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General Information 
Unless otherwise indicated, chemicals and solvents were purchased from commercial suppliers and 

purified by standard techniques. Flash column chromatography was performed using silica gel. For 

thin-layer chromatography (TLC), and compounds were visualized by irradiation with UV light or by 

treatment with a solution of phosphomolybdic acid in ethanol followed by heating. For NMR 

spectroscopy, samples were dissolved in CDCl3 and run in room temperature. The 1H NMR (300 MHz), 
13C NMR (100 MHz) and 19F NMR (282 MHz) were recorded on 300, 400 MHz spectrometer. All 

chemical shifts (δ) are given in ppm. Data are reported as follows: chemical shift, multiplicity (s = single, 

d = doublet, t = triplet, q = quartet, br = broad and m = multiplet) and coupling constants (Hz). Chiral 

analyses were done by high-performance liquid chromatography (HPLC) using chiral column. Melting 

points were determined on a apparatus, and are uncorrected. Optical rotations were measured using  a 

sodium lamp (λ = 589 nm). IR spectra were recorded on a FT-IR instrument. Mass spectra analyses were 

performed at 70 Ev(EI). 
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General Procedure for the preparation of α-fluoro-β-keto esters  

(E)-tert-Butyl 5-(4-bromophenyl)-2-fluoro-3-oxopent-4-enoate 3a  

Br

O

O O
SelectfluorTM

Br

O

O O

FCH3CN, rt
7a 3a  

To a solution of 7a (972 mg, 3.0 mmol) in acetonitrile (4 mL) was added SelectfluorTM (1.6 g, 4.5 mmol) 

at room temperature and the mixture was stirred for 10 h. Upon completion of the reaction (monitored by 

TLC), the solvent was removed in vacuum and the residue was mixed with 20 mL of ethyl ether, the 

mixture was filtered through a pad of celite. The filtrate was then concentrated under vacuum to provide a white solid. 

After recrystallization from petroleum ether and ethyl acetate at -10 oC, 3a (875 mg, 85% yield) was obtained: Mp: 

67-68 oC; 1H NMR (300 MHz, CDCl3) δ 7.75 (d, J = 15.9 Hz, 1H), 7.51 (AB, J = 28.1 Hz, 4H), 7.07 (dd, 

J = 2.2, 15.9 Hz, 1H), 5.31 (d, J = 49.2 Hz, 1H), 1.51 (s, 9H); 19F NMR (282 MHz, CDCl3) δ -194.13 (d, 

J = 49.5 Hz, 1F); 13C NMR (75 MHz, CDCl3) δ 189.3 (d, J = 21.8 Hz), 163.3 (d, J = 24.1 Hz), 144.8 (d, J 

= 3.2 Hz), 132.8, 132.3, 130.1, 125.8, 120.0, 91.3 (d, J = 197.6 Hz), 84.5, 27.9; IR (KBr) ν 1758, 1703, 

1611 cm-1; EI–MS (m/z): 342 (M+, 3.2%), 57 (100), 209 (75), 211 (73), 102 (54), 41 (20), 133 (13), 75 

(12), 286 (12); HRMS (EI): m/z: calcd. for C15H16BrFO3: 342.0267; found: 342.0266 [M]+. 

 (E)-tert-Butyl 5-(3-bromophenyl)-2-fluoro-3-oxopent-4-enoate 3b: White solid, 69%. Mp: 75-76 oC; 
1H NMR (300 MHz, CDCl3) δ 7.78-7.68 (m, 2H), 7.60-7.48 (m, 

2H), 7.34-7.27 (m, 1H), 7.06 (dd, J = 2.4, 16.0 Hz, 1H), 5.33 (d, J 

= 49.4 Hz, 1H), 1.51 (s, 9H); 19F NMR (282 MHz, CDCl3) δ 

-193.50 (d, J = 49.5 Hz, 1F); 13C NMR (75 MHz, CDCl3) δ 189.1 (d, J = 21.8 Hz), 163.2 (d, J = 24.3 Hz), 

144.3 (d, J = 3.1 Hz), 135.9, 134.0, 131.2, 130.4, 127.4, 123.0, 120.6, 91.1 (d, J = 197.5 Hz), 84.5, 27.8; 

IR (KBr) ν 1751, 1805, 1561 cm-1; EI–MS (m/z): 342 (M+, 2.1%), 209 (100), 211 (98), 57 (91), 102 (57), 

41 (16), 288 (15), 286 (15), 133 (14); HRMS (EI): m/z: calcd. for C15H16BrFO3: 342.0267; found: 

342.0262 [M]+. 

(E)-tert-Butyl 5-(2-bromophenyl)-2-fluoro-3-oxopent-4-enoate 3c: White solid, 83% yield. Mp: 54-56 
oC; 1H NMR (300 MHz, CDCl3) δ 8.19 (d, J = 16.5 Hz, 1H), 7.71-7.63 

(m, 2H), 7.38-7.25 (m, 2H), 7.02 (d, J = 16.0 Hz, 1H), 5.35 (d, J = 49.7 
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Hz, 1H), 1.51 (s, 9H); 19F NMR (282 MHz, CDCl3) δ -193.46 (d, J = 49.5 Hz, 1F); 13C NMR (75 MHz, 

CDCl3) δ 189.2 (d, J = 21.8 Hz), 163.3 (d, J = 24.2 Hz), 144.5 (d, J = 3.2 Hz), 133.9, 133.7, 132.1, 127.88, 

127.79, 126.5, 122.1, 91.1 (d, J = 197.4 Hz), 84.5, 27.9; IR (KBr) ν 1756, 1702, 1608, 1562 cm-1; EI–MS 

(m/z): 57 (100), 209 (65), 211 (64), 102 (47), 207 (35), 41 (20), 101 (18), 263 (17); HRMS (EI): m/z: 

calcd. for C15H16BrFO3: 342.0267; found: 342.0268 [M]+. 

(E)-tert-Butyl 2-fluoro-5-(4-nitrophenyl)-3-oxopent-4-enoate 3d: White solid, 79% yield. Mp: 124-135 
oC; 1H NMR (300 MHz, CDCl3) δ 8.04 (AB, J = 55.4 Hz, 4H), 

7.83 (d, J = 15.9 Hz, 1H), 7.19 (d, J = 15.9 Hz, 1H), 5.35 (d, J = 

49.3 Hz, 1H), 1.52 (s, 9H); 19F NMR (282 MHz, CDCl3) δ 

-193.67 (d, J = 48.5 Hz, 1F); 13C NMR (75 MHz, CDCl3) δ 189.1 

(d, J = 22.3 Hz), 163.0 (d, J = 24.0 Hz), 149.0, 142.9 (d, J = 3.2 Hz), 139.9, 129.3, 124.2, 123.1, 91.2 (d, 

J = 197.8 Hz), 84.8, 27.8; IR (KBr) ν 1746, 1702, 1670, 1619, 1599 cm-1; EI–MS (m/z): 309 (M+, 

0.6%), 57 (100), 176 (66), 253 (32), 102 (21), 130 (18), 41 (16), 133 (10), 76 (8); HRMS (EI): m/z: calcd. 

for C15H16FNO5: 309.1013; found: 309.1015 [M]+. 

(E)-tert-Butyl 2-fluoro-5-(4-methoxyphenyl)-3-oxopent-4-enoate 3e: White solid, 83% yield. Mp: 

73-74 oC; 1H NMR (300 MHz, CDCl3) δ 7.79 (d, J = 15.6 Hz, 1H), 

7.57 (d, J = 8.8 Hz, 2H), 6.98-6.92 (m, 3H), 5.31 (d, J = 49.9 Hz, 

1H), 3.86 (s, 3H), 1.52 (s, 9H); 19F NMR (282 MHz, CDCl3) δ 

-193.63 (d, J = 49.6 Hz, 1F); 13C NMR (75 MHz, CDCl3) δ 189.2 

(d, J = 21.3 Hz), 163.7 (d, J = 24.3 Hz), 162.3, 146.2 (d, J = 3.2 Hz), 130.7, 126.6, 117.1, 114.5, 91.2 (d, J 

= 197.2 Hz), 84.2, 55.4, 27.9; IR (KBr) ν 1756, 1687, 1595 cm-1; EI–MS (m/z): 294 (M+, 4.4%), 123 

(100), 247 (56), 161 (56), 95 (28), 124 (15), 246 (14), 75 (13), 109 (12); HRMS (EI): m/z: calcd. for 

C16H19FO4: 294.1267; found: 294.1269 [M]+. 

(E)-tert-Butyl 2-fluoro-3-oxo-5-phenylpent-4-enoate 3f: White solid, 73% yield. Mp: 62-63 oC; 1H 

NMR (300 MHz, CDCl3) δ 7.83 (d, J = 16.1 Hz, 1H), 7.62-7.39 (m, 5H), 

7.13 (d, J = 16.0 Hz, 1H), 5.33 (d, J = 51.1 Hz, 1H), 1.51 (s, 9H); 19F 

NMR (282 MHz, CDCl3) δ -193.53 (d, J = 49.5 Hz, 1F); 13C NMR (75 

MHz, CDCl3) δ 189.4 (d, J = 21.5 Hz), 163.4 (d, J = 24.2 Hz), 146.4 (d, J = 3.3 Hz), 133.9, 131.4, 129.1, 

128.8, 119.5, 91.3 (d, J = 197.4 Hz), 84.4, 27.9; IR (KBr) ν 1757, 1698, 1612, 1256, 1132, 1058 cm-1; 

EI–MS (m/z): 264 (M+, 2.7%), 131 (100), 57 (34), 103 (26), 77 (15), 208 (12), 132 (10), 41 (8), 191 (6); 
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HRMS (EI): m/z: calcd. for C15H17FO3: 264.1162; found: 264.1164 [M]+. 

(E)-Ethyl-5-(4-bromophenyl)-2-fluoro-3-oxopent-4-enoate 3g: Colorless oil at room temperature, 80%. 
1H NMR  (300 MHz, CDCl3) δ 7.76 (d, J = 16.0 Hz, 1H), 7.52 

(AB, J = 26.2 Hz, 4H), 7.09 (d, J = 16.0 Hz, 1H), 5.42 (d, J = 49.3 

Hz, 1H), 4.32 (q, J = 7.4 Hz, 2H), 1.33 (t, J = 7.4 Hz, 3H); 19F 

NMR (282 MHz, CDCl3) δ -195.26 (d, J = 49.8 Hz, 1F); 13C NMR 

(75 MHz, CDCl3) δ 188.8 (d, J = 21.9 Hz), 164.3 (d, J = 24.1 Hz), 145.2 (d, J = 3.2 Hz), 132.7, 132.3, 

130.1, 125.9, 119.6, 91.0 (d, J = 198.3 Hz), 62.7, 13.9; IR (KBr) ν 1756, 1699, 1610, 1586 cm-1; 

EI–MS (m/z): 314 (M+, 6.4%), 209 (100), 211 (96), 102 (80), 75 (15), 183 (15), 181 (15), 76 (15), 101 

(13); HRMS (EI): m/z: calcd. for C13H12BrFO3: 313.9954; found: 313.9952 [M]+. 

(E)-tert-butyl 2-fluoro-3-oxohex-4-enoate 3h: Colorless oil, quantitive. 1H NMR  (300 MHz, CDCl3) δ 

7.27-7.10  (m, 1H), 6.45 (d, J = 16.0 Hz, 1H), 5.30 (d, J = 0.8 Hz, 1H), 1.96 (d, J 

= 6.9 Hz, 3H), 1.50 (s, 9H); 19F NMR (282 MHz, CDCl3) δ -193.74 (d, J = 150.5 

Hz, 1F); 13C NMR (75 MHz, CDCl3) δ 198.9 (d, J = 21.2 Hz), 163.4 (d, J = 25.2 

Hz), 147.5, 125.8, 90.7 (d, J = 196.7 Hz), 84.1, 27.7, 18.6; IR (KBr) ν 1758, 1710, 1632 cm-1; EI–MS 

(m/z): 202 (M+, 0.2%), 69 (100), 57 (63), 41 (37), 129 (14), 146 (11), 43 (7), 70 (5), 56 (5); HRMS (EI): 

m/z: calcd. for C10H15FO3: 202.1005; found: 202.1008 [M]+. 
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General Procedure for the enantioselective Robinson 

annulation catalyzed by primary-secondary diamine 

2a 
General procedure for the Robinson annulation to give product 5a: To a solution of 3a (34 mg, 0.1 mmol) 

and 4a (15 mg, 0.1 mmol) in 0.5 mL of chloroform, 2a (2 mg, 0.01 mmol, 10 mol%) and 4-nitrobenzoic 

acid (2 mg, 0.01 mmol, 10 mol%) were added. The mixture was stirred at room temperature and 

monitored by TLC. After completion (20 h), the mixture was concentrated by rotary evaporation and the 

residue was purified by flash chromatography (ethyl acetate/petro ether: 1/10) to provide pure 5a 38 mg, 

80% yield as a white solid. 

 

(1S,6S,E)-tert-butyl-2-(4-bromostyryl)-1-fluoro-4-oxo-6-phenylcyclohex-2-enecarboxylate 5a. Mp: 

101-102 oC; [α]25
D = -205.8 (c = 0.400 in CHCl3); 1H NMR (300 

MHz, CDCl3) δ 7.40 (AB, J = 41.9 Hz, 4H), 7.39-7.33 (m, 5H), 

7.26 (d, J = 16.5 Hz, 1H), 6.76 (d, J = 16.5 Hz, 1H), 6.35 (s, 1H), 

3.96-3.84 (m, 1H), 3.54-3.43 (m, 1H), 2.80-2.72 (m, 1H), 1.29 (s, 

9H); 19F NMR (282 MHz, CDCl3) δ -150.78 (d, J = 15.9 Hz, 1F); 
13C NMR (75 MHz, CDCl3) δ 197.4 (d, J = 2.1 Hz), 166.0 (d, J = 14.5 Hz), 151.8 (d, J = 21.1 Hz), 137.2 

(d, J = 6.1 Hz), 135.4 (d, J = 0.8 Hz), 134.8 (d, J = 0.9 Hz), 132.1, 128.8 (d, J = 1.1 Hz), 128.7, 128.5 (d, 

J = 4.4 Hz), 128.4, 128.2, 123.9 (d, J = 1.8 Hz), 123.6, 94.4 (d, J = 193.5 Hz), 84.4, 47.8 (d, J = 21.9 Hz), 

39.2 (d, J = 8.8 Hz), 27.7; IR (KBr) ν 1721, 1676, 1664, 1596, 1584  cm-1; ESI–MS (m/z): 493 

(M+23), 471 (M+1); HRMS (EI): m/z: calcd. for C25H24Br(81)FO3: 472.0872; found: 472.0869 [M]+. 

HPLC separation conditions: Chiralcel AD, 20 ºC, 254 nm, 9:1 hexane : i-PrOH, 0.8 mL/min; tR = 19.2 

min (minor enantiomer), 25.4 min (major enantiomer). 
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(1S,6S,E)-tert-butyl-2-(3-bromostyryl)-1-fluoro-4-oxo-6-phenylcyclohex-2-enecarboxylate 5b: White 

solid. Mp: 132-133 oC; [α]23
D = -255.2 (c = 1.300 in CHCl3); 1H 

NMR (300 MHz, CDCl3) δ 7.60 (s, 1H), 7.49-7.19 (m, 9H),  6.76 

(d, J = 16.8 Hz, 1H), 6.35 (s, 1H), 3.96-3.84 (m, 1H), 3.48 (t, J = 

14.8 Hz, 1H), 2.82-2.69 (m, 1H), 1.30 (s, 9H); 19F NMR (282 MHz, 

CDCl3) δ -150.63 (d, J = 16.7 Hz, 1F); 13C NMR (75 MHz, CDCl3) δ 197.4 (d, J = 2.1 Hz), 166.0 (d, J = 

26.5 Hz), 151.6 (d, J = 21.2 Hz), 138.0 (d, J = 0.6 Hz), 136.8 (d, J = 7.0 Hz), 135.4 (d, J = 0.6 Hz), 132.2, 

130.4, 129.9, 128.9 (d, J = 4.4 Hz), 128.8 (d, J = 1.1 Hz), 128.5, 128.3, 126.1, 124.8 (d, J = 1.9 Hz), 

123.1, 94.4 (d, J = 194.3 Hz), 84.4, 47.8 (d, J = 22.0 Hz), 39.2 (d, J = 8.8 Hz), 27.8; IR (KBr) ν 1756, 

1666, 1616, 1590 cm-1; EI–MS (m/z): 470 (M+, 1.2%), 472 (1), 57 (100), 352 (30), 354 (29), 183 (19), 

416 (18), 41 (17), 414 (17), 248 (12); HRMS (EI): m/z: calcd. for C25H24BrFO3: 470.0893; found: 

470.0902 [M]+, calcd. for C25H24Br(81)FO3: 472.0872; found: 472.0877 [M]+. HPLC separation 

conditions: Chiralcel ADH, 20 ºC, 254 nm, 4:1 hexane : i-PrOH, 0.6 mL/min; tR = 11.4 min (major 

enantiomer), 12.2 min (minor enantiomer). 

(1S,6S,E)-tert-butyl-2-(2-bromostyryl)-1-fluoro-4-oxo-6-phenylcyclohex-2-enecarboxylate 5c: 

Colorless oil; [α]25
D = -194.7 (c = 0.500 in CHCl3); 1H NMR (300 MHz, 

CDCl3) δ 7.72-7.14 (m, 10H),  6.72 (d, J = 16.5 Hz, 1H), 6.40 (s, 1H), 

3.97-3.85 (m, 1H), 3.50 (t, J = 15.0 Hz, 1H), 2.80-2.72 (m, 1H), 1.31 (s, 

9H); 19F NMR (282 MHz, CDCl3) δ -151.52 (d, J = 16.3 Hz, 1F); 13C 

NMR (75 MHz, CDCl3) δ 197.5 (d, J = 2.1 Hz), 165.9 (d, J = 26.5 Hz), 152.0 (d, J = 21.2 Hz), 136.9 (d, J 

= 6.0 Hz), 135.8 (d, J = 0.9 Hz), 135.4 (d, J = 0.8 Hz), 133.3, 130.4, 128.8(9), 128.8(8), 128.4, 128.2, 

127.7, 127.0, 125.8 (d, J = 2.0 Hz), 125.0, 94.3 (d, J = 194.2 Hz), 84.4, 47.9 (d, J = 22.0 Hz), 39.2 (d, J = 

8.8 Hz), 27.7; IR (film) ν 1755, 1725, 1670, 1612, 1584 cm-1; EI–MS (m/z): 470 (M+, 0.6%), 57 (100), 

352 (33), 354 (32), 183 (25), 41 (21), 416 (20), 414 (20), 115 (13); HRMS (EI): m/z: calcd. for 

C25H24BrFO3: 470.0893; found: 472.0899 [M]+, calcd. for C25H24Br(81)FO3: 472.0872; found: 472.0870 

[M]+. HPLC separation conditions: Chiralcel AD, 20 ºC, 254 nm, 9:1 hexane : i-PrOH, 0.7 mL/min; tR = 

15.9 min (major enantiomer), 18.1 min (minor enantiomer). 
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(1S,6S,E)-tert-butyl-1-fluoro-2-(4-nitrostyryl)-4-oxo-6-phenylcyclohex-2-enecarboxylate 5d: White 

solid. Mp: 127-128 oC; [α]25
D = -233.8 (c = 0.450 in CHCl3); 1H 

NMR (300 MHz, CDCl3) δ 7.81 (AB, J = 189.5 Hz, 4H), 

7.42-7.33 (m, 6H), 6.90 (d, J = 17.1 Hz, 1H), 6.40 (s, 1H), 

3.98-3.86 (m, 1H), 3.56-3.45 (m, 1H), 2.83-2.75 (m, 1H), 1.31 (s, 

9H); 19F NMR (282 MHz, CDCl3) δ -150.95 (d, J = 17.0 Hz, 1F); 13C NMR (75 MHz, CDCl3) δ 197.3 (d, 

J = 2.2 Hz), 165.9 (d, J = 26.0 Hz), 151.9 (d, J = 21.4 Hz), 147.8, 142.0, 135.7 (d, J = 6.2 Hz), 135.2, 

130.0 (d, J = 4.4 Hz), 128.8, 128.5, 128.4, 127.8, 127.7 (d, J = 1.3 Hz), 124.2, 94.3 (d, J = 193.5 Hz), 

84.6, 47.8 (d, J = 21.9 Hz), 39.2 (d, J = 9.1 Hz), 27.7; IR (KBr) ν 1730, 1676, 1597, 1519 cm-1; EI–MS 

(m/z): 437 (M+, 0.6%), 57 (100), 319 (25), 41 (24), 381 (13), 43 (8), 115 (8), 56 (8), 320 (8); HRMS (EI): 

m/z: calcd. for C25H24FNO5: 437.1639; found: 437.1638 [M]+. HPLC separation conditions: Chiralcel 

ODH, 20 ºC, 254 nm, 9:1 hexane : i-PrOH, 0.6 mL/min; tR = 44.4 min (minor enantiomer), 63.0 min 

(major enantiomer). 

(1S,6S,E)-tert-butyl-1-fluoro-2-(4-methoxystyryl)-4-oxo-6-phenylcyclohex-2-enecarboxylate 5e: 

Colorless oil; [α]25
D = -295.6 (c = 0.500 in CHCl3); 1H NMR (300 

MHz, CDCl3) δ 7.39-7.26 (m, 6H), 7.11 (AB, J = 157.2 Hz, 4H), 

6.65 (d, J = 16.4 Hz, 1H), 6.31 (s, 1H), 3.95-3.80 (m, 1H), 3.82 (s, 

3H), 3.53-3.42 (m, 1H), 2.78-2.70 (m, 1H), 1.29 (s, 9H); 19F NMR 

(282 MHz, CDCl3) δ -150.58 (d, J = 20.8 Hz, 1F); 13C NMR (75 

MHz, CDCl3) δ 197.5 (d, J = 1.7 Hz), 166.2 (d, J = 26.5 Hz), 160.8, 152.5 (d, J = 20.9 Hz), 138.3 (d, J = 

5.9 Hz), 135.6 (d, J = 0.7 Hz), 128.9, 128.8 (d, J = 1.1 Hz), 128.6 (d, J = 0.9 Hz), 128.4, 128.2, 127.1 (d, 

J = 4.2 Hz), 121.0 (d, J = 1.8 Hz), 114.4, 95.5 (d, J = 193.5 Hz), 84.2, 55.3, 47.8 (d, J = 22.1 Hz), 39.2 (d, 

J = 9.8 Hz), 27.7; IR (film) ν 1753, 1726, 1668, 1603, 1583, 1512 cm-1; EI–MS (m/z): 422 (M+, 3.8%), 

84 (100), 57 (61), 86 (57), 71 (36), 55 (30), 85 (29), 311 (22), 69 (21); HRMS (EI): m/z: calcd. for 

C26H27FO4: 422.1893; found: 422.1898 [M]+. HPLC separation conditions: Chiralcel AD, 20 ºC, 254 nm, 

4:1 hexane : i-PrOH, 0.7 mL/min; tR = 16.7 min (minor enantiomer), 22.4 min (major enantiomer). 
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(1S,6S,E)-tert-butyl-1-fluoro-4-oxo-6-phenyl-2-styrylcyclohex-2-enecarboxylate 5f: White solid. Mp: 

133-134 oC; [α]25
D = -311.5 (c = 0.500 in CHCl3); 1H NMR (300 

MHz, CDCl3) δ 7.51-7.25 (m, 11H), 6.78 (d, J = 16.9 Hz, 1H), 6.35 

(s, 1H), 3.96-3.84 (m, 1H), 3.49 (t, J = 15.0 Hz, 1H), 2.81-2.69 (m, 

1H), 1.30 (s, 9H); 19F NMR (282 MHz, CDCl3) δ -150.69 (d, J = 

16.2 Hz, 1F); 13C NMR (75 MHz, CDCl3) δ 197.5 (d, J = 1.8 Hz), 166.1 (d, J = 26.4 Hz), 152.2 (d, J = 

21.0 Hz), 138.6 (d, J = 5.8 Hz), 135.9 (d, J = 0.8 Hz), 135.6 (d, J = 0.6 Hz), 129.5, 128.8 (d, J = 1.0 Hz), 

128.4, 128.2, 128.1 (d, J = 4.3 Hz), 127.4, 123.3 (d, J = 1.8 Hz), 94.5 (d, J = 193.6 Hz), 84.3, 47.8 (d, J = 

22.0 Hz), 39.2 (d, J = 8.7 Hz), 27.8; IR (KBr) ν 1722, 1673, 1616, 1587 cm-1; EI–MS (m/z): 392 (M+, 

4.3%), 57 (100), 274 (44), 336 (36), 41 (26), 91 (25), 159 (20), 271 (16), 170 (15); HRMS (EI): m/z: 

calcd. for C25H25FO3: 392.1788; found: 392.1793 [M]+. HPLC separation conditions: Chiralcel AD, 20 ºC, 

254 nm, 19:1 hexane : i-PrOH, 0.5 mL/min; tR = 31.5 min (minor enantiomer), 34.0 min (major 

enantiomer). 

(1S,6S,E)-ethyl-2-(4-bromostyryl)-1-fluoro-4-oxo-6-phenylcyclohex-2-enecarboxylate 5g: Colorless 

oil; [α]25
D = -228.3 (c = 0.950 in CHCl3); 1H NMR (300 MHz, 

CDCl3) δ 7.49-7.18 (m, 9H), 6.98 (AB, J = 16.4 Hz, 2H), 6.38 (s, 

1H), 4.20-3.80 (m, 3H), 3.48 (t, J = 15.9 Hz, 1H), 2.79-2.71 (m, 

1H), 1.11 (t, J = 6.9 Hz, 1H); 19F NMR (282 MHz, CDCl3) δ 

-153.46 (d, J = 16.1 Hz, 1F); 13C NMR (75 MHz, CDCl3) δ 197.1 

(d, J = 1.8 Hz), 167.1 (d, J = 26.9 Hz), 151.1 (d, J = 21.0 Hz), 137.1 (d, J = 6.0 Hz), 135.4, 134.7 (d, J = 

0.8 Hz), 132.1, 128.8, 128.6, 128.5, 128.4(8), 128.4(0), 123.7, 123.6, 94.9 (d, J = 193.7 Hz), 62.6, 47.2 (d, 

J = 21.7 Hz), 39.1 (d, J = 8.7 Hz), 13.9; IR (film) ν 1759, 1733, 1669, 1616, 1581 cm-1; EI–MS (m/z): 

442 (M+, 23.9%), 382 (100), 380 (98), 183 (30), 186 (27), 383 (25), 444 (24), 242 (23); HRMS (EI): m/z: 

calcd. for C23H20BrFO3: 442.0580; found: 442.0578 [M]+. HPLC separation conditions: Chiralcel ODH, 

20 ºC, 254 nm, 4:1 hexane : i-PrOH, 0.7 mL/min; tR = 30.7 min (minor enantiomer), 38.5 min (major 

enantiomer). 
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(1S,6S,E)-tert-butyl 1-fluoro-4-oxo-6-phenyl-2-(prop-1-enyl)cyclohex-2-enecarboxylate 5h: Colorless oil. [α]25
D = 

219.5 (c = 1.650 in CHCl3); 1H NMR (300 MHz, CDCl3) δ 7.41-7.27 (m, 5H), 

6.64-6.46 (m, 1H), 6.21-6.08 (m, 1H), 3.92-3.77 (t, J = 16.0 Hz, 2H), 2.75-2.63 

(m, 1H), 1.86 (d, J = 6.5 Hz, 3H), 1.29 (s, 9H); 19F NMR (282 MHz, CDCl3) δ 

-151.34 (d, J = 19.9 Hz, 1F); 13C NMR (75 MHz, CDCl3) δ197.8, 166.0 (d, J = 

27.4 Hz), 152.5 (d, J = 21.3 Hz), 137.5 (d, J = 5.5 Hz), 135.8, 128.9, 128.4, 128.1, 126.6 (d, J = 2.2 Hz), 

95.5 (d, J = 192.9 Hz), 83.9, 47.8 (d, J = 22.0 Hz), 39.3 (d, J = 8.9 Hz), 27.7, 19.5; IR (KBr) ν 1755, 

1727, 1676 cm-1; EI–MS (m/z): 330 (M+, 0.5%), 57 (100), 274 (27), 212 (26), 69 (23), 41 (23), 230 (13), 

126 (13), 229 (12); HRMS (EI): m/z: calcd. for C20H23FO3: 330.1631; found: 330.1630 [M]+. HPLC 

separation conditions: Chiralcel ODH, 20 ºC, 254 nm, 4:1 hexane : i-PrOH, 0.6 mL/min; tR = 9.9 min 

(major enantiomer), 11.9 min (minor enantiomer). 

(1S,6S,E)-tert-butyl-1-fluoro-6-(4-fluorophenyl)-4-oxo-2-styrylcyclohex-2-enecar boxylate 5i: White 

solid. Mp: 107-108 oC; [α]25
D = -297.2 (c = 0.750 in CHCl3); 1H 

NMR (300 MHz, CDCl3) δ 7.53-7.26 (m, 8H), 7.07 (t, J = 8.5 Hz, 

1H), 6.78 (d, J = 16.5 Hz, 1H), 6.35 (s, 1H), 3.95-3.83 (m, 1H), 3.45 

(t, J = 14.6 Hz, 1H), 2.80-2.66 (m, 1H), 1.31 (s, 9H); 19F NMR (282 

MHz, CDCl3) δ -114.27 (s, 1F), -151.2 (d, J = 16.6 Hz, 1F); 13C NMR (75 MHz, CDCl3) δ 197.0 (d, J = 

1.8 Hz), 165.9 (d, J = 26.3 Hz), 162.0 (d, J = 247.1 Hz), 151.9 (d, J = 21.8 Hz), 138.6 (d, J = 4.9 Hz), 

135.7, 131.3 (d, J = 2.4 Hz), 130.4 (d, J = 9.7 Hz), 129.4, 128.8, 128.0 (d, J = 4.3 Hz), 127.3, 123.0 (d, J 

= 1.9 Hz), 115.2 (d, J = 20.8 Hz), 94.3 (d, J = 193.5 Hz), 84.4, 47.0 (d, J = 22.8 Hz), 39.2 (d, J = 8.9 Hz), 

27.7; IR (KBr) ν 1723, 1678, 1616, 1587, 1510 cm-1; EI–MS (m/z): 410 (M+, 5.0%), 57 (100), 354 (58), 

292 (40), 289 (31), 159 (28), 170 (26), 41 (21), 309 (18); HRMS (EI): m/z: calcd. for C25H24F2O3: 

410.1694; found: 410.1700 [M]+. HPLC separation conditions: Chiralcel ODH, 20 ºC, 254 nm, 4:1 

hexane : i-PrOH, 0.7 mL/min; tR = 14.3 min (minor enantiomer), 16.5 min (major enantiomer). 

(1S,6S,E)-tert-butyl-6-(4-chlorophenyl)-1-fluoro-4-oxo-2-styrylcyclohex-2-enecar boxylate 5j: 

Colorless oil; [α]25
D = -262.1 (c = 0.550 in CHCl3); 1H NMR (300 

MHz, CDCl3) δ 7.54-7.26 (m, 10H), 6.77 (d, J = 16.4 Hz, 1H), 

6.35 (s, 1H), 3.93-3.81 (m, 1H), 3.43 (t, J = 16.5 Hz, 1H), 

2.76-2.68 (m, 1H), 1.32 (s, 9H); 19F NMR (282 MHz, CDCl3) δ 

-150.46 (d, J = 16.6 Hz, 1F); 13C NMR (75 MHz, CDCl3) δ 196.9 (d, J = 1.9 Hz), 165.9 (d, J = 26.5 Hz), 
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151.9 (d, J = 21.1 Hz), 138.7 (d, J = 5.7 Hz), 134.1, 134.0 (d, J = 0.8 Hz), 130.1 (d, J = 1.3 Hz), 129.5, 

128.8, 128.5, 127.9 (d, J = 4.1 Hz), 127.3, 123.0 (d, J = 2.0 Hz), 94.2 (d, J = 193.9 Hz), 84.5, 47.2 (d, J = 

21.9 Hz), 39.0 (d, J = 8.8 Hz), 27.7; IR (film) ν 1724, 1675, 1616, 1586 1494 cm-1; EI–MS (m/z): 426 

(M+, 5.5%), 57 (100), 326 (59), 370 (52), 308 (44), 159 (38), 170 (31), 41 (31), 129 (29); HRMS (EI): m/z: 

calcd. for C25H24ClFO3: 426.1398; found: 426.1400 [M]+. HPLC separation conditions: Chiralcel ODH, 

20 ºC, 254 nm, 9:1 hexane : i-PrOH, 0.7 mL/min; tR = 20.6 min (minor enantiomer), 24.0 min (major 

enantiomer). 

(1S,6S,E)-tert-butyl-6-(4-bromophenyl)-1-fluoro-4-oxo-2-styrylcyclohex-2-enecar boxylate 5k: 

Colorless oil; [α]25
D = -241.2 (c = 0.650 in CHCl3); 1H NMR (300 

MHz, CDCl3) δ 7.59-7.21 (m, 10H), 6.77 (d, J = 17.1 Hz, 1H), 

6.35 (s, 1H), 3.92-3.80 (m, 1H), 3.43 (t, J = 14.4 Hz, 1H), 

2.80-2.69 (m, 1H), 1.32 (s, 9H); 19F NMR (282 MHz, CDCl3) δ 

-151.21 (d, J = 16.4 Hz, 1F); 13C NMR (75 MHz, CDCl3) δ 196.8 (d, J = 2.1 Hz), 165.8 (d, J = 26.4 Hz), 

151.8 (d, J = 21.0 Hz), 138.6 (d, J = 5.9 Hz), 135.6 (d, J = 0.8 Hz), 131.4, 130.4 (d, J = 1.1 Hz), 129.5, 

128.8, 127.9 (d, J = 4.3 Hz), 127.3, 122.9 (d, J = 1.9 Hz), 122.2, 123.0 (d, J = 2.0 Hz), 94.1 (d, J = 193.9 

Hz), 84.5, 47.2 (d, J = 22.0 Hz), 38.9 (d, J = 8.7 Hz), 27.7; IR (film) ν 1762, 1726, 1671, 1594 cm-1; 

EI–MS (m/z): 470 (M+, 1.9%), 57(100), 159 (27), 170 (27), 416 (27), 352 (26), 41 (25), 414 (25), 354 

(22); HRMS (EI): m/z: calcd. for C25H24BrFO3: 470.0893; found: 470.0887 [M]+. HPLC separation 

conditions: Chiralcel ADH, 20 ºC, 254 nm, 4:1 hexane : i-PrOH, 0.5 mL/min; tR = 14.5 min (major 

enantiomer), 15.7 min (minor enantiomer). 

(1S,6S,E)-tert-butyl-6-(3-chlorophenyl)-1-fluoro-4-oxo-2-styrylcyclohex-2-enecar boxylate 5l: White 

solid. Mp: 124-125 oC; [α]24
D = -267.6 (c = 0.350 in CHCl3); 1H 

NMR (300 MHz, CDCl3) δ 7.59-7.23 (m, 10H), 6.77 (d, J = 16.4 

Hz, 1H), 6.35 (s, 1H), 3.92-3.81 (m, 1H), 3.43 (t, J = 16.1 Hz, 

1H), 2.81-2.67 (m, 1H), 1.33 (s, 9H); 19F NMR (282 MHz, 

CDCl3) δ -154.99 (d, J = 12.4 Hz, 1F); 13C NMR (75 MHz, CDCl3) δ 196.7 (d, J = 2.2 Hz), 165.9 (d, J = 

26.4 Hz), 151.9 (d, J = 21.1 Hz), 138.7 (d, J = 5.8 Hz), 137.6 (d, J = 1.0 Hz), 135.7 (d, J = 0.9 Hz), 134.3, 

129.7, 129.5, 128.9, 128.6 (d, J = 1.1 Hz), 128.4, 128.0 (d, J = 4.4 Hz), 127.5 (d, J = 1.6 Hz), 127.4, 

123.1 123.0 (d, J = 2.0 Hz), 95.1 (d, J = 194.3 Hz), 84.7, 47.6 (d, J = 22.1 Hz), 39.0 (d, J = 8.6 Hz), 27.7; 
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IR (KBr) ν 1720, 1677, 1618, 1586 cm-1; EI–MS (m/z): 426 (M+, 2.7%), 57 (100), 308 (61), 370 (39), 

326 (27), 170 (24), 41 (24), 159 (23), 310 (21); HRMS (EI): m/z: calcd. for C25H24ClFO3: 426.1398; 

found: 426.1397 [M]+. HPLC separation conditions: Chiralcel ADH, 20 ºC, 254 nm, 4:1 hexane : i-PrOH, 

0.6 mL/min; tR = 12.1 min (minor enantiomer), 14.1 min (major enantiomer). 

(1S,6S,E)-tert-butyl-6-(2-chlorophenyl)-1-fluoro-4-oxo-2-styrylcyclohex-2-enecar boxylate 5m: 

White solid. Mp: 70-71 oC; [α]24
D = -316.8 (c = 0.950 in CHCl3); 1H 

NMR (300 MHz, CDCl3) δ 7.47-7.24 (m, 10H), 6.78 (d, J = 16.3 Hz, 

1H), 6.36 (s, 1H), 3.71-3.61 (m, 1H), 3.47-3.37 (m, 1H), 2.72-2.61 (m, 

1H), 1.41 (s, 9H); 19F NMR (282 MHz, CDCl3) δ -154.54 (d, J = 12.5 

Hz, 1F); 13C NMR (75 MHz, CDCl3) δ 196.9 (d, J = 2.1 Hz), 166.4 (d, J = 26.6 Hz), 152.7 (d, J = 20.3 

Hz), 138.7 (d, J = 6.1 Hz), 135.8 (d, J = 0.8 Hz), 135.7, 134.0, 130.2, 129.5, 129.2, 128.9, 128.4, 127.9 (d, 

J = 4.5 Hz), 127.3, 126.8, 122.8 (d, J = 1.6 Hz), 95.3 (d, J = 197.0 Hz), 84.7, 43.5 (d, J = 23.2 Hz), 40.0 

(d, J = 8.7 Hz), 27.8; IR (KBr) ν 1753, 1726, 1670, 1616, 1584 cm-1; EI–MS (m/z): 426 (M+, 6.2%), 57 

(100), 326 (77), 370 (61), 308 (52), 41 (40), 159 (38), 170 (38), 91 (36); HRMS (EI): m/z: calcd. for 

C25H24ClFO3: 426.1398; found: 426.1402 [M]+. HPLC separation conditions: Chiralcel ADH, 20 ºC, 254 

nm, 9:1 hexane : i-PrOH, 0.6 mL/min; tR = 15.5 min (major enantiomer), 16.1 min (minor enantiomer). 

(1S,6S,E)-tert-butyl-1-fluoro-6-(4-methoxyphenyl)-4-oxo-2-styrylcyclohex-2-enec arboxylate 5n: 

Colorless oil; [α]24
D = -239.2 (c = 1.000 in CHCl3); 1H NMR (300 

MHz, CDCl3) δ 7.51-7.25 (m, 8H), 6.90 (d, J = 8.7 Hz, 1H), 6.78 (d, 

J = 16.4 Hz, 1H), 6.34 (s, 1H), 3.90-3.79 (m, 4H), 3.44 (t, 15.1 Hz), 

2.72 (d, J = 20.0 Hz, 1H), 1.32 (s, 9H); 19F NMR (282 MHz, CDCl3) 

δ -150.69 (d, J = 15.6 Hz, 1F); 13C NMR (75 MHz, CDCl3) δ 196.6 

(d, J = 2.1 Hz), 165.1 (d, J = 26.7 Hz), 158.4, 151.2 (d, J = 21.2 Hz), 137.6 (d, J = 5.8 Hz), 134.9, 128.8 

(d, J = 0.9 Hz), 128.5, 127.9, 127.1 (d, J = 4.3 Hz), 126.6, 126.3, 122.3 (d, J = 1.6 Hz), 112.7, 93.6 (d, J = 

192.4 Hz), 83.2, 54.3, 46.1 (d, J = 22.2 Hz), 38.4 (d, J = 8.7 Hz), 26.8; IR (film) ν 1753, 1727, 1668, 

1614, 1586, 1514 cm-1; EI–MS (m/z): 422 (M+, 5.3%), 134 (100), 57 (38), 366 (29), 304 (27), 322 (27), 

174 (14), 159 (14), 135 (13); HRMS (EI): m/z: calcd. for C26H27FO4: 422.1893; found: 422.1895 [M]+. 

HPLC separation conditions: Chiralcel AD, 20 ºC, 254 nm, 9:1 hexane : i-PrOH, 0.8 mL/min; tR = 26.9 

min (major enantiomer), 30.1 min (minor enantiomer). 
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(1S,6S,E)-tert-butyl-1-fluoro-6-(4-nitrophenyl)-4-oxo-2-styrylcyclohex-2-enecarboxylate 5o: 

Colorless oil; [α]23
D = -203.5 (c = 0.850 in CHCl3); 1H NMR (300 MHz, CDCl3) δ 8.24 (d, J = 8.2 Hz, 

2H), 7.61-7.28 (m, 8H), 6.80 (d, J = 16.4 Hz, 1H), 6.39 (s, 1H), 

4.09-3.97 (m, 1H), 3.50 (d, J = 15.5 Hz, 1H), 2.77 (d, J = 23.2 Hz, 

1H), 1.32 (s, 9H); 19F NMR (282 MHz, CDCl3) δ -150.61 (d, J = 

16.0 Hz, 1F); 13C NMR (75 MHz, CDCl3) δ 195.0 (d, J = 2.0 Hz), 

164.7 (d, J = 26.5 Hz), 150.7 (d, J = 20.8 Hz), 146.7, 142.0, 137.9 (d, J = 5.7 Hz), 134.6, 128.9 (d, J = 1.4 

Hz), 128.7, 127.9, 126.9 (d, J = 4.3 Hz), 126.4, 122.5, 121.7 (d, J = 1.9 Hz), 92.0 (d, J = 194.8 Hz), 84.0, 

46.6 (d, J = 21.8 Hz), 37.8 (d, J = 8.4 Hz), 26.7; IR (film) ν 1753, 1728, 1668, 1522, 1349 cm-1; EI–MS 

(m/z): 437 (M+, 3.4%), 57 (100), 131 (54), 381 (46), 337 (34), 319 (26), 353 (25), 159 (22), 316 (22); 

HRMS (EI): m/z: calcd. for C25H24FNO5: 437.1639; found: 437.1645 [M]+. HPLC separation conditions: 

Chiralcel ODH, 20 ºC, 254 nm, 9:1 hexane : i-PrOH, 0.6 mL/min; tR = 44.4 min (minor enantiomer), 63.0 

min (major enantiomer). 

(1S,6S,E)-tert-butyl-1-fluoro-4-oxo-2-styryl-6-p-tolylcyclohex-2-enecarboxylate 5p: Colorless oil; 

[α]24
D = -295.1 (c = 1.450 in CHCl3); 1H NMR (300 MHz, CDCl3) δ 

7.50-7.42 (m, 2H), 7.39-7.11 (m, 8H), 6.77 (d, J = 16.4 Hz, 1H), 6.34 

(s, 1H), 3.92-3.80 (m, 1H), 3.45 (t, 14.5 Hz), 2.77-2.68 (m, 1H), 2.35 

(s, 3H), 1.31 (s, 9H); 19F NMR (282 MHz, CDCl3) δ -150.73 (d, J = 

17.8 Hz, 1F); 13C NMR (75 MHz, CDCl3) δ 196.7 (d, J = 1.8 Hz), 165.1 (d, J = 27.0 Hz), 151.2 (d, J = 

21.0 Hz), 137.6 (d, J = 6.4 Hz), 136.9, 134.9, 131.6, 128.5, 128.1, 127.9, 127.7, 127.1 (d, J = 4.0 Hz), 

126.4, 122.3 (d, J = 1.6 Hz), 93.5 (d, J = 192.6 Hz), 83.2, 46.5 (d, J = 22.3 Hz), 38.3 (d, J = 8.5 Hz), 26.8, 

20.1; IR (film) ν 1755, 1728, 1668, 1617, 1586 cm-1; EI–MS (m/z): 406 (M+, 5.4%), 288 (100), 57 (78), 

306 (67), 350 (49), 158 (40), 159 (36), 41 (28), 91 (25); HRMS (EI): m/z: calcd. for C26H27FO3: 406.1944; 

found: 406.1948 [M]+. HPLC separation conditions: Chiralcel ODH, 20 ºC, 254 nm, 9:1 hexane : i-PrOH, 

0.6 mL/min; tR = 24.3 min (major enantiomer), 27.0 min (minor enantiomer). 
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(1S,6S,E)-tert-butyl-1-fluoro-6-(4-methoxyphenyl)-2-(4-methoxystyryl)-4-oxocycl ohex-2- 

enecarboxylate 5q: Colorless oil; [α]23
D = -249.2 (c = 1.650 in CHCl3); 1H NMR (300 MHz, CDCl3) δ 

7.41 (d, J =  9.1 Hz, 2H), 7.30-7.25 (m, 3H), 6.94-6.84 (m, 

4H), 6.64 (d, J = 16.4 Hz, 1H), 6.30 (s, 1H), 3.89-3.75 (m, 

7H), 3.42 (t, J = 15.2 Hz, 1H), 2.76-2.65 (m, 1H), 1.31 (s, 

9H); 19F NMR (282 MHz, CDCl3) δ -150.61 (d, J = 16.3 Hz, 

1F); 13C NMR (75 MHz, CDCl3) δ 197.6 (d, J = 2.1 Hz), 

166.2 (d, J = 26.8 Hz), 160.8, 159.4, 152.5 (d, J = 21.1 Hz), 138.2 (d, J = 5.9 Hz), 129.8 (d, J = 0.9 Hz), 

128.9, 128.6 (d, J = 0.8 Hz), 127.7 (d, J = 0.5 Hz), 127.1 (d, J = 4.2 Hz), 120.9 (d, J = 1.7 Hz), 114.3, 

113.7, 94.6 (d, J = 192.5 Hz), 84.1, 55.3, 47.1 (d, J = 22.2 Hz), 39.4 (d, J = 8.5 Hz), 27.8; IR (film) ν 

1753, 1727, 1668, 1614, 1586, 1514 cm-1; EI–MS (m/z): 452 (M+, 61.7%), 57 (100), 121 (75), 134 (70), 

396 (66), 189 (65), 352 (45), 234 (45); HRMS (EI): m/z: calcd. for C27H29FO5: 452.1999; found: 

452.1998 [M]+. HPLC separation conditions: Chiralcel AD, 20 ºC, 254 nm, 9:1 hexane : i-PrOH, 0.7 

mL/min; tR = 24.5 min (minor enantiomer), 32.5 min (major enantiomer). 

(1S,6S,E)-tert-butyl-1-fluoro-2-(4-methoxystyryl)-6-(4-nitrophenyl)-4-oxocyclohex-2-enecarb oxylate 5r: 

Colorless oil; [α]24
D = -244.2 (c = 1.200 in CHCl3); 1H 

NMR (300 MHz, CDCl3) δ 7.78 (AB, J = 8.9 Hz, 4H), 7.16 

(AB, J = 9.1 Hz, 4H), 6.97 (AB, J = 16.4 Hz, 2H), 6.35 (s, 

1H), 4.07-3.96 (m, 1H), 3.83 (s, 3H), 3.48 (t, J = 16.6 Hz, 

1H), 2.83-2.69 (m, 1H), 1.32 (s, 9H); 19F NMR (282 MHz, 

CDCl3) δ -150.40 (d, J = 16.1 Hz, 1F); 13C NMR (75 MHz, CDCl3) δ 196.0 (d, J = 2.0 Hz), 165.8 (d, J = 

26.7 Hz), 160.1, 152.1 (d, J = 20.7 Hz), 147.9, 143.0 (d, J = 0.7 Hz), 138.6 (d, J = 5.7 Hz), 129.9 (d, J = 

1.2 Hz), 129.0, 128.4 (d, J = 0.7 Hz), 126.8 (d, J = 4.4 Hz), 123.4, 120.3 (d, J = 2.0 Hz), 114.4, 94.0 (d, J 

= 194.8 Hz), 84.9, 55.3, 47.6 (d, J = 18.0 Hz), 38.7 (d, J = 8.4 Hz), 27.7; IR (film) ν 1752, 1727, 1667, 

1603, 1582, 1523, 1513 cm-1; EI–MS (m/z): 467 (M+, 38.9%), 57 (100), 411 (74), 367 (52), 189 (46), 234 

(45), 41 (46), 121 (29); HRMS (EI): m/z: calcd. for C26H26FNO6: 467.1744; found: 467.1747 [M]+. HPLC 

separation conditions: Chiralcel AD, 20 ºC, 254 nm, 4:1 hexane : i-PrOH, 0.7 mL/min; tR = 28.6 min 

(major enantiomer), 37.1 min (minor enantiomer). 
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(1S,6S,E)-tert-butyl-6-(4-bromophenyl)-2-(4-bromostyryl)-1-fluoro-4-oxocyclohex-2-enecarb oxylate 5s: Colorless 

oil; [α]25
D = 98.2 (c = 1.250 in CHCl3); 1H NMR (300 MHz, 

CDCl3) δ 7.54-7.47 (m, 4H), 7.36-7.20 (m, 9H), 6.75 (d, J = 

16.4 Hz, 1H), 6.34 (s, 1H), 3.92-3.80 (m, 1H), 3.48-3.37 (m, 

1H), 2.78-2.65 (m, 1H), 1.31 (s, 9H); 19F NMR (282 MHz, 

CDCl3) δ -150.68 (d, J = 16.4 Hz, 1F); 13C NMR (75 MHz, CDCl3) δ 196.7 (d, J = 2.1 Hz), 165.8 (d, J = 

26.5 Hz), 151.5 (d, J = 21.0 Hz), 137.2 (d, J = 6.0 Hz), 134.6 (d, J = 0.8 Hz), 134.5, 132.0, 131.5, 130.4 

(d, J = 1.1 Hz), 128.7, 128.3 (d, J = 4.3 Hz), 123.6 (d, J = 1.9 Hz), 122.3, 94.1 (d, J = 193.7 Hz), 84.6, 

47.2 (d, J = 22.1 Hz), 39.0 (d, J = 9.6 Hz), 27.7; IR (film) ν 1731, 1665, 1581, 1488 cm-1; EI–MS (m/z): 

550 (M++2, 3.3%), 57(100), 494 (26), 41 (17), 183 (17), 169 (15), 432 (14), 492 (13), 171 (13); HRMS 

(EI): m/z: calcd. for C25H23Br2FO3: 547.9998; found: 547.9996 [M]+. HPLC separation conditions: 

Chiralcel AD, 20 ºC, 254 nm, 9:1 hexane : i-PrOH, 0.6 mL/min; tR = 27.2 min (minor enantiomer), 33.0 

min (major enantiomer). 

(1S,6R,E)-tert-butyl 6-butyl-1-fluoro-4-oxo-2-styrylcyclohex-2-enecarboxylate 5t: Colorless oil; [α]24
D = -205.0 

(c = 0.900 in CHCl3); 1H NMR (300 MHz, CDCl3) δ 7.55-7.27 (m, 6H), 

6.74 (d, J = 16.4 Hz, 1H), 6.26 (s, 1H), 2.73-2.44 (m, 3H), 2.04-1.77 

(m, 1H), 1.47-1.15 (m, 14H), 0.94-0.90 (m, 3H); 19F NMR (282 MHz, 

CDCl3) δ -153.80 (d, J = 17.1 Hz, 1F); 13C NMR (75 MHz, CDCl3) δ 

196.5 (d, J = 2.2 Hz), 165.5 (d, J = 28.4 Hz), 151.7 (d, J = 21.2 Hz), 137.1 (d, J = 5.6 Hz), 134.9, 128.4, 

127.8, 126.9 (d, J = 4.6 Hz), 126.4, 122.1 (d, J = 2.6 Hz), 93.5 (d, J = 189.3 Hz), 83.2, 41.7 (d, J = 23.3 

Hz), 38.3 (d, J = 9.9 Hz), 28.2, 27.8, 26.9, 21.5, 12.9; IR (film) ν 1752, 1730, 1617, 1587 cm-1; EI–MS 

(m/z): 372 (M+, 8.2%), 57 (100), 316 (53), 170 (47), 197 (42), 239 (31), 41 (21), 195 (20), 91 (19); 

HRMS (EI): m/z: calcd. for C23H29FO3: 372.2101; found: 372.2098 [M]+. HPLC separation conditions: 

Chiralcel AD, 20 ºC, 254 nm, 9:1 hexane : i-PrOH, 0.6 mL/min; tR = 9.9 min (minor enantiomer), 12.1 

min (major enantiomer). 

(1S,6R)-tert-butyl 1-fluoro-2-methyl-4-oxo-6-propylcyclohex-2-enecarboxylate 5u: Colorless oil. [α]25
D = 204.9 

(c = 1.650 in CHCl3); 1H NMR (300 MHz, CDCl3) δ 6.60 (s, 1H), 2.64-2.40 (m, 

3H), 1.97 (s, 3H), 1.85-1.71 (m, 1H), 1.49 (s, 9H), 1.44-1.07 (m, 3H), 0.97-0.90 (m, 

3H); 19F NMR (282 MHz, CDCl3) δ -157.87 (d, J = 13.7 Hz, 1F); 13C NMR (75 

O

F CO2t-Bu
Br Br

O

n-C4H9
F CO2t-Bu

O

F CO2t-Bu
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MHz, CDCl3) δ197.2, 166.2 (d, J = 29.2 Hz), 156.1 (d, J = 24.2 Hz), 129.5 (d, J = 4.6 Hz), 95.5 (d, J = 

186.0 Hz), 83.9, 42.3 (d, J = 22.7 Hz), 39.6, 32.0, 27.9, 20.0, 17.6 (d, J = 5.9 Hz),, 13.9; IR (KBr) ν 

1754, 1728, 1681 cm-1; ESI–MS (m/z): 293 (M+23); HRMS (EI): m/z: calcd. for C15H23FO3: 270.1631; 

found: 270.1630 [M]+. HPLC separation conditions: Chiralcel ODH, 20 ºC, 214 nm, 9:1 hexane : i-PrOH, 

0.7 mL/min; tR = 8.0 min (minor enantiomer), 8.7 min (major enantiomer). 

(1S,6S)-tert-butyl 1-fluoro-4-oxo-2,6-diphenylcyclohex-2-enecarboxylate 5v: Colorless oil; [α]24
D = 

125.5 (c = 0.360 in CHCl3); 1H NMR (300 MHz, CDCl3) δ 7.52-7.18 (m, 10H), 6.42 (s, 

1H), 3.97-3.85 (m, 1H), 3.48-3.36 (m, 1H), 2.76 (d, J = 17.3 Hz, 1H), 1.18 (s, 9H); 19F 

NMR (282 MHz, CDCl3) δ -150.67 (d, J = 15.0 Hz, 1F); 13C NMR (75 MHz, CDCl3) δ 

197.3, 166.0 (d, J = 26.5 Hz), 155.6 (d, J = 22.8 Hz), 135.7, 134.6, 130.1, 129.3 (d, J = 

4.5 Hz), 128.9, 128.6, 128.4, 128.3, 127.9 (d, J = 2.3 Hz), 94.5 (d, J = 194.6 Hz), 84.4, 48.7 (d, J = 22.0 

Hz), 39.3 (d, J = 8.4 Hz), 27.6; IR (film) ν 1753, 1725, 1672 cm-1; EI–MS (m/z): 57 (100), 266 (56), 

248 (28), 265 (15), 41 (13), 267 (11), 178 (10), 133 (10); HRMS (EI): m/z: calcd. for C23H23FO3: 

366.1631; found: 366.1624 [M]+. HPLC separation conditions: Chiralcel ODH, 20 ºC, 254 nm, 9:1 

hexane : i-PrOH, 0.7 mL/min; tR = 18.3 min (major enantiomer), 28.8 min (minor enantiomer). 

(1R,2S,6S,E)-tert-butyl-2-(4-bromostyryl)-1-fluoro-2-hydroxy-4-oxo-6-phenylcyclohexanecar boxylate 6a: White 

solid. Mp: 146-147 oC; [α]25
D = -40.6 (c = 0.450 in CHCl3); 1H 

NMR (300 MHz, CDCl3) δ 7.52-7.22 (m, 9H), 6.60 (AB, J = 15.8 

Hz, 2H), 4.20-3.93 (m, 2H), 3.10-2.89 (m, 2H), 2.71-2.44 (m, 2H), 

1.05 (s, 9H); 19F NMR (282 MHz, CDCl3) δ -178.86 (d, J = 33.1 Hz, 

1F); 13C NMR (75 MHz, CDCl3) δ 205.2, 169.5 (d, J = 21.5 Hz), 

136.5 (d, J = 1.1 Hz), 134.8, 131.7, 129.9 (d, J = 0.8 Hz), 128.9 (d, J = 2.5 Hz), 128.8, 128.5, 128.1, 

128.0, 121.9, 95.9 (d, J = 207.2 Hz), 84.6, 77.8 (d, J = 22.5 Hz), 48.0, 47.9, 44.9 (d, J = 18.8 Hz), 42.8 (d, 

J = 4.4 Hz), 27.4; IR (KBr) ν 3518, 1720, 1704, 1489 cm-1; EI–MS (m/z): 488 (M+, 3.3%), 209 (100), 

211 (95), 266 (54), 268 (52), 57 (38), 238 (30), 102 (29), 240 (28); HRMS (EI): m/z: calcd. for 

C25H26BrFO4: 488.0998; found: 488.1005 [M]+. HPLC separation conditions: Chiralcel ODH, 20 ºC, 254 

nm, 9:1 hexane : i-PrOH, 0.8 mL/min; tR = 12.6 min (major enantiomer), 14.8 min (minor enantiomer). 
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(1R,2S,6S,E)-tert-butyl-2-(4-bromostyryl)-6-(2-chlorophenyl)-1-fluoro-2-hydroxy-4-oxocyclohexane

carboxylate 6m: White solid. Mp: 125-126 oC; [α]25
D = 95.8 (c = 1.450 in CHCl3); 1H NMR (300 MHz, 

CDCl3) δ 7.73 (d, J = 7.7 Hz, 1H), 7.45-7.20 (m, 8H), 6.65 (AB, J = 16.0 

Hz, 2H), 4.95-4.77 (m, 1H), 3.98 (d, J = 2.7 Hz, 1H), 3.03-2.80 (m, 2H), 

2.66-2.53 (m, 2H), 1.11 (s, 9H); 19F NMR (282 MHz, CDCl3) δ -177.59 

(d, J = 28.4 Hz, 1F); 13C NMR (75 MHz, CDCl3) δ 204.7, 168.4 (d, J = 

23.6 Hz), 135.9, 135.0, 134.6, 134.1, 130.0 (d, J = 7.0 Hz), 129.7, 129.1, 128.7, 128.1 (d, J = 10.9 Hz), 

127.2, 126.7, 96.3 (d, J = 204.9 Hz), 84.8, 77.8, 48.4, 42.8, 42.7, 39.4 (d, J = 18.0 Hz), 27.4; IR (KBr) ν 

3466,2976, 1721 cm-1; EI–MS (m/z): 444 (M+, 0.9%), 131 (100), 188 (48), 57 (31), 160 (27), 103 (16), 41 

(11), 132 (10), 77 (8); HRMS (EI): m/z: calcd. for C25H26ClFO4: 444.1504; found: 444.1506 [M]+. HPLC 

separation conditions: Chiralcel ADH, 20 ºC, 254 nm, 4:1 hexane : i-PrOH, 0.7 mL/min; tR = 15.6 min 

(major enantiomer), 16.4 min (minor enantiomer). 
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Copies of 1H NMR, 19F NMR and 13C NMR 

(E)-tert-Butyl 5-(4-bromophenyl)-2-fluoro-3-oxopent-4-enoate 3a 
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(E)-tert-Butyl 5-(3-bromophenyl)-2-fluoro-3-oxopent-4-enoate 3b 
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(E)-tert-Butyl 5-(2-bromophenyl)-2-fluoro-3-oxopent-4-enoate 3c 
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(E)-tert-Butyl 2-fluoro-5-(4-nitrophenyl)-3-oxopent-4-enoate 3d 
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(E)-tert-Butyl 2-fluoro-5-(4-methoxyphenyl)-3-oxopent-4-enoate 3e 
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(E)-tert-Butyl 2-fluoro-3-oxo-5-phenylpent-4-enoate 3f 
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(E)-Ethyl-5-(4-bromophenyl)-2-fluoro-3-oxopent-4-enoate 3g 
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(E)-tert-butyl 2-fluoro-3-oxohex-4-enoate 3h 

 

 



 S29

 
 

 
 

 

 



 S30

(1S,6S,E)-tert-butyl-2-(4-bromostyryl)-1-fluoro-4-oxo-6-phenylcyclohex-2-enecarboxylate 5a 
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(1S,6S,E)-tert-butyl-2-(3-bromostyryl)-1-fluoro-4-oxo-6-phenylcyclohex-2-enecarboxylate 5b 
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(1S,6S,E)-tert-butyl-2-(2-bromostyryl)-1-fluoro-4-oxo-6-phenylcyclohex-2-enecarboxylate 5c 
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(1S,6S,E)-tert-butyl-1-fluoro-2-(4-nitrostyryl)-4-oxo-6-phenylcyclohex-2-enecarboxylate 5d 
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(1S,6S,E)-tert-butyl-1-fluoro-2-(4-methoxystyryl)-4-oxo-6-phenylcyclohex-2-enecarboxylate 5e 
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(1S,6S,E)-tert-butyl-1-fluoro-4-oxo-6-phenyl-2-styrylcyclohex-2-enecarboxylate 5f 
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(1S,6S,E)-ethyl-2-(4-bromostyryl)-1-fluoro-4-oxo-6-phenylcyclohex-2-enecarboxylate 5g 
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(1S,6S,E)-tert-butyl 1-fluoro-4-oxo-6-phenyl-2-(prop-1-enyl)cyclohex-2-enecarboxylate 5h  
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(1S,6S,E)-tert-butyl-1-fluoro-6-(4-fluorophenyl)-4-oxo-2-styrylcyclohex-2-enecar boxylate 5i 
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(1S,6S,E)-tert-butyl-6-(4-chlorophenyl)-1-fluoro-4-oxo-2-styrylcyclohex-2-enecar boxylate 5j 
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(1S,6S,E)-tert-butyl-6-(4-bromophenyl)-1-fluoro-4-oxo-2-styrylcyclohex-2-enecar boxylate 5k 
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(1S,6S,E)-tert-butyl-6-(3-chlorophenyl)-1-fluoro-4-oxo-2-styrylcyclohex-2-enecar boxylate 5l 
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(1S,6S,E)-tert-butyl-6-(2-chlorophenyl)-1-fluoro-4-oxo-2-styrylcyclohex-2-enecar boxylate 5m 
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(1S,6S,E)-tert-butyl-1-fluoro-6-(4-methoxyphenyl)-4-oxo-2-styrylcyclohex-2-enec arboxylate 5n 
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(1S,6S,E)-tert-butyl-1-fluoro-6-(4-nitrophenyl)-4-oxo-2-styrylcyclohex-2-enecarboxylate 5o 
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(1S,6S,E)-tert-butyl-1-fluoro-4-oxo-2-styryl-6-p-tolylcyclohex-2-enecarboxylate 5p 

 

 
 



 S68

 

 

 

 

 
 



 S69

 

 

 



 S70

(1S,6S,E)-tert-butyl-1-fluoro-6-(4-methoxyphenyl)-2-(4-methoxystyryl)-4-oxocyclohex-2-enecarboxy

late 5q 
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(1S,6S,E)-tert-butyl-1-fluoro-2-(4-methoxystyryl)-6-(4-nitrophenyl)-4-oxocyclohex-2-enecarb oxylate 5r 

 
 

 



 S73

 

 
 

 
 



 S74

 

 

 

 

 



 S75

(1S,6S,E)-tert-butyl-6-(4-bromophenyl)-2-(4-bromostyryl)-1-fluoro-4-oxocyclohex-2-enecarb oxylate 5s 

 

 

 

 

 

 

 



 S76

 

 



 S77

 

 

(1S,6R,E)-tert-butyl 6-butyl-1-fluoro-4-oxo-2-styrylcyclohex-2-enecarboxylate 5t 
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(1S,6R)-tert-butyl 1-fluoro-2-methyl-4-oxo-6-propylcyclohex-2-enecarboxylate 5u 
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(1S,6S)-tert-butyl 1-fluoro-4-oxo-2,6-diphenylcyclohex-2-enecarboxylate 5v 
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(1R,2S,6S,E)-tert-butyl-2-(4-bromostyryl)-1-fluoro-2-hydroxy-4-oxo-6-phenylcyclohexanecar boxylate 6a 
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(1R,2S,6S,E)-tert-butyl-2-(4-bromostyryl)-6-(2-chlorophenyl)-1-fluoro-2-hydroxy-4-oxocyclohexane

carboxylate 6m 
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X-Ray Crystal structure for 5a and 6a  
(1S,6S,E)-tert-butyl-2-(4-bromostyryl)-1-fluoro-4-oxo-6-phenylcyclohex-2-enecarboxylate 5a 

 

Crystal data and structure refinement for 5a.  
      Identification code                  cd29195  

      Empirical formula                  C25 H24 Br F O3  

      Formula weight                     471.35  

      Temperature                       293(2) K  

      Wavelength                        0.71073 A  

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

      Unit cell dimensions              a = 6.0261(7) A   alpha = 90 deg.  

                                     b = 19.368(2) A    beta = 90 deg.  
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                                     c = 20.028(2) A   gamma = 90 deg.  

        Volume                            2337.5(5) A^3  

        Z, Calculated density             4,  1.339 Mg/m^3  

        Absorption coefficient            1.788 mm^-1  

        F(000)                            968  

        Crystal size                      0.367 x 0.192 x 0.180 mm  

        Theta range for data collection   2.03 to 26.00 deg.  

        Limiting indices                  -7<=h<=7, -23<=k<=20, -23<=l<=24  

        Reflections collected / unique    12888 / 4601 [R(int) = 0.0760]  

        Completeness to theta = 26.00     99.9 %  

        Absorption correction             Empirical  

        Max. and min. transmission        1.00000 and 0.78447  

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

        Data / restraints / parameters    4601 / 0 / 274  

        Goodness-of-fit on F^2            0.832  

        Final R indices [I>2sigma(I)]     R1 = 0.0443, wR2 = 0.0904  

        R indices (all data)              R1 = 0.0749, wR2 = 0.0963  

        Absolute structure parameter      0.018(10)  

        Largest diff. peak and hole       0.358 and -0.398 e.A^-3 
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(1R,2S,6S,E)-tert-butyl-2-(4-bromostyryl)-1-fluoro-2-hydroxy-4-oxo-6-phenylcyclohexanecar boxylate 6a 
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OH

 

 

Crystal data and structure refinement for 6a 

   

       Identification code                   cd2988  

       Empirical formula                   C25 H26 Br F O4  

       Formula weight                     489.37  

       Temperature                        293(2) K  

       Wavelength                         0.71073 A  

       Crystal system, space group         Monoclinic,  P2(1)  

       Unit cell dimensions                a = 8.7647(15) A   alpha = 90 deg.  

                                        b = 7.3008(13) A    beta = 90.673(3) deg.  

                                        c = 18.426(3) A   gamma = 90 deg.  

       Volume                            1179.0(4) A^3  
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       Z, Calculated density             2,  1.378 Mg/m^3  

       Absorption coefficient            1.779 mm^-1  

       F(000)                            504  

       Crystal size                      0.386 x 0.364 x 0.055 mm  

       Theta range for data collection      2.21 to 25.48 deg.  

       Limiting indices                  -10<=h<=8, -8<=k<=8, -22<=l<=21  

       Reflections collected / unique        6219 / 3787 [R(int) = 0.0724]  

       Completeness to theta = 25.48       99.5 %  

       Absorption correction               Empirical  

       Max. and min. transmission          1.0000 and 0.6534  

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

       Data / restraints / parameters         3787 / 1 / 284  

       Goodness-of-fit on F^2            0.958  

       Final R indices [I>2sigma(I)]        R1 = 0.0610, wR2 = 0.1590  

       R indices (all data)                 R1 = 0.0915, wR2 = 0.1823  

       Absolute structure parameter        0.018(17)  

       Largest diff. peak and hole          0.483 and -0.429 e.A^-3 


