), 1.38-1.29 (m, 1H), 1.34 (s, 3H) ppm; 13C NMR 

OHC

CN

CN
N
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(100 MHz, CDCl3):  = 201.1, 185.7, 153.8, 142.3, 111.0, 110.7, 110.4, 105.8, 83.4, 57.6, 44.6, 40.6, 

35.5, 34.6, 27.2, 24.4, 24.0 ppm; ESI HRMS: calcd. for C17H16N2O2+MeOH+Na+ 335.1366, found 

335.1374. 

 

2-((1S,4S,5R)-5-Formyl-4-methyl-6-((E)-styryl)bicyclo[2.2.2]octan-2-ylidene)

malononitrile (4m) was obtained in 79% yield. After reduction, the enantiomeric 

excess of the corresponding alcohol was determined to be 92% by HPLC analysis 

on Chiralpak OD column (20% 2-propanol/n-hexane, 1 mL/min), UV 254 nm, 

tmajor = 6.35 min, tminor = 7.15 min; [α]D
20 = -20.6 (c = 1.1 in CHCl3); 

1H NMR (400 MHz, CDCl3):  

= 9.93 (d, J = 1.2 Hz, 1H), 7.31-7.23 (m, 5H), 6.43 (d, J = 15.6 Hz, 1H), 5.78 (dd, J = 16.0 Hz, J = 

7.6 Hz, 1H), 3.43 (t, J = 6.8 Hz, 1H), 3.22 (d, J = 2.4 Hz, 1H), 2.67 (dd, J = 20.4 Hz, J = 2.0 Hz, 1H) 

2.52 (d, J = 20.4 Hz, 1H), 2.36 (d, J = 6.0 Hz, 1H), 2.05-2.02 (m, 1H), 1.73-1.62 (m, 2H), 1.35-1.26 

(m, 1H), 1.29 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3):  = 201.4, 186.2, 136.0, 132.0, 129.0, 

128.6, 128.0, 126.4, 111.0, 111.0, 83.6, 59.7, 44.9, 41.4, 39.5, 34.6, 27.2, 24.6, 24.0 ppm; ESI 

HRMS: calcd. for C21H20N2O+MeOH+Na+ 371.1730, found 371.1738. 

 

2-((1S,4S,5R,6S)-5-Formyl-4-methyl-6-(phenylethynyl)bicyclo[2.2.2]octan-2-y

lidene)malononitrile (4n) was obtained in 83% yield. After reduction, the 

enantiomeric excess of the corresponding alcohol was determined to be 94% by 

HPLC analysis on Chiralpak OD column (30% 2-propanol/n-hexane, 1 mL/min), 

UV 254 nm, tmajor = 9.76 min, tminor = 15.11 min; [α]D
20 = 18.6 (c = 0.58 in CHCl3); 

1H NMR (400 

MHz, CDCl3):  = 9.97 (s, 1H), 7.38-7.26 (m, 5H), 3.79 (dd, J = 5.2 Hz, J = 2.8 Hz, 1H) 3.40-3.39 

(m, 1H), 2.82 (dd, J = 20.4 Hz, J = 2.8 Hz, 1H), 2.71 (d, J = 4.8 Hz, 1H) 2.54 (d, J = 20.4 Hz, 1H) 

2.01-1.92 (m, 1H), 1.77-1.69 (m, 1H), 1.57-1.48 (m, 1H), 1.34 (s, 3H), 1.33-1.24 (m, 1H) ppm; 13C 

NMR (100 MHz, CDCl3):  = 201.4, 186.2, 136.0, 132.0, 129.0, 128.6, 128.0, 126.4, 111.0, 111.0, 

83.6, 59.7, 44.9, 41.4, 39.5, 34.6, 27.2, 24.6, 24.0 ppm; ESI HRMS: calcd. for 

C21H18N2O+MeOH+Na+ 369.1573, found 369.1573. 

 

2-((1S,4S,5R)-4-Ethyl-5-formyl-6-phenylbicyclo[2.2.2]octan-2-ylidene)malononitrile (4o) was 

obtained in 84% yield. After reduction, the enantiomeric excess of the corresponding alcohol was 
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determined to be 91% by HPLC analysis on Chiralpak OD column (20% 

2-propanol/n-hexane, 1 mL/min), UV 254 nm, tmajor = 19.25 min, tminor = 28.50 

min; [α]D
20 = +30.5 (c = 1.1 in CHCl3); 

1H NMR (400 MHz, CDCl3):  = 9.91 (d, 

J = 1.6 Hz, 1H), 7.35-7.25 (m, 3H), 7.03 (d, J = 7.2 Hz, 2H), 3.88-3.86 (m, 1H), 

3.24 (d, J = 2.4 Hz, 1H), 2.89-2.81 (m, 2H), 2.54 (d, J = 20.4 Hz, 1H), 2.22-2.15 (m, 1H), 1.80-1.71 

(m, 2H), 1.68-1.1.52 (m, 2H), 1.46-1.39 (m ,1H), 1.09 (t, J = 7.6 Hz, 3H) ppm; 13C NMR (100 MHz, 

CDCl3):  = 201.5, 186.3, 141.2, 129.1, 127.6, 126.8, 111.1, 110.6, 83.9, 56.9, 43.1, 42.3, 41.1, 38.3, 

29.6, 26.0, 25.5, 8.2 ppm; ESI HRMS: calcd. for C20H20N2O+MeOH+Na+ 359.1730, found 

359.1731. 

 

2-((1S,4R,5R)-5-Formyl-6-phenyl-4-(phenylethynyl)bicyclo[2.2.2]octan-2-yli

dene)malononitrile (4p) was obtained in 82% yield. After reduction, the 

enantiomeric excess of the corresponding alcohol was determined to be 86% by 

HPLC analysis on Chiralpak OD column (20% 2-propanol/n-hexane, 1 mL/min), 

UV 254 nm, tmajor = 17.31 min, tminor = 24.01 min; [α]D
20 = +10.8 (c = 0.51 in 

CHCl3); 
1H NMR (400 MHz, CDCl3):  = 10.21 (s, 1H), 7.44-7.26 (m, 8H), 7.08-7.06 (m, 2H), 4.01 

(d, J = 6.4 Hz, 1H), 3.29-3.24 (m, 2H), 3.14-3.08 (m, 2H), 2.19-2.13 (m, 1H), 1.98-1.92 (m, 1H), 

1.88-1.75 (m 2H) ppm; 13C NMR (100 MHz, CDCl3):  = 201.0, 183.1, 140.7, 131.7, 129.2, 128.9, 

128.5, 127.7, 126.8, 121.7, 110.8, 110.3, 88.0, 86.4, 84.5, 57.9, 43.7, 42.6, 41.0, 32.1, 27.2, 24.9 

ppm; ESI HRMS: calcd. for C26H20N2O+MeOH+Na+ 431.1730, found 431.1734. 

 

2-((1R,4S,5R,6S)-5-Formyl-4,7,7-trimethyl-6-phenylbicyclo[2.2.2]octan-2-ylid

ene)malononitrile (4q) was obtained in 78% yield. After reduction, the 

enantiomeric excess of the corresponding alcohol was determined to be 92% by 

HPLC analysis on Chiralpak OD column (10% 2-propanol/n-hexane, 1 mL/min), UV 254 nm, tmajor 

= 9.19 min, tminor = 9.92 min; [α]D
20 = +27.1 (c = 0.87 in CHCl3); 

1H NMR (400 MHz, CDCl3):  = 

9.90 (s, 1H), 7.35-7.26 (m, 3H), 7.03 (d, J = 6.8 Hz, 2H), 4.22-4.20 (m, 1H), 2.79-2.68 (m, 3H), 

2.51 (d, J = 20.8 Hz, 1H), 1.46 (dd, J = 14.4 Hz, J = 2.8 Hz, 1H), 1.35 (s, 3H), 1.35 (s, 3H), 1.15 

(dd, J = 18.0 Hz, J = 5.0 Hz, 1H), 0.92 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3):  = 201.3, 184.7, 

140.6, 129.0, 127.6, 127.2, 110.9, 110.5, 85.4, 58.2, 56.0, 43.8, 43.2, 38.1, 36.1, 33.0, 31.6, 28.6, 

OHC

CN

CN
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24.1 ppm; ESI HRMS: calcd. for C21H22N2O+MeOH+Na+ 373.1886, found 373.1894. 

 

4. Procedure for regio- and diastereoselective reduction of 4a 

 

To a solution of bicyclo[2.2.2]octane 4a (0.1 mmol) in DCM (1 mL) was added NaBH(OAc)3 

(0.15 mmol). After stirred for 4 h at room temperature, the reaction was quenched by water (1 mL) 

and the organic phase was separated and dried by anhydrous Na2SO4. Then, the solvent was 

removed under vacuum and the residue was purified by flash chromatography on silica gel 

(petroleum ether/ethyl acetate) to afford the alcohol 6 in 83% yield and the enantiomeric excess was 

determined to be 98% by HPLC analysis on Chiralpak OD column (20% 2-propanol/n-hexane, 1 

mL/min), UV 254 nm, tmajor = 14.07 min, tminor = 22.66 min; [α]D
20 = +35.8 (c = 0.89 in CHCl3); 

1H 

NMR (400 MHz, CDCl3):  = 7.34-7.24 (m, 3H), 7.06 (d, J = 7.2 Hz, 2H), 3.78 (dd, J = 10.8 Hz, J 

= 5.2 Hz, 1H), 3.68 (dd, J = 10.8 Hz, J = 6.0 Hz, 1H), 3.10 (d, J = 8.0 Hz, 1H), 3.05-3.03 (m, 1H), 

2.66 (d, J = 20.4 Hz, 1H), 2.52 (d, J = 20.4 Hz, 1H), 2.13-1.94 (m, 2H), 1.79-1.68 (m, 2H), 

1.30-1.24 (m, 1H), 1.13 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3):  = 187, 142.4, 129.0, 127.3, 

127.2, 111.3, 110.7, 83.1, 62.7, 49.0, 48.3, 46.0, 44.8, 33.3, 26.8, 26.1, 24.2 ppm; ESI HRMS: calcd. 

for C19H20N2O+Na+ 315.1468, found 315.1474. 

A mixture of alcohol 6 (0.1 mmol) and Hantzsch ester (0.15 mmol) in ethanol (1 mL) was stirred 

at 80 °C for 12 h. Then the solvent was removed under vacuum and the residue was purified by 

flash chromatography on silica gel (petroleum ether/ethyl acetate) to afford the product 7 in 76% 

yield. The enantiomeric excess was determined to be 96% by HPLC analysis on Chiralpak OD 

column (20% 2-propanol/n-hexane, 1 mL/min), UV 220 nm, tmajor = 12.25 min, tminor = 19.87 min; 

[α]D
20 = -90.4 (c = 2.4 in CHCl3); 

1H NMR (400 MHz, CDCl3):  = 7.42-7.37 (m, 4H), 7.30-7.26 (m, 

1H), 3.91 (dd, J = 10.8 Hz, J = 5.2 Hz, 1H), 3.57 (dd, J = 10.4 Hz, J = 7.6 Hz, 1H), 3.02 (d, J = 4.4 

Hz, 1H), 2.85 (d, J = 12.4 Hz, 1H), 2.43-2.41 (m, 1H), 2.35-2.24 (m, 2H), 1.94-1.86 (m, 2H), 

1.78-1.65 (m, 2H) 1.38-1.19 (m, 3H), 1.10 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3):  = 142.5, 

129.3, 112.3, 112.0, 64.5, 45.3, 44.9, 41.1, 39.3, 35.4, 31.7, 29.3, 26.9, 26.9, 25.6 ppm; ESI HRMS: 
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calcd. for. C19H22N2O+Na+ 317.1624, found 317.1629. 

 

Since some typical peaks of compound 7 overlapped, a simple synthetic transformation was 

applied to oxidate the hydroxy group to the corresponding aldehyde 10, whose relative 

configuration could be established by NOE analysis. 

 

PCC (0.15 mmol) was added to the solution of alcohol 7 (0.1 mmol) in DCM (1 mL) at room 

temperature. After stirred for 1 h at rt, 30 mg silica gel was added and the mixture was filtrated. The 

filtrate was concentrated under vacuum and the residue was purified by flash chromatography on 

silica gel (petroleum ether/ethyl acetate) to afford the aldehyde 10 in 76% yield.  

1H NMR (400 MHz, CDCl3):  = 9.92 (d, J = 2.0 Hz, 1H), 7.42-7.29 (m, 5H), 3.78-3.76 (m, 1H), 

3.04-3.02 (m, 1H), 2.74 (d, J = 12.0 Hz, 1H), 2.56-2.54 (m, 1H), 2.35 (dd, J = 19.6 Hz, J = 10.8 Hz, 

1H), 1.96-1.86 (m, 2H), 1.81-1.73 (m, 1H), 1.65-1.59 (m, 1H), 1.47-1.32 (m, 2H), 1.30 (s, 3H) ppm; 

13C NMR (100 MHz, CDCl3):  = 202.5, 140.8, 129.5, 127.6, 126.9, 112.1, 112.0, 56.0, 40.2, 39.1, 

38.9, 34.2, 33.3, 28.5, 27.6, 26.7, 25.2 ppm; ESI HRMS: calcd. for C19H20N2O+MeOH+Na+ 

347.1730, found 347.1733. 

 

5. Procedure for asymmetric [4+2] formal cycloaddition of cyclohexenylidenemalononitrile 2a 

and nitroolefin 8 

 

The reaction was conducted with cyclohexenylidenemalononitrile 2a (0.1 mmol) and nitroolefin 8 

in the presence of (DHQD)2PHAL (hydroquinidine 1,4-phthalazinediyl diether, 0.02 mmol) in 

MeCN (1 mL) at room temperature. After 48 h, the solvent were removed under vacuum and the 

residue was purified by flash chromatography on silica gel (petroleum ether/ethyl acetate) to afford 

the nitro-containing bicyclo[2.2.2]octane 9 in 62% yield and the enantiomeric excess was 
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determined to be 47% by HPLC analysis on Chiralpak AD column (20% 2-propanol/n-hexane, 1 

mL/min), UV 254 nm, tmajor = 10.63 min, tminor = 12.80 min; [α]D
20 = -53.6 (c = 1.3 in CHCl3); 

1H 

NMR (400 MHz, CDCl3):  = 7.40-7.33 (m, 3H), 7.02 (d, J = 6.8 Hz, 2H), 4.75 (dd, J = 6.8 Hz, J = 

1.6 Hz, 1H), 4.03 (dd, J = 6.8 Hz, J = 1.6 Hz, 1H), 3.35 (dd, J = 5.2 Hz, J = 3.2 Hz, 1H), 2.73-2.71 

(m, 2H), 2.46-2.39 (m, 1H), 2.16-2.09 (m, 1H), 1.88-1.81 (m, 1H), 1.44-1.37 (m, 1H), 1.18 (s, 3H) 

ppm; 13C NMR (100 MHz, CDCl3):  = 182.8, 138.6, 129.5, 128.4, 126.4, 110.6, 110.3, 94.6, 84.7, 

47.7, 42.7, 42.5, 35.9, 25.6, 24.7, 22.9 ppm; ESI HRMS: calcd. for C18H17N3O2+Na+ 330.1213, 

found 330.1207. 

 

6. Crystal data and structure refinement for enantiopure alcohol of 4g 

   

HOH2C

CN

CN

Cl

alcohol of 4g  
Identification code                4g  

   

      Empirical formula                 C19 H19 Cl N2 O  

   

      Formula weight                    326.81  

   

      Temperature                       143(2) K  

   

      Wavelength                        0.71073 A  

   

      Crystal system, space group       Orthorhombic,  P2(1)2(1)2(1)  

   

      Unit cell dimensions              a = 7.2494(19) A   alpha = 90 deg.  

                                        b = 13.352(4) A    beta = 90 deg.  
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                                        c = 16.888(5) A   gamma = 90 deg.  

   

      Volume                            1634.7(7) A^3  

   

      Z, Calculated density             4,  1.328 Mg/m^3  

   

      Absorption coefficient            0.240 mm^-1  

   

      F(000)                            688  

   

      Crystal size                      0.51 x 0.50 x 0.50 mm  

   

      Theta range for data collection   3.06 to 31.53 deg.  

   

      Limiting indices                  -10<=h<=10, -19<=k<=15, -24<=l<=24  

   

      Reflections collected / unique    16028 / 5405 [R(int) = 0.0622]  

   

      Completeness to theta = 31.53     99.5 %  

   

      Absorption correction             Semi-empirical from equivalents  

   

      Max. and min. transmission        0.8895 and 0.8875  

   

      Refinement method                 Full-matrix least-squares on F^2  

   

      Data / restraints / parameters    5405 / 0 / 222  

   

      Goodness-of-fit on F^2            1.002  

   

      Final R indices [I>2sigma(I)]     R1 = 0.0579, wR2 = 0.1405  

   

      R indices (all data)              R1 = 0.0652, wR2 = 0.1455  

   

      Absolute structure parameter      0.10(8)  

   

      Extinction coefficient            0.024(3)  

   

      Largest diff. peak and hole       0.283 and -0.271 e.A^-3 
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7. NMR spectra and HPLC chromatograms 
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