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I. General Information 

Toluene was distilled from sodium benzophenone ketyl prior to use. 1,2-Dichloroethane and 

dichloromethane were distilled from calcium hydride prior to use. Chlorobenzene (99%) was 

purchased from Aladdin and used as received. NFSI (97%) was purchased from Meryer Chemical 

and used as received. Co(ClO4)2·6H2O and Ni(ClO4)2·6H2O (reagent grade) were purchased from 

Energy Chemical and used as received. The other commercially available chemicals were used as 

received. NMR spectra were recorded on a Bruker-400 instrument or a Wuhan 

Zhongke-NiuJin-400 instrument. 
1
H NMR chemical shifts were referenced to tetramethylsilane 

signal (0 ppm). 
13

C NMR chemical shifts were referenced to the solvent resonance (77.00 ppm, 

CDCl3). The following abbreviations (or combinations) were used to explain multiplicities: s = 
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singlet, d = doublet, t = triplet, m= multiplet, br = broad, q = quadruplet. Optical rotations were 

measured on a Perkin-Elmer 241 polarimeter equipped with a Na-lamp. IR spectra were recorded 

on a Perkin-Elmer Spectrum One FTIR spectrometer with diamond ATR accessory. Melting 

points were obtained using a WRR melting point apparatus (Laboratory Devices, Shanghai 

Precision & Scientific Instrument Co., Ltd.). HPLC analyses were performed on a Shimadzu 

SPD-20A. High-resolution mass spectra (HRMS) were recorded on EI-TOF (electron 

ionization-time of flight) or ESI-TOF (electron spray ionization-time of flight). X-ray diffraction 

data was obtained on Gemini a ultra. 

II. Synthesis and Structure Analysis of Thiazoline Iminopyridine Complexes 

 

Procedure for the synthesis of thiazoline iminopyridine (TIP)
1
: To a solution of oxazoline 

iminopyridine (OIP)
2
 (1.2169g, 3.0 mmol) in 30 ml of toluene were added P2S5 (1.0021 g, 4.5 

mmol). The mixture was stirred vigorously under reflux for 4 h. After cooled down to room 

temperature, the reaction mixture was treated with a 20% aqueous solution of NaOH (30 mL). The 

aqueous phase was extracted with ether (3 x 30 ml). The combined organic layers were then 

washed with brine (20 mL), dried over anhydrous Na2SO4, filtered, concentrated and purified by 

flash chromatography on silica gel (basified with PE/Et3N = 100/1) by using PE/EA (20/1) as the 

eluent. 

 

91% yield. Yellow solid. M.p. 126-128 
o
C; Optical Rotation: [α]D

20
 = 

-56.2 (c = 0.96, CHCl3); IR (neat): 2961, 2868, 1646, 1455, 1365, 1323, 

1114 cm
-1

; 
1
H NMR: (400 MHz, CDCl3) δ 8.45 (d, J = 7.6 Hz, 1H), 8.21 

(d, J = 7.6 Hz, 1H), 7.96-7.76 (m, 1H), 7.22-7.00 (m, 3H), 4.58-4.40 (m, 

1H), 3.40-3.25 (m, 1H), 3.24-3.10 (m, 1H), 2.85-2.63 (m, 2H), 2.26 (s, 3H), 1.14 (d, J = 6.0 Hz, 

12H), 1.08 (s, 9H); 
13

C NMR: (100 MHz, CDCl3) δ 168.4, 166.5, 155.6, 150.2, 146.3, 136.8, 

135.7, 123.6, 123.0, 122.6, 122.5, 88.6, 35.5, 32.6, 28.2, 26.8, 23.2, 22.9, 22.8, 17.0; HRMS (ESI) 
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calculated for [C26H36N3S]
+
 [M+H]

+
 requires m/z 422.2630, found m/z 422.2632. 

 

General procedure for the preparation of metal perchlorate complexes of TIP
3
: To a 50 mL 

flame-dried Schlenk flask cooled under a nitrogen atmosphere, TIP (1.0 equiv.), metal perchlorate 

(0.95 equiv.) and dry THF (0.1 M) were added. The mixture was left to stir for 3 h at room 

temperature and then the solvent was removed under reduced pressure. Dichloromethane or ether 

was added to the residue and the mixture was left to stir for another thirty minutes. Then the 

mixture was filtered, the filter residue was concentrated, washed with dichloromethane or ether 

three times and dried in vacuo to give the solid complexes. 

 

TIP·Ni(ClO4)2·3H2O was prepared according to general procedure 

above by using TIP (0.4440 g, 1.05 mmol), Ni(ClO4)2·6H2O 

(0.3659 g, 1.00 mmol) to give TIP·Ni(ClO4)2·3H2O (0.6199 g, 85% 

yield) as a yellow green solid. The structure analysis was 

determined by X-ray diffraction analysis.  

X-ray diffraction of TIP·Ni(ClO4)2·3H2O: 

(CCDC number 1812597) 

Selected structure factors 
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Empirical formula C26H41Cl2N3NiO11S 

Formula weight 733.29 

Temperature/K 293 

Crystal system orthorhombic 

Space group P 21 21 21 

a/ Ǻ 10.5089(6) 

b/ Ǻ 12.1755(6) 

c/ Ǻ 26.1145(17) 

α/
 o
 90 

β/
 o
 90 

γ/
o
 90 

Volume/ Ǻ
3
 3341.4(3) 

Z 4 

Density(mg/mm
3
) 1.458 

Selected bond length for TIP·Ni(ClO4)2·3H2O  

Selected Bond Length Distance (Ǻ) 

Ni1-N1 2.208(5) 

Ni1-N2 1.982(5) 

Ni1-N3 2.181(6) 

Selected bond angles for TIP·Ni(ClO4)2·3H2O 

Selected Bond Angle Degree (
o
) 

N1-Ni1-N2 76.5(2) 

N2-Ni1-N3 78.6(2) 

N1-Ni1-N3 155.1(2) 

 

TIP·Co(ClO4)2·3H2O was prepared according to general 

procedure above by using TIP (0.4431 g, 1.05 mmol), 

Co(ClO4)2·6H2O (0.3670 g, 1.00 mmol) to give 

TIP·Co(ClO4)2·3H2O (0.6263 g, 85% yield) as a orange solid. The 

structure analysis was determined by X-ray diffraction analysis.  

X-ray diffraction of TIP·Co(ClO4)2·3H2O: 
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(CCDC number 1817973) 

Selected structure factors 

Empirical formula C26H41Cl2N3CoO11S 

Formula weight 733.51 

Temperature/K 293 

Crystal system orthorhombic 

Space group P 21 21 21 

a/ Ǻ 10.4327(8) 

b/ Ǻ 12.2783(7) 

c/ Ǻ 26.0967(19) 

α/
 o
 90 

β/
 o
 90 

γ/
o
 90 

Volume/ Ǻ
3
 3342.9(4) 

Z 4 

Density(mg/mm
3
) 1.457 

Selected bond length for TIP·Co(ClO4)2·3H2O  

Selected Bond Length Distance (Ǻ) 

Co1-N1 2.251(7) 

Co1-N2 2.050(8) 

Co1-N3 2.220(8) 

Selected bond angles for TIP·Co(ClO4)2·3H2O  

Selected Bond Angle Degree (
o
) 

N1-Co1-N2 74.6(3) 

N2-Co1-N3 76.7(3) 

N1-Co1-N3 151.0(3) 
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III. Preparation for Starting Materials 

(E)-2-methyl-3-phenylacrylic (A1) acid and (E)-2,3-diphenylacrylic acid (A2) were purchased 

from Energy Chemical and used as received. (E)-2-methyl-3-(thiophen-2-yl)acrylic acid (A3) has 

been reported in our previous work
3
.  

 

Compounds A4 and A5 were prepared according to a previously reported procedure
4
: A 100 mL of 

round-bottom flask was charged with aromatic aldehyde (1.0 equiv.), 2-methylmalonic acid (2.0 

equiv.), piperridine (2.0 equiv.) and pyridine (30 mL). The mixture was heated to reflux for 

overnight. After cooled down to room temperature, the reaction mixture was poured into ice cold 

conc. HCl. The precipitate was collected through filtration and dried in vacuo which was used for 

next step without further purification. 

 

(E)-2-methyl-3-(4-(trifluoromethyl)phenyl)acrylic acid (A4)
4
. 83% yield. 

White solid. M.p. 151-153 
o
C; IR (neat): 2954, 2925, 1769, 1709, 1607, 

1324, 1129 cm
-1

; 
1
H NMR: (400 MHz, CDCl3) δ 7.84 (s, 1H), 7.67 (d, J = 

8.0 Hz, 2H), 7.52 (d, J = 8.0 Hz, 2H), 2.14 (s, 3H); 
13

C NMR: (100 MHz, CDCl3) δ 173.8, 139.4, 

139.0 (q, J = 1.4 Hz), 130.4 (q, J = 32.1 Hz), 129.84, 129.82, 125.4 (q, J = 3.7 Hz), 123.9 (q, J = 

270.5 Hz), 13.7; 
19

F NMR: (376 MHz, CDCl3) δ -62.8 (s); HRMS (EI) calculated for 

[C11H9O2F3]
+
 requires m/z 230.0555, found m/z 230.0558. 

 

(E)-3-(4-methoxyphenyl)-2-methylacrylic acid (A5). 68% yield. Brown 

solid. M.p. 150-152 
o
C; IR (neat): 2955, 2924, 1665, 1601, 1512, 1280, 

1254, 1182 cm
-1

; 
1
H NMR: (400 MHz, CDCl3) δ 7.79 (s, 1H), 7.43 (d, J = 

8.4 Hz, 2H), 6.94 (d, J = 8.4 Hz, 2H), 3.84 (s, 3H), 2.16 (d, J = 0.8 Hz, 3H); 
13

C NMR: (100 MHz, 

CDCl3) δ 174.5, 160.0, 140.8, 131.7, 128.2, 125.1, 113.9, 55.3, 13.7; HRMS (EI) calculated for 

[C11H12O3]
+
 requires m/z 192.0786, found m/z 192.0787. 
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Compounds 1 were prepared according to our previously reported procedures
3
. 1a, 1d and 1t have 

been reported in our previous work
3
. 1p has been reported in a previous work

5
. The yields of 

products 1 were the last step yield. 

 

(2Z,4E)-methyl 

4-methyl-2-(2-methylbenzylidene)-3-oxo-5-phenylpent-4-enoate (1b). 58% 

yield. Yellow solid. M.p. 85-87 
o
C; IR (neat): 3026, 2952, 1719, 1652, 1621, 

1254 cm
-1

; 
1
H NMR: (400 MHz, CDCl3) δ 8.17 (s, 1H), 7.42-7.27 (m, 4H), 

7.26-7.13 (m, 5H), 7.12-7.03 (m, 1H), 3.83 (s, 3H), 2.42 (s, 3H), 2.05 (d, J = 0.8 Hz, 3H); 
13

C 

NMR: (100 MHz, CDCl3) δ 197.5, 165.5, 142.8, 141.4, 137.3, 137.2, 135.4, 132.7, 132.2, 130.4, 

129.9, 129.7, 128.9, 128.5, 128.4, 126.0, 52.6, 20.0, 12.5; HRMS (ESI) calculated for 

[C21H20O3Na]
+
 [M+Na]

+
 requires m/z 343.1310, found m/z 343.1312. 

 

(2Z,4E)-methyl 

4-methyl-2-(3-methylbenzylidene)-3-oxo-5-phenylpent-4-enoate (1c). 72% 

yield. Yellow solid. M.p. 64-66 
o
C; IR (neat): 3028, 2953, 1718, 1653, 1621, 

1266, 1224 cm
-1

; 
1
H NMR: (400 MHz, CDCl3) δ 7.90 (s, 1H), 7.47 (s, 1H), 

7.41-7.28 (m, 5H), 7.23-7.10 (m, 4H), 3.81 (s, 3H), 2.29 (s, 3H), 2.20 (d, 0.8H); 
13

C NMR: (100 

MHz, CDCl3) δ 198.0, 165.7, 143.2, 142.6, 138.4, 136.9, 135.4, 133.0, 131.1, 130.81, 130.80, 

129.9, 129.0, 128.6, 128.4, 127.0, 52.6, 21.3, 12.6; HRMS (ESI) calculated for [C21H20O3Na]
+
 

[M+Na]
+
 requires m/z 343.1310, found m/z 343.1315. 

 

(2Z,4E)-methyl 

2-(4-methoxybenzylidene)-4-methyl-3-oxo-5-phenylpent-4-enoate (1e). 

55% yield. Yellow solid. M.p. 75-77 
o
C; IR (neat): 2953, 2840, 1714, 

1600, 1512, 1253, 1172 cm
-1

; 
1
H NMR: (400 MHz, CDCl3) δ 7.86 (s, 1H), 7.51 (s, 1H), 7.45-7.27 
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(m, 7H), 6.82 (d, J = 8.8 Hz, 2H), 3.80 (s, 3H), 3.79 (s, 3H), 2.22 (s, 3H); 
13

C NMR: (100 MHz, 

CDCl3) δ 198.5, 166.0, 161.3, 143.0, 142.1, 136.9, 135.5, 132.1, 130.0, 129.0, 128.45, 128.41, 

125.7, 114.3, 55.3, 52.4, 12.6; HRMS (EI) calculated for [C21H20O4]
+
 requires m/z 336.1362, 

found m/z 336.1360. 

 

(2Z,4E)-methyl 

2-(4-bromobenzylidene)-4-methyl-3-oxo-5-phenylpent-4-enoate (1f). 84% 

yield. Yellow solid. M.p. 74-76 
o
C; IR (neat): 3027, 2952, 1719, 1651, 1621, 

1252 cm
-1

; 
1
H NMR: (400 MHz, CDCl3) δ 7.84 (s, 1H), 7.52-7.41 (m, 3H), 

7.40-7.28 (m, 5H), 7.22 (d, J = 8.8 Hz, 2H), 3.81 (s, 3H), 2.20 (s, 3H); 
13

C NMR: (100 MHz, 

CDCl3) δ 197.6, 165.4, 143.5, 140.8, 136.8, 135.2, 132.1, 132.0, 131.9, 131.2, 130.0, 129.2, 128.5, 

124.8, 52.7, 12.5; HRMS (EI) calculated for [C20H17O3Br]
+
 requires m/z 384.0361, found m/z 

384.0364. 

 

(2Z,4E)-methyl 

2-(4-chlorobenzylidene)-4-methyl-3-oxo-5-phenylpent-4-enoate (1g). 73% 

yield. Yellow solid. M.p. 66-68 
o
C; IR (neat): 3058, 2952, 1717, 1651, 1621, 

1253 cm
-1

; 
1
H NMR: (400 MHz, CDCl3) δ 7.86 (s, 1H), 7.46 (s, 1H), 

7.42-7.24 (m, 9H), 3.82 (s, 3H), 2.21 (d, J = 1.2 Hz, 3H); 
13

C NMR: (100 MHz, CDCl3) δ 197.6, 

165.4, 143.5, 140.8, 136.7, 136.3, 135.1, 131.7, 131.5, 131.1, 130.0, 129.2, 129.1, 128.4, 52.7, 

12.5; HRMS (ESI) calculated for [C20H17O3ClNa]
+
 [M+Na]

+
 requires m/z 363.0764, found m/z 

363.0768. 

 

(2Z,4E)-methyl 

2-(4-fluorobenzylidene)-4-methyl-3-oxo-5-phenylpent-4-enoate (1h). 73% 

yield. Yellow solid. M.p. 69-71 
o
C; IR (neat): 3030, 2954, 1717, 1651, 1509, 

1257 cm
-1

; 
1
H NMR: (400 MHz, CDCl3) δ 7.88 (s, 1H), 7.47 (s, 1H), 

7.43-7.28 (m, 7H), 7.08-6.95 (m, 2H), 3.81 (s, 3H), 2.21 (s, 3H); 
13

C NMR: (100 MHz, CDCl3) δ 

197.8, 165.6, 163.6 (d, J = 251.3 Hz) , 143.4, 141.0, 136.8, 135.3, 132.0 (d, J = 7.9 Hz), 131.0, 
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129.9, 129.4 (d, J = 2.4 Hz), 129.2, 128.5, 116.0 (d, J = 21.4 Hz), 52.6, 12.5; 
19

F NMR: (376 MHz, 

CDCl3) δ -108.6--108.9 (m) (for decoupling spectrum, see:
 19

F NMR: (376 MHz, CDCl3) δ -108.7); 

HRMS (ESI) calculated for [C20H17O3FNa]
+
 [M+Na]

+
 requires m/z 347.1059, found m/z 

347.1062. 

 

(2Z,4E)-methyl 

4-methyl-3-oxo-5-phenyl-2-(4-(trifluoromethyl)benzylidene)pent-4-en

oate (1i). 76% yield. Yellow solid. M.p. 35-37 
o
C; IR (neat): 3029, 2955, 

1721, 1653, 1621, 1324, 1255 cm
-1

; 
1
H NMR: (400 MHz, CDCl3) δ 7.92 (s, 

1H), 7.58 (d, J = 8.0 Hz, 2H), 7.52-7.42 (m, 3H), 7.41-7.28 (m, 5H), 3.84 (s, 3H), 2.20 (s, 3H); 
13

C 

NMR: (100 MHz, CDCl3) δ 197.2, 165.2, 143.9, 140.3, 136.8, 136.5, 135.0, 133.6, 131.6 (q, J = 

32.1 Hz), 130.0, 129.9, 129.3, 128.5, 125.7 (q, J = 3.6 Hz), 123.6 (q, J = 270.5 Hz), 52.8, 12.5; 
19

F 

NMR: (376 MHz, CDCl3) δ -63.0 (s); HRMS (ESI) calculated for [C21H18F3O3]
+
 [M+H]

+
 requires 

m/z 375.1208, found m/z 375.1206. 

 

Methyl 

4-((1Z,4E)-2-(methoxycarbonyl)-4-methyl-3-oxo-5-phenyl-penta-1,

4-dien-1-yl)benzoate (1j). 86% yield. Yellow solid. M.p. 105-107 
o
C; 

IR (neat): 2952, 2846, 1720, 1651, 1435, 1253, 1200 cm
-1

; 
1
H NMR: 

(400 MHz, CDCl3) δ 7.97 (d, J = 8.4 Hz, 2H), 7.94 (s, 1H), 7.50-7.40 (m, 3H), 7.39-7.26 (m, 5H), 

3.89 (s, 3H), 3.83 (s, 3H), 2.19 (s, 3H); 
13

C NMR: (100 MHz, CDCl3) δ 197.2, 166.2, 165.2, 143.7, 

140.7, 137.4, 136.8, 135.1, 133.4, 131.2, 129.90, 129.86, 129.6, 129.2, 128.4, 52.7, 52.2, 12.5; 

HRMS (EI) calculated for [C22H20O5]
+
 requires m/z 364.1311, found m/z 364.1313. 

 

(2Z,4E)-methyl 

2-(4-(diethylcarbamoyl)benzylidene)-4-methyl-3-oxo-5-phenylpent

-4-enoate (1k). 88% yield. Yellow solid. M.p. 60-62 
o
C; IR (neat): 

2928, 1719, 1626, 1432, 1254, 1205 cm
-1

; 
1
H NMR: (400 MHz, 

CDCl3) δ 7.91 (s, 1H), 7.46 (s, 1H), 7.43-7.28 (m, 9H), 3.83 (s, 3H), 3.63-3.40 (m, 2H), 3.30-3.05 
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(m, 2H), 2.20 (d, J = 0.8 Hz, 3H), 1.35-0.94 (m, 6H); 
13

C NMR: (100 MHz, CDCl3) δ 197.6, 170.1, 

165.4, 143.6, 141.2, 138.8, 136.7, 135.1, 133.8, 132.1, 129.9, 129.2, 128.4, 126.7, 52.7, 43.1, 39.2, 

14.1, 12.8, 12.5; HRMS (EI) calculated for [C25H27NO4]
+
 requires m/z 405.1940, found m/z 

405.1944. 

 

(2Z,4E)-methyl 

4-methyl-2-(4-nitrobenzylidene)-3-oxo-5-phenylpent-4-enoate (1l). 77% 

yield. Yellow solid. M.p. 90-92 
o
C; IR (neat): 3076, 2954, 1720, 1651, 

1521, 1346, 1253 cm
-1

; 
1
H NMR: (400 MHz, CDCl3) δ 8.17 (d, J = 8.0 

Hz, 2H), 7.94 (s, 1H), 7.53 (d, J = 8.0 Hz, 2H), 7.48-7.27 (m, 6H), 3.85 (s, 3H), 2.21 (s, 3H); 
13

C 

NMR: (100 MHz, CDCl3) δ 196.7, 164.9, 148.1, 144.1, 139.3, 139.1, 136.7, 135.1, 134.8, 130.3, 

130.0, 129.5, 128.5, 123.9, 53.0, 12.5; HRMS (ESI) calculated for [C20H18NO5]
+
 [M+H]

+
 requires 

m/z 352.1185, found m/z 352.1185. 

 

(2Z,4E)-methyl 

2-(4-cyanobenzylidene)-4-methyl-3-oxo-5-phenylpent-4-enoate (1m). 

84% yield. Yellow solid. M.p. 74-76 
o
C; IR (neat): 3057, 2953, 2229, 1721, 

1651, 1621, 1255, 1205 cm
-1

; 
1
H NMR: (400 MHz, CDCl3) δ 7.89 (s, 1H), 

7.61 (d, J = 8.4 Hz, 2H), 7.52-7.28 (m, 8H), 3.84 (s, 3H), 2.19 (s, 3H); 
13

C NMR: (100 MHz, 

CDCl3) δ 196.7, 164.9, 144.0, 139.6, 137.5, 136.8, 134.9, 134.7, 132.4, 130.0, 129.9, 129.4, 128.5, 

118.0, 113.3, 52.9, 12.5; HRMS (ESI) calculated for [C21H18NO3]
+
 [M+H]

+
 requires m/z 332.1287, 

found m/z 332.1286. 

 

(2Z,4E)-methyl 

2-benzylidene-4-methyl-3-oxo-5-(4-(trifluoromethyl)phenyl)pent-4

-enoate (1n). 54% yield. Yellow solid. M.p. 63-65 
o
C; IR (neat): 2954, 

1720, 1657, 1620, 1323, 1255, 1123 cm
-1

; 
1
H NMR: (400 MHz, CDCl3) δ 7.96 (s, 1H), 7.59 (d, J 

= 8.4 Hz, 2H), 7.45 (s, 1H), 7.42-7.28 (m, 7H), 3.83 (s, 3H), 2.16 (d, J = 0.8 Hz, 3H); 
13

C NMR: 

(100 MHz, CDCl3) δ 197.5, 165.5, 142.8, 141.0, 138.9, 138.7, 133.1, 130.89, 130.87, 130.4, 
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129.85, 129.80, 128.8, 125.3 (q, J = 3.6 Hz), 123.8 (q, J = 270.5 Hz), 52.6, 12.6; 
19

F NMR: (376 

MHz, CDCl3) δ -62.8 (s); HRMS (EI) calculated for [C21H17F3O3]
+
 requires m/z 374.1130, found 

m/z 374.1130. 

 

(2Z,4E)-methyl 

2-benzylidene-5-(4-methoxyphenyl)-4-methyl-3-oxopent-4-enoate 

(1o). 62% yield. Yellow solid. M.p. 101-103 
o
C; IR (neat): 2953, 2840, 

1717, 1599, 1510, 1253, 1175 cm
-1

; 
1
H NMR: (400 MHz, CDCl3) δ 

7.90 (s, 1H), 7.43 (s, 1H), 7.40-7.20 (m, 7H), 6.88 (d, J = 8.4 Hz, 2H), 3.88-3.73 (m, 6H), 2.22 (s, 

3H); 
13

C NMR: (100 MHz, CDCl3) δ 197.6, 165.8, 160.3, 143.3, 142.0, 134.7, 133.2, 132.0, 131.4, 

130.2, 129.9, 128.7, 128.0, 113.9, 55.3, 52.5, 12.5; HRMS (EI) calculated for [C21H20O4]
+
 requires 

m/z 336.1362, found m/z 336.1360. 

 

(2Z,4E)-isopropyl 2-benzylidene-4-methyl-3-oxo-5-phenylpent-4-enoate 

(1q). 76% yield. Yellow solid. M.p. 38-40 
o
C; IR (neat): 2980, 2927, 1714, 

1654, 1622, 1253, 1198 cm
-1

; 
1
H NMR: (400 MHz, CDCl3) δ 7.86 (s, 1H), 

7.46 (s, 1H), 7.43-7.27 (m, 10H), 5.23-5.08 (m, 1H), 2.20 (s, 3H), 1.26 (d, J = 6.4 Hz, 6H); 
13

C 

NMR: (100 MHz, CDCl3) δ 198.0, 164.7, 142.6, 141.8, 137.2, 135.5, 133.2, 132.1, 130.1, 129.9, 

129.8, 128.9, 128.7, 128.4, 69.1, 21.7, 12.6; HRMS (EI) calculated for [C22H22O3]
+
 requires m/z 

334.1569, found m/z 334.1572. 

 

(2Z,4E)-benzyl 2-benzylidene-4-methyl-3-oxo-5-phenylpent-4-enoate (1r). 

55% yield. Yellow solid. M.p. 56-58 
o
C; IR (neat): 3061, 3031, 1715, 1652, 

1621, 1245, 1188, 1016 cm
-1

; 
1
H NMR: (400 MHz, CDCl3) δ 7.93 (s, 1H), 

7.46 (s, 1H), 7.42-7.20 (m, 15H), 5.23 (s, 2H), 2.18 (s, 3H); 
13

C NMR: (100 MHz, CDCl3) δ 197.8, 

165.0, 143.2, 142.7, 137.1, 135.6, 135.3, 133.0, 131.2, 130.4, 130.0, 129.9, 129.0, 128.8, 128.5, 

128.4, 128.1, 127.7, 66.9, 12.6; HRMS (EI) calculated for [C26H23O3]
+
 requires m/z 382.1569, 

found m/z 382.1565. 
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(2Z,4E)-methyl 2-benzylidene-3-oxo-4,5-diphenylpent-4-enoate (1s). 70% 

yield. Orange oil. IR (neat): 3056, 2951, 1720, 1657, 1620, 1254, 1199 cm
-1

; 

1
H NMR: (400 MHz, CDCl3) δ 7.86 (s, 1H), 7.65 (s, 1H), 7.50-7.42 (m, 2H), 

7.40-7.30 (m, 6H), 7.20-7.14 (m, 1H), 7.13-7.04 (m, 4H), 7.00-6.92 (m, 2H), 3.81 (s, 3H); 
13

C 

NMR: (100 MHz, CDCl3) δ 196.2, 165.4, 143.1, 142.0, 140.2, 135.1, 134.1, 133.1, 131.6, 130.9, 

130.3, 130.0, 129.7, 129.4, 128.71, 128.65, 128.1, 128.0, 52.4; HRMS (EI) calculated for 

[C25H20O3]
+
 requires m/z 368.1412, found m/z 368.1412. 

 

(2Z,4E)-methyl 

4-methyl-3-oxo-5-phenyl-2-(thiophen-2-ylmethylene)pent-4-enoate (1u). 

67% yield. Yellow solid. M.p. 100-102 
o
C; IR (neat): 3013, 2924, 1709, 1649, 

1607, 1248, 1200 cm
-1

; 
1
H NMR: (400 MHz, CDCl3) δ 8.02 (s, 1H), 7.56 (s, 1H), 7.48-7.30 (m, 

6H), 7.27 (d, J = 3.6 Hz, 1H), 7.02 (dd, J = 3.6, 5.2 Hz, 1H), 3.80 (s, 3H), 2.27 (d, J = 1.2 Hz, 3H); 

13
C NMR: (100 MHz, CDCl3) δ 197.4, 165.6, 143.3, 137.1, 136.4, 135.4, 134.4, 133.9, 131.4, 

130.1, 129.1, 128.4, 128.1, 127.7, 52.5, 12.7; HRMS (EI) calculated for [C18H16O3S]
+
 requires m/z 

312.0820, found m/z 312.0823. 

 

(2Z,4E)-methyl 

2-benzylidene-4-methyl-3-oxo-5-(thiophen-2-yl)pent-4-enoate (1v). 47% 

yield. Yellow solid. M.p. 104-106 
o
C; IR (neat): 2952, 2924, 1716, 1645, 

1603, 1252, 1183 cm
-1

; 
1
H NMR: (400 MHz, CDCl3) δ 7.91 (s, 1H), 7.65 (s, 

1H), 7.58-7.50 (m, 1H), 7.40-7.25 (m, 5H), 7.25-7.20 (m, 1H), 7.12-7.05 (m, 1H), 3.79 (s, 3H), 

2.28 (d, J = 0.8 Hz, 3H); 
13

C NMR: (100 MHz, CDCl3) δ 196.7, 165.7, 142.3, 139.1, 135.8, 133.3, 

133.1, 133.0, 131.0, 130.9, 130.3, 130.0, 128.8, 127.6, 52.6, 12.5; HRMS (EI) calculated for 

[C18H16O3S]
+
 requires m/z 312.0820, found m/z 312.0822. 

(2Z,4E)-methyl 

2-((6-methoxypyridin-3-yl)methylene)-4-methyl-3-oxo-5-phenylpent-4

-enoate (1w). 68% yield. Yellow solid. M.p. 92-94 
o
C; IR (neat): 3024, 

2951, 1717, 1650, 1596, 1494, 1261, 1205 cm
-1

; 
1
H NMR: (400 MHz, 
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CDCl3) δ 8.24 (d, J = 2.4 Hz, 1H), 7.83 (s, 1H), 7.56-7.46 (m, 2H), 7.42-7.30 (m, 5H), 6.67 (d, J = 

8.8 Hz, 1H), 3.93 (s, 3H), 3.81 (s, 3H), 2.24 (d, J = 0.8 Hz, 3H); 
13

C NMR: (100 MHz, CDCl3) δ 

197.9, 165.5, 165.0, 150.3, 143.5, 138.7, 138.5, 136.8, 135.2, 130.1, 130.0, 129.2, 128.5, 122.5, 

111.3, 53.8, 52.6, 12.6; HRMS (ESI) calculated for [C20H20NO4]
+
 [M+H]

+
 requires m/z 338.1392, 

found m/z 338.1395. 

 

(Z)-methyl 2-(cyclohex-1-enecarbonyl)-3-phenylacrylate (1x). 71% yield. 

Yellow oil. IR (neat): 2933, 2861, 1717, 1655, 1633, 1253, 1199 cm
-1

; 
1
H 

NMR: (400 MHz, CDCl3) δ 7.82 (s, 1H), 7.36-7.28 (m, 5H), 6.86-6.80 (m, 

1H), 3.80 (s, 3H), 2.40-2.30 (m, 2H), 2.16-2.06 (m, 2H), 1.70-1.50 (m, 4H); 
13

C NMR: (100 MHz, 

CDCl3) δ 196.6, 165.7, 145.3, 141.8, 139.1, 133.2, 131.2, 130.1, 129.9, 128.6, 52.4, 26.1, 22.6, 

21.6, 21.3; HRMS (EI) calculated for [C17H18O3]
+
 requires m/z 270.1256, found m/z 270.1258. 

 

(Z)-methyl 2-((E)-2-methyl-3-phenylacryloyl)pent-2-enoate (1y). 23% yield. 

Yellow oil. IR (neat): 2968, 2876, 1723, 1656, 1437, 1241, 1211 cm
-1

; 
1
H 

NMR: (400 MHz, CDCl3) δ 7.49-7.33 (m, 6H), 7.10 (t, J = 8.0 Hz, 1H), 3.75 

(s, 3H), 2.25-2.07 (m, 5H), 1.07 (t, J = 7.2 Hz, 3H); 
13

C NMR: (100 MHz, CDCl3) δ 196.9, 165.1, 

148.6, 143.4, 137.6, 135.4, 132.7, 129.9, 129.1, 128.5, 52.2, 23.1, 12.7, 12.4; HRMS (EI) 

calculated for [C16H18O3]
+
 requires m/z 258.1256, found m/z 258.1256. 

 

IV. Enantioselective Cobalt-Catalyzed Sequential Nazarov Cyclization/Electrophilic 

Fluorination 

 

General procedure for enantioselective cobalt-catalyzed sequential Nazarov 

cyclization/electrophilic fluorination: To a 25 mL flame-dried Schlenk flask cooled under the 

atmosphere of nitrogen, TIP·Co(ClO4)2·3H2O (7.5 mol %), 1 (0.5 mmol), NFSI (0.55 mmol) and 

chlorobenzene (5 mL) were added. Then the flask was sealed with a screw cap and heated to 80 
o
C 
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for 15-24 h. After cooled down to room temperature, the mixture was filtered through a pad of 

silica gel and washed with ether. The filtrate was concentrated under reduced pressure and purified 

by flash column chromatography using PE/EA as the eluent to give the corresponding products 2 

with excellent diastereoselectivity (>20/1) (determined by NMR analysis). The racemic products 2 

were synthesized by using racemic catalyst according to the same procedure above. 

 

(1R,5S)-(+)-methyl 

1-fluoro-3-methyl-2-oxo-4,5-diphenylcyclopent-3-enecarboxylate (2a). The 

product 2a was prepared according to the general procedure above by using 1a 

(0.1536 g, 0.5 mmol), NFSI (0.1735 g, 0.55 mmol), TIP·Co(ClO4)2·3H2O (0.0276 g, 0.0375 mmol) 

and chlorobenzene (5 mL). After heated to 80 
o
C for 15 h, the crude reaction mixture was purified 

by flash column chromatography using PE/EA (10/1-8/1) as the eluent to give (+)-2a (0.1503 g, 

93% yield) as a white solid. M.p. 113-115 
o
C; Optical Rotation: [α]D

20
 = +495.3 (c = 1.02, CHCl3), 

96% ee, determined by HPLC, HPLC conditions: Chiralcel AD-H, n-hexane/i-PrOH = 90/10, 1.0 

mL/min, n = 220 nm, tr 9.3 (minor), 14.4 (major); IR (neat): 2954, 2924, 1767, 1713, 1618, 1441, 

1347, 1220 cm
-1

; 
1
H NMR: (400 MHz, CDCl3) δ 7.48-7.30 (m, 5H), 7.22-7.10 (m, 3H), 7.09-7.00 

(m, 2H), 4.98-4.80 (m, 1H), 3.24 (s, 3H), 2.17 (d, J = 2.0 Hz, 3H); 
13

C NMR: (100 MHz, CDCl3) δ 

197.8 (d, J = 17.5 Hz), 165.9 (d, J = 29.1 Hz), 165.7 (d, J = 3.6 Hz), 136.9, 134.5 (d, J = 2.2 Hz), 

133.6, 130.1, 129.5, 128.64, 128.60, 128.2, 127.7, 97.0 (d, J = 199.8 Hz), 57.1 (d, J = 23.3 Hz), 

52.0 (d, J = 1.4 Hz), 10.4; 
19

F NMR: (376 MHz, CDCl3) δ -158.0 (d, J = 24.4 Hz); HRMS (EI) 

calculated for [C20H17O3F]
+
 requires m/z 324.1162, found m/z 324.1160. 

 

(1R,5S)-(+)-methyl 

1-fluoro-3-methyl-2-oxo-4-phenyl-5-(o-tolyl)cyclopent-3-enecarboxylate 

(2b). The product 2b was prepared according to the general procedure above 

by using 1b (0.1605 g, 0.5 mmol), NFSI (0.1738 g, 0.55 mmol), 

TIP·Co(ClO4)2·3H2O (0.0275 g, 0.0375 mmol) and chlorobenzene (5 mL). After heated to 80 
o
C 

for 15 h, the crude reaction mixture was purified by flash column chromatography using PE/EA 

(10/1-8/1) as the eluent to give (+)-2b (0.1628 g, 96% yield) as a white solid. M.p. 175-177 
o
C; 
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Optical Rotation: [α]D
20

 = +490.1 (c = 1.02, CHCl3), 95% ee, determined by HPLC, HPLC 

conditions: Chiralcel AD-H, n-hexane/i-PrOH = 90/10, 1.0 mL/min, n = 220 nm, tr 6.9 (minor), 

9.9 (major); IR (neat): 2954, 2924, 1766, 1713, 1618, 1442, 1347 cm
-1

; 
1
H NMR: (400 MHz, 

CDCl3) δ 7.43-7.28 (m, 5H), 7.14 (d, J = 7.2 Hz, 1H), 7.07-6.98 (m, 1H), 6.92-6.80 (m, 1H), 6.63 

(d, J = 7.6 Hz, 1H), 5.20-5.05 (m, 1H), 3.19 (s, 3H), 2.54 (s, 3H), 2.18 (d, J = 1.6 Hz, 3H); 
13

C 

NMR: (100 MHz, CDCl3) δ 198.2 (d, J = 17.5 Hz), 166.7 (d, J = 4.4 Hz), 166.1 (d, J = 29.1 Hz), 

137.6, 136.8, 133.8, 133.1 (d, J = 2.2 Hz), 130.4, 130.1, 129.6, 128.6, 128.5, 127.5, 125.2, 97.0 (d, 

J = 199.0 Hz), 53.1 (d, J = 24.0 Hz), 51.9, 20.0 (d, J = 1.4 Hz), 10.5; 
19

F NMR: (376 MHz, CDCl3) 

δ -155.6 (d, J = 23.3 Hz); HRMS (EI) calculated for [C21H19O3F]
+
 requires m/z 338.1318, found 

m/z 338.1321. 

 

(1R,5S)-(+)-methyl 

1-fluoro-3-methyl-2-oxo-4-phenyl-5-(m-tolyl)cyclopent-3-enecarboxylate 

(2c). The product 2c was prepared according to the general procedure above by 

using 1c (0.1605 g, 0.5 mmol), NFSI (0.1736 g, 0.55 mmol), 

TIP·Co(ClO4)2·3H2O (0.0276 g, 0.0375 mmol) and chlorobenzene (5 mL). After heated to 80 
o
C 

for 15 h, the crude reaction mixture was purified by flash column chromatography using PE/EA 

(10/1-8/1) as the eluent to give (+)-2c (0.1611 g, 95% yield) as a white solid. M.p. 53-55 
o
C; 

Optical Rotation: [α]D
20

 = +505.1 (c = 1.03, CHCl3), 87% ee, determined by HPLC, HPLC 

conditions: Chiralcel AD-H, n-hexane/i-PrOH = 90/10, 1.0 mL/min, n = 220 nm, tr 7.9 (minor), 

10.8 (major); IR (neat): 3025, 2953, 1766, 1713, 1618, 1439, 1347, 1226, 1090 cm
-1

; 
1
H NMR: 

(400 MHz, CDCl3) δ 7.48-7.28 (m, 5H), 7.07-7.00 (m, 1H), 6.95 (d, J = 7.6 Hz, 1H), 6.90 (s, 1H), 

6.78 (d, J = 7.6 Hz, 1H), 4.90-4.77 (m, 1H), 3.25 (s, 3H), 2.22 (s, 3H), 2.16 (d, J = 2.4 Hz, 3H); 

13
C NMR: (100 MHz, CDCl3) δ 197.8 (d, J = 18.2 Hz), 166.0 (d, J = 29.2 Hz), 165.9 (d, J = 4.4 

Hz), 137.8, 136.7, 134.4 (d, J = 1.5 Hz), 133.6, 130.2, 130.0, 128.6, 128.5, 128.4, 127.9, 126.5, 

97.0 (d, J = 199.8 Hz), 57.0 (d, J = 23.3 Hz), 51.9, 21.1, 10.3; 
19

F NMR: (376 MHz, CDCl3) δ 

-157.9 (d, J = 24.4 Hz); HRMS (EI) calculated for [C21H19O3F]
+
 requires m/z 338.1318, found m/z 

338.1316. 
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(1R,5S)-(+)-methyl 

1-fluoro-3-methyl-2-oxo-4-phenyl-5-(p-tolyl)cyclopent-3-enecarboxylate 

(2d). The product 2d was prepared according to the general procedure above 

by using 1d (0.1608 g, 0.5 mmol), NFSI (0.1738 g, 0.55 mmol), 

TIP·Co(ClO4)2·3H2O (0.0276 g, 0.0375 mmol) and chlorobenzene (5 mL). After heated to 80 
o
C 

for 15 h, the crude reaction mixture was purified by flash column chromatography using PE/EA 

(10/1-8/1) as the eluent to give (+)-2d (0.1624 g, 96% yield) as a white solid. M.p. 140-142 
o
C; 

Optical Rotation: [α]D
20

 = +419.0 (c = 1.00, CHCl3), 97% ee, determined by HPLC, HPLC 

conditions: Chiralcel AD-H, n-hexane/i-PrOH = 90/10, 1.0 mL/min, n = 220 nm, tr 9.7 (minor), 

13.8 (major); IR (neat): 2953, 2924, 1766, 1713, 1617, 1439, 1347, 1219 cm
-1

; 
1
H NMR: (400 

MHz, CDCl3) δ 7.48-7.28 (m, 5H), 6.97 (d, J = 8.0 Hz, 2H), 6.92 (d, J = 8.0 Hz, 2H), 4.93-4.78 

(m, 1H), 3.26 (s, 3H), 2.22 (s, 3H), 2.15 (d, J = 2.0 Hz, 3H); 
13

C NMR: (100 MHz, CDCl3) δ 

197.9 (d, J = 18.2 Hz), 166.0 (d, J = 29.2 Hz), 165.9 (d, J = 4.4 Hz), 137.4, 136.8, 133.7, 131.4 (d, 

J = 2.1 Hz), 130.1, 129.4, 128.9, 128.7, 128.6, 97.0 (d, J = 199.1 Hz), 56.8 (d, J = 23.4 Hz), 52.0 

(d, J = 1.5 Hz), 21.0, 10.4; 
19

F NMR: (376 MHz, CDCl3) δ -158.2 (d, J = 24.4 Hz); HRMS (EI) 

calculated for [C21H19O3F]
+
 requires m/z 338.1318, found m/z 338.1320. 

 

(1R,2S)-(+)-methyl 

1-fluoro-2-(4-methoxyphenyl)-4-methyl-5-oxo-3-phenylcyclopent-3-enecar

boxylate (2e). The product 2e was prepared according to the general procedure 

above by using 1e (0.1855 g, 0.55 mmol), NFSI (0.1580 g, 0.50 mmol), 

TIP·Co(ClO4)2·3H2O (0.0275 g, 0.0375 mmol) and chlorobenzene (5 mL). After heated to 80 
o
C 

for 15 h, the crude reaction mixture was purified by flash column chromatography using PE/EA 

(10/1-6/1) as the eluent to give (+)-2e (0.1610 g, 91% yield) as a white solid. M.p. 124-126 
o
C; 

Optical Rotation: [α]D
20

 = +391.1 (c = 0.98, CHCl3), 81% ee, determined by HPLC, HPLC 

conditions: Chiralcel AD-H, n-hexane/i-PrOH = 85/15, 1.0 mL/min, n = 220 nm, tr 9.5 (minor), 

13.7 (major); IR (neat): 2954, 2926, 1765, 1712, 1612, 1513, 1441, 1251 cm
-1

; 
1
H NMR: (400 

MHz, CDCl3) δ 7.46-7.30 (m, 5H), 6.95 (d, J = 8.8 Hz, 2H), 6.69 (d, J = 8.8 Hz, 2H), 4.92-4.75 

(m, 1H), 3.70 (s, 3H), 3.29 (s, 3H), 2.15 (d, J = 2.0 Hz, 3H); 
13

C NMR: (100 MHz, CDCl3) δ 
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197.9 (d, J = 17.5 Hz), 166.1 (d, J = 28.4 Hz), 165.9 (d, J = 3.6 Hz), 158.9, 136.8, 133.7, 130.6, 

130.1, 128.7, 128.6, 126.4 (d, J = 2.2 Hz), 113.6, 97.0 (d, J = 199.7 Hz), 56.4 (d, J = 24.1 Hz), 

55.1, 52.1, 10.4; 
19

F NMR: (376 MHz, CDCl3) δ -158.4 (d, J = 22.9 Hz); HRMS (EI) calculated 

for [C21H19O4F]
+
 requires m/z 354.1267, found m/z 354.1269. 

 

(1R,2S)-(+)-methyl 

2-(4-bromophenyl)-1-fluoro-4-methyl-5-oxo-3-phenylcyclopent-3-enecarbo

xylate (2f). The product 2f was prepared according to the general procedure 

above by using 1f (0.1929 g, 0.50 mmol), NFSI (0.1736 g, 0.55 mmol), 

TIP·Co(ClO4)2·3H2O (0.0276 g, 0.0375 mmol) and chlorobenzene (5 mL). After heated to 80 
o
C 

for 15 h, the crude reaction mixture was purified by flash column chromatography using PE/EA 

(10/1-8/1) as the eluent to give (+)-2f (0.1898 g, 94% yield) as a white solid. M.p. 134-136 
o
C; 

Optical Rotation: [α]D
20

 = +406.3 (c = 1.01, CHCl3), 92% ee, determined by HPLC, HPLC 

conditions: Chiralcel AD-H, n-hexane/i-PrOH = 90/10, 1.0 mL/min, n = 220 nm, tr 11.4 (minor), 

15.8 (major); IR (neat): 3060, 2954, 1765, 1714, 1618, 1489, 1347, 1239 cm
-1

; 
1
H NMR: (400 

MHz, CDCl3) δ 7.44-7.34 (m, 5H), 7.30 (d, J = 8.4 Hz, 2H), 6.92 (d, J = 8.4 Hz, 2H), 4.92-4.78 

(m, 1H), 3.31 (s, 3H), 2.15 (d, J = 2.4 Hz, 3H); 
13

C NMR: (100 MHz, CDCl3) δ 197.3 (d, J = 18.2 

Hz), 165.8 (d, J = 29.1 Hz), 165.0 (d, J = 4.4 Hz), 137.2, 133.6 (d, J = 1.4 Hz), 133.3, 131.4, 131.2, 

130.3, 128.8, 128.6, 121.9, 96.7 (d, J = 201.2 Hz), 56.4 (d, J = 24.1 Hz), 52.2 (d, J = 1.4 Hz), 10.4; 

19
F NMR: (376 MHz, CDCl3) δ -158.3 (d, J = 24.8 Hz); HRMS (EI) calculated for 

[C20H16O3FBr]
+
 requires m/z 402.0267, found m/z 402.0263. 

X-ray diffraction of (+)-2f: 

 (CCDC number: 1832033) 
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(1R,2S)-(+)-methyl 

2-(4-chlorophenyl)-1-fluoro-4-methyl-5-oxo-3-phenylcyclopent-3-enecarbo

xylate (2g). The product 2g was prepared according to the general procedure 

above by using 1g (0.1708 g, 0.50 mmol), NFSI (0.1737 g, 0.55 mmol), 

TIP·Co(ClO4)2·3H2O (0.0276 g, 0.0375 mmol) and chlorobenzene (5 mL). After heated to 80 
o
C 

for 15 h, the crude reaction mixture was purified by flash column chromatography using PE/EA 

(10/1-8/1) as the eluent to give (+)-2g (0.1671 g, 93% yield) as a white solid. M.p. 151-153 
o
C; 

Optical Rotation: [α]D
20

 = +448.5 (c = 0.98, CHCl3), 94% ee, determined by HPLC, HPLC 

conditions: Chiralcel AD-H, n-hexane/i-PrOH = 90/10, 1.0 mL/min, n = 220 nm, tr 10.2 (minor), 

14.8 (major); IR (neat): 3059, 2955, 1766, 1713, 1618, 1493, 1347, 1220 cm
-1

; 
1
H NMR: (400 
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MHz, CDCl3) δ 7.44-7.33 (m, 5H), 7.15 (d, J = 8.8 Hz, 2H), 6.98 (d, J = 8.8 Hz, 2H), 4.94-4.80 

(m, 1H), 3.31 (s, 3H), 2.15 (d, J = 2.0 Hz, 3H); 
13

C NMR: (100 MHz, CDCl3) δ 197.4 (d, J = 18.2 

Hz), 165.8 (d, J = 29.1 Hz), 165.1 (d, J = 4.3 Hz), 137.2, 133.8, 133.3, 133.1 (d, J = 2.2 Hz), 130.9, 

130.3, 128.8, 128.6, 128.5, 96.8 (d, J = 201.3 Hz), 56.4 (d, J = 24.0 Hz), 52.2, 10.4; 
19

F NMR: 

(376 MHz, CDCl3) δ -158.4 (d, J = 23.3 Hz); HRMS (EI) calculated for [C20H16O3FCl]
+
 requires 

m/z 358.0772, found m/z 358.0769. 

 

(1R,2S)-(+)-methyl 

1-fluoro-2-(4-fluorophenyl)-4-methyl-5-oxo-3-phenylcyclopent-3-enecarbo

xylate (2h). The product 2h was prepared according to the general procedure 

above by using 1h (0.1625 g, 0.50 mmol), NFSI (0.1735 g, 0.55 mmol), 

TIP·Co(ClO4)2·3H2O (0.0275 g, 0.0375 mmol) and chlorobenzene (5 mL). After heated to 80 
o
C 

for 15 h, the crude reaction mixture was purified by flash column chromatography using PE/EA 

(10/1-8/1) as the eluent to give (+)-2h (0.1580 g, 92% yield) as a white solid. M.p. 168-170 
o
C; 

Optical Rotation: [α]D
20

 = +467.5 (c = 1.02, CHCl3), 94% ee, determined by HPLC, HPLC 

conditions: Chiralcel AD-H, n-hexane/i-PrOH = 90/10, 1.0 mL/min, n = 220 nm, tr 8.9 (minor), 

14.0 (major); IR (neat): 2955, 2925, 1766, 1714, 1618, 1510, 1348, 1223, 1092 cm
-1

; 
1
H NMR: 

(400 MHz, CDCl3) δ 7.45-7.33 (m, 5H), 7.08-6.97 (m, 2H), 6.92-6.82 (m, 2H), 4.95-4.80 (m, 1H), 

3.30 (s, 3H), 2.16 (d, J = 2.0 Hz, 3H); 
13

C NMR: (100 MHz, CDCl3) δ 197.5 (d, J = 18.2 Hz), 

165.9 (d, J = 29.1 Hz), 165.3 (d, J = 4.4 Hz), 162.0 (d, J = 246.4 Hz), 137.1, 133.4, 131.3, 131.2, 

130.4 (dd, J = 2.2, 3.6 Hz), 130.2, 128.7, 128.6, 115.3, 115.1, 96.9 (d, J = 200.6 Hz), 56.3 (d, J = 

24.1 Hz), 52.1 (d, J = 1.5 Hz), 10.4; 
19

F NMR: (376 MHz, CDCl3) δ -113.6--113.8 (m, 1F), -158.5 

(d, J = 24.4 Hz, 1F); HRMS (EI) calculated for [C20H16O3F2]
+
 requires m/z 342.1068, found m/z 

342.1065. 

 

(1R,5S)-(+)-methyl 

1-fluoro-3-methyl-2-oxo-4-phenyl-5-(4-(trifluoromethyl)phenyl)cyclopent-

3-enecarboxylate (2i). The product 2i was prepared according to the general 

procedure above by using 1i (0.1874 g, 0.50 mmol), NFSI (0.1735 g, 0.55 
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mmol), TIP·Co(ClO4)2·3H2O (0.0277 g, 0.0375 mmol) and chlorobenzene (5 mL). After heated to 

80 
o
C for 15 h, the crude reaction mixture was purified by flash column chromatography using 

PE/EA (10/1-8/1) as the eluent to give (+)-2i (0.1782 g, 91% yield) as a white solid. M.p. 148-150 

o
C; Optical Rotation: [α]D

20
 = +401.2 (c = 0.99, CHCl3), 91% ee, determined by HPLC, HPLC 

conditions: Chiralcel AD-H, n-hexane/i-PrOH = 85/15, 1.0 mL/min, n = 220 nm, tr 7.0 (minor), 

8.4 (major); IR (neat): 2960, 2924, 1763, 1713, 1614, 1438, 1247, 1165, 1066 cm
-1

; 
1
H NMR: 

(400 MHz, CDCl3) δ 7.44 (d, J = 8.0 Hz, 2H), 7.43-7.34 (m, 5H), 7.18 (d, J = 8.0 Hz, 2H), 

5.04-4.88 (m, 1H), 3.26 (s, 3H), 2.18 (d, J = 2.0 Hz, 3H); 
13

C NMR: (100 MHz, CDCl3) δ 197.1 (d, 

J = 18.3 Hz), 165.7 (d, J = 29.1 Hz), 164.7 (d, J = 4.4 Hz), 138.8, 137.5, 133.2, 130.5, 130.0 (q, J 

= 32.1 Hz), 129.99, 128.9, 128.6, 125.1 (q, J = 3.7 Hz), 123.7 (q, J = 270.5 Hz), 96.8 (d, J = 199.9 

Hz), 56.7 (d, J = 24.1 Hz), 52.2 (d, J = 1.5 Hz), 10.5; 
19

F NMR: (376 MHz, CDCl3) δ -62.7 (s, 3F), 

-158.1 (d, J = 24.4 Hz, 1F); HRMS (EI) calculated for [C21H16O3F4]
+
 requires m/z 392.1036, 

found m/z 392.1035. 

 

(+)-Methyl 

4-((1S,5R)-5-fluoro-5-(methoxycarbonyl)-3-methyl-4-oxo-2-phenylcyclope

nt-2-en-1-yl)benzoate (2j). The product 2j was prepared according to the 

general procedure above by using 1j (0.1826 g, 0.50 mmol), NFSI (0.1735 g, 

0.55 mmol), TIP·Co(ClO4)2·3H2O (0.0275 g, 0.0375 mmol) and chlorobenzene (5 mL). After 

heated to 80 
o
C for 15 h, the crude reaction mixture was purified by flash column chromatography 

using PE/EA (10/1-5/1) as the eluent to give (+)-2j (0.1796 g, 91% yield) as a white solid. M.p. 

194-196 
o
C; Optical Rotation: [α]D

20
 = +403.6 (c = 1.02, CHCl3), 90% ee, determined by HPLC, 

HPLC conditions: Chiralcel AD-H, n-hexane/i-PrOH = 85/15, 1.0 mL/min, n = 220 nm, tr 12.3 

(minor), 15.6 (major); IR (neat): 2954, 2924, 1767, 1715, 1612, 1437, 1281 cm
-1

;
 1

H NMR: (400 

MHz, CDCl3) δ 7.85 (d, J = 8.4 Hz, 2H), 7.45-7.30 (m, 5H), 7.13 (d, J = 8.4 Hz, 2H), 5.02-4.88 

(m, 1H), 3.85 (s, 3H), 3.26 (s, 3H), 2.17 (d, J = 1.6 Hz, 3H); 
13

C NMR: (100 MHz, CDCl3) δ 

197.2 (d, J = 18.2 Hz), 166.4, 165.7 (d, J = 28.4 Hz), 164.9 (d, J = 4.3 Hz), 139.8 (d, J = 1.4 Hz), 

137.2, 133.3, 130.4, 129.7, 129.6, 129.4, 128.8, 128.6, 96.8 (d, J = 201.3 Hz), 56.9 (d, J = 24.0 

Hz), 52.2, 52.1, 10.5; 
19

F NMR: (376 MHz, CDCl3) δ -158.1 (d, J = 24.4 Hz); HRMS (EI) 
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calculated for [C22H19O5F]
+
 requires m/z 382.1217, found m/z 382.1220. 

 

(1R,2S)-(+)-methyl 

2-(4-(diethylcarbamoyl)phenyl)-1-fluoro-4-methyl-5-oxo-3-phenylcyclopen

t-3-enecarboxylate (2k). The product 2k was prepared according to the 

general procedure above by using 1k (0.2030 g, 0.50 mmol), NFSI (0.1736 g, 

0.55 mmol), TIP·Co(ClO4)2·3H2O (0.0276 g, 0.0375 mmol) and chlorobenzene (5 mL). After 

heated to 80 
o
C for 24 h, the crude reaction mixture was purified by flash column chromatography 

using PE/EA (2/1-1/1) as the eluent to give (+)-2k (0.1486 g, 70% yield) as a white solid. M.p. 

109-111 
o
C; Optical Rotation: [α]D

20
 = +298.4 (c = 0.99, CHCl3), 75% ee, determined by HPLC, 

HPLC conditions: Chiralcel AD-H, n-hexane/i-PrOH = 80/20, 1.0 mL/min, n = 220 nm, tr 11.1 

(major), 12.0 (minor); IR (neat): 2954, 2925, 1767, 1714, 1624, 1435, 1288 cm
-1

; 
1
H NMR: (400 

MHz, CDCl3) δ 7.46-7.32 (m, 5H), 7.20 (d, J = 8.4 Hz, 2H), 7.09 (d, J = 8.4 Hz, 2H), 5.00-4.85 

(m, 1H), 3.60-3.38 (m, 2H), 3.28 (s, 3H), 3.20-3.00 (m, 2H), 2.16 (d, J = 2.0 Hz, 3H), 1.28-0.92 

(m, 6H); 
13

C NMR: (100 MHz, CDCl3) δ 197.3 (d, J = 17.5 Hz), 170.4, 165.7 (d, J = 29.2 Hz), 

165.3 (d, J = 4.4 Hz), 137.0, 136.5, 135.6 (d, J = 2.2 Hz), 133.2, 130.2, 129.5, 128.7, 128.5, 126.2, 

96.8 (d, J = 200.5 Hz), 56.7 (d, J = 24.0 Hz), 51.9, 43.1, 39.3, 14.0, 12.7, 10.3; 
19

F NMR: (376 

MHz, CDCl3) δ -158.3 (d, J = 24.4 Hz); HRMS (EI) calculated for [C25H26NO4F]
+
 requires m/z 

423.1846, found m/z 423.1847. 

 

(1R,5S)-(+)-methyl 

1-fluoro-3-methyl-5-(4-nitrophenyl)-2-oxo-4-phenylcyclopent-3-enecarbox

ylate (2l). The product 2l was prepared according to the general procedure 

above by using 1l (0.1761 g, 0.50 mmol), NFSI (0.1736 g, 0.55 mmol), 

TIP·Co(ClO4)2·3H2O (0.0276 g, 0.0375 mmol) and chlorobenzene (5 mL). After heated to 80 
o
C 

for 15 h, the crude reaction mixture was purified by flash column chromatography using PE/EA 

(10/1-5/1) as the eluent to give (+)-2l (0.1663 g, 70% yield) as a white solid. M.p. 201-203 
o
C; 

Optical Rotation: [α]D
20

 = +377.4 (c = 0.95, CHCl3), 83% ee, determined by HPLC, HPLC 

conditions: Chiralcel AD-H, n-hexane/i-PrOH = 85/15, 1.0 mL/min, n = 220 nm, tr 15.8 (minor), 
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19.5 (major); IR (neat): 2955, 2925, 1766, 1715, 1607, 1521, 1347 cm
-1

;
 1

H NMR: (400 MHz, 

CDCl3) δ 8.04 (d, J = 8.4 Hz, 2H), 7.48-7.33 (m, 5H), 7.25 (d, J = 8.4 Hz, 2H), 5.10-4.95 (m, 1H), 

3.31 (s, 3H), 2.18 (d, J = 1.6 Hz, 3H); 
13

C NMR: (100 MHz, CDCl3) δ 196.6 (d, J = 18.2 Hz), 

165.4 (d, J = 29.2 Hz), 164.1 (d, J = 4.4 Hz), 147.3, 142.1 (d, J = 2.2 Hz), 137.6, 132.9, 130.59, 

130.57, 128.9, 128.5, 123.3, 96.6 (d, J = 203.5 Hz), 56.5 (d, J = 24.8 Hz), 52.3 (d, J = 1.5 Hz), 

10.4;
 19

F NMR: (376 MHz, CDCl3) δ -158.3 (d, J = 23.3 Hz); HRMS (EI) calculated for 

[C20H16NO5F]
+
 requires m/z 369.1013, found m/z 369.1009. 

 

(1R,2S)-methyl 

2-(4-cyanophenyl)-1-fluoro-4-methyl-5-oxo-3-phenylcyclopent-3-enecarbo

xylate (2m). The product 2m was prepared according to the general procedure 

above by using 1m (0.1660 g, 0.50 mmol), NFSI (0.1735 g, 0.55 mmol), 

TIP·Co(ClO4)2·3H2O (0.0275 g, 0.0375 mmol) and chlorobenzene (5 mL). After heated to 80 
o
C 

for 15 h, the crude reaction mixture was purified by flash column chromatography using PE/EA 

(8/1-5/1) as the eluent to give (+)-2m (0.0910 g, 52% yield) as a white solid. M.p. 206-208 
o
C; 

Optical Rotation: [α]D
20

 = +358.8 (c = 0.99, CHCl3), 72% ee, determined by HPLC, HPLC 

conditions: Chiralcel AD-H, n-hexane/i-PrOH = 85/15, 1.0 mL/min, n = 220 nm, tr 16.6 (minor), 

25.1 (major); IR (neat): 2956, 2923, 2229, 1764, 1713, 1609, 1345, 1241 cm
-1

; 
1
H NMR: (400 

MHz, CDCl3) δ 7.48 (d, J = 8.4 Hz, 2H), 7.44-7.34 (m, 5H), 7.18 (d, J = 8.4 Hz, 2H), 5.02-4.88 

(m, 1H), 3.30 (s, 3H), 2.17 (d, J = 2.0 Hz, 3H); 
13

C NMR: (100 MHz, CDCl3) δ 196.7 (d, J = 18.3 

Hz), 165.5 (d, J = 29.2 Hz), 164.1 (d, J = 4.3 Hz), 140.1 (d, J = 2.2 Hz), 137.6, 133.0, 131.9, 130.6, 

130.4, 128.9, 128.5, 118.1, 111.9, 96.6 (d, J = 203.5 Hz), 56.8 (d, J = 24.1 Hz), 52.3, 10.5; 
19

F 

NMR: (376 MHz, CDCl3) δ -158.2 (d, J = 24.4 Hz); HRMS (EI) calculated for [C21H16NO3F]
+
 

requires m/z 349.1114, found m/z 349.1113. 

 

(1R,5S)-(+)-methyl 

1-fluoro-3-methyl-2-oxo-5-phenyl-4-(4-(trifluoromethyl)phenyl)cycl

op-ent-3-enecarboxylate (2n). The product 2n was prepared according 

to the general procedure above by using 1n (0.1875 g, 0.50 mmol), 
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NFSI (0.1736 g, 0.55 mmol), TIP·Co(ClO4)2·3H2O (0.0278 g, 0.0375 mmol) and chlorobenzene (5 

mL). After heated to 80 
o
C for 15 h, the crude reaction mixture was purified by flash column 

chromatography using PE/EA (10/1) as the eluent to give (+)-2n (0.1785 g, 91% yield) as a white 

solid. M.p. 145-147 
o
C; Optical Rotation: [α]D

20
 = +335.3 (c = 1.01, CHCl3), 88% ee, determined 

by HPLC, HPLC conditions: Chiralcel AD-H, n-hexane/i-PrOH = 85/15, 1.0 mL/min, n = 220 nm, 

tr 8.8 (minor), 12.2 (major); IR (neat): 3034, 2956, 1768, 1719, 1615, 1323, 1124 cm
-1

; 
1
H NMR: 

(400 MHz, CDCl3) δ 7.62 (d, J = 8.4 Hz, 2H), 7.53 (d, J = 8.4 Hz, 2H), 7.24-7.16 (m, 3H), 

7.10-7.00 (m, 2H), 4.95-4.82 (m, 1H), 3.26 (s, 3H), 2.16 (d, J = 2.4 Hz, 3H); 
13

C NMR: (100 MHz, 

CDCl3) δ 197.6 (d, J = 17.5 Hz), 165.7 (d, J = 28.4 Hz), 163.6 (d, J = 3.7 Hz), 138.4, 137.1, 133.9 

(d, J = 1.4 Hz), 131.6 (q, J = 32.8 Hz), 129.5, 128.8, 128.4, 128.1, 125.6 (q, J = 3.6 Hz), 123.5 (q, 

J = 270.5 Hz), 96.8 (d, J = 201.2 Hz), 57.1 (d, J = 24.1 Hz), 52.1, 10.3;
 19

F NMR: (376 MHz, 

CDCl3) δ -63.0 (s, 3F), -158.3 (d, J = 23.3 Hz, 1F); HRMS (EI) calculated for [C21H16O3F4]
+
 

requires m/z 392.1036, found m/z 392.1037. 

 

(1R,2S)-(+)-methyl 

1-fluoro-3-(4-methoxyphenyl)-4-methyl-5-oxo-2-phenylcyclopent-3

-enecarboxylate (2o). The product 2o was prepared according to the 

general procedure above by using 1o (0.1688 g, 0.50 mmol), NFSI (0.1738 g, 0.55 mmol), 

TIP·Co(ClO4)2·3H2O (0.0275 g, 0.0375 mmol) and chlorobenzene (5 mL). After heated to 80 
o
C 

for 15 h, the crude reaction mixture was purified by flash column chromatography using PE/EA 

(8/1-5/1) as the eluent to give (+)-2o (0.1691 g, 95% yield) as a colorless oil. Optical Rotation: 

[α]D
20

 = +496.9 (c = 1.04, CHCl3), 93% ee, determined by HPLC, HPLC conditions: Chiralcel 

AD-H, n-hexane/i-PrOH = 85/15, 1.0 mL/min, n = 220 nm, tr 10.6 (minor), 17.6 (major); IR (neat): 

2954, 2842, 1765, 1706, 1602, 1511, 1346, 1256, 1180 cm
-1

; 
1
H NMR: (400 MHz, CDCl3) δ 7.41 

(d, J = 8.8 Hz, 2H), 7.24-7.12 (m, 3H), 7.10-7.00 (m, 2H), 6.86 (d, J = 8.8 Hz, 2H), 4.92-4.80 (m, 

1H), 3.78 (s, 3H), 3.21 (s, 3H), 2.18 (d, J = 2.0 Hz, 3H); 
13

C NMR: (100 MHz, CDCl3) δ 197.5 (d, 

J = 17.5 Hz), 166.1 (d, J = 29.2 Hz), 165.3 (d, J = 3.6 Hz), 161.0, 135.2, 134.9 (d, J = 2.2 Hz), 

130.7, 129.5, 128.1, 127.6, 125.9, 114.0, 97.0 (d, J = 199.0 Hz), 56.9 (d, J = 24.1 Hz), 55.2, 51.9 

(d, J = 1.5 Hz), 10.6;
 19

F NMR: (376 MHz, CDCl3) δ -157.1 (d, J = 25.9 Hz); HRMS (EI) 



S24 

 

calculated for [C21H19O4F]
+
 requires m/z 354.1267, found m/z 354.1268. 

 

(1R,5S)-(+)-ethyl 

1-fluoro-3-methyl-2-oxo-4,5-diphenylcyclopent-3-enecarboxylate (2p). The 

product 2p was prepared according to the general procedure above by using 1p 

(0.1606 g, 0.50 mmol), NFSI (0.1736 g, 0.55 mmol), TIP·Co(ClO4)2·3H2O (0.0276 g, 0.0375 

mmol) and chlorobenzene (5 mL). After heated to 80 
o
C for 15 h, the crude reaction mixture was 

purified by flash column chromatography using PE/EA (10/1) as the eluent to give (+)-2p (0.1582 

g, 93% yield) as a white solid. M.p. 71-73 
o
C; Optical Rotation: [α]D

20
 = +461.6 (c = 1.00, CHCl3), 

92% ee, determined by HPLC, HPLC conditions: Chiralcel AD-H, n-hexane/i-PrOH = 90/10, 1.0 

mL/min, n = 220 nm, tr 8.4 (minor), 13.9 (major); IR (neat): 3031, 2984, 1761, 1712, 1619, 1444, 

1347, 1218 cm
-1

; 
1
H NMR: (400 MHz, CDCl3) δ 7.48-7.28 (m, 5H), 7.22-7.11 (m, 3H), 7.10-7.00 

(m, 2H), 4.96-4.82 (m, 1H), 3.85-3.73 (m, 1H), 3.68-3.55 (m, 1H), 2.16 (d, J = 2.4 Hz, 3H), 0.87 

(t, J = 7.2 Hz, 3H); 
13

C NMR: (100 MHz, CDCl3) δ 198.0 (d, J = 17.5 Hz), 165.7 (d, J = 28.5 Hz), 

165.6 (d, J = 4.4 Hz), 136.9, 134.6 (d, J = 2.2 Hz), 133.7, 130.1, 129.7, 128.64, 128.61, 128.2, 

127.7, 96.7 (d, J = 201.2 Hz), 61.8, 57.1 (d, J = 24.0 Hz), 13.5, 10.4;
 19

F NMR: (376 MHz, CDCl3) 

δ -157.5 (d, J = 24.4 Hz); HRMS (EI) calculated for [C21H19O3F]
+
 requires m/z 338.1318, found 

m/z 338.1319. 

 

(1R,5S)-(+)-isopropyl 

1-fluoro-3-methyl-2-oxo-4,5-diphenylcyclopent-3-enecarboxylate (2q). The 

product 2q was prepared according to the general procedure above by using 1q 

(0.1675 g, 0.50 mmol), NFSI (0.1735 g, 0.55 mmol), TIP·Co(ClO4)2·3H2O (0.0275 g, 0.0375 

mmol) and chlorobenzene (5 mL). After heated to 80 
o
C for 15 h, the crude reaction mixture was 

purified by flash column chromatography using PE/EA (10/1) as the eluent to give (+)-2q (0.1603 

g, 91% yield) as a white solid. M.p. 134-136 
o
C; Optical Rotation: [α]D

20
 = +471.8 (c = 1.03, 

CHCl3), 88% ee, determined by HPLC, HPLC conditions: Chiralcel AD-H, n-hexane/i-PrOH = 

90/10, 1.0 mL/min, n = 220 nm, tr 6.7 (minor), 15.2 (major); IR (neat): 3061, 2925, 1756, 1712, 

1619, 1453, 1347 cm
-1

; 
1
H NMR: (400 MHz, CDCl3) δ 7.48-7.29 (m, 5H), 7.22-7.00 (m, 5H), 
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4.95-4.80 (m, 1H), 4.68-4.53 (m, 1H), 2.15 (d, J = 2.0 Hz, 3H), 0.91 (d, J = 6.4 Hz, 3H), 0.81 (d, J 

= 6.4 Hz, 3H); 
13

C NMR: (100 MHz, CDCl3) δ 198.2 (d, J = 17.5 Hz), 165.8 (d, J = 4.4 Hz), 165.2 

(d, J = 27.0 Hz), 136.8, 134.6 (d, J = 2.2 Hz), 133.7, 130.0, 129.9, 128.60, 128.57, 128.2, 127.6, 

96.5 (d, J = 202.0 Hz), 70.2, 57.0 (d, J = 24.1 Hz), 21.1, 21.0, 10.4;
 19

F NMR: (376 MHz, CDCl3) 

δ -157.0 (d, J = 25.9 Hz); HRMS (EI) calculated for [C22H21O3F]
+
 requires m/z 352.1472, found 

m/z 352.1475. 

 

(1R,5S)-(+)-benzyl 

1-fluoro-3-methyl-2-oxo-4,5-diphenylcyclopent-3-enecarboxylate (2r). The 

product 2r was prepared according to the general procedure above by using 1r 

(0.1915 g, 0.50 mmol), NFSI (0.1736 g, 0.55 mmol), TIP·Co(ClO4)2·3H2O (0.0276 g, 0.0375 

mmol) and chlorobenzene (5 mL). After heated to 80 
o
C for 15 h, the crude reaction mixture was 

purified by flash column chromatography using PE/EA (10/1) as the eluent to give (+)-2r (0.1880 

g, 94% yield) as a white solid. M.p. 120-122 
o
C; Optical Rotation: [α]D

20
 = +349.6 (c = 1.02, 

CHCl3), 89% ee, determined by HPLC, HPLC conditions: Chiralcel AD-H, n-hexane/i-PrOH = 

90/10, 1.0 mL/min, n = 220 nm, tr 14.1 (minor), 18.8 (major); IR (neat): 3061, 2925, 1756, 1712, 

1619, 1453, 1347, 1105 cm
-1

; 
1
H NMR: (400 MHz, CDCl3) δ 7.45-7.22 (m, 8H), 7.18-6.95 (m, 

7H), 4.90 (d, J = 24.4 Hz, 1H), 4.77 (d, J = 12.4 Hz, 1H), 4.49 (d, J = 12.4 Hz, 1H), 2.14 (d, J = 

2.0 Hz, 3H); 
13

C NMR: (100 MHz, CDCl3) δ 197.8 (d, J = 17.5 Hz), 165.7 (d, J = 5.9 Hz), 165.5 

(d, J = 28.4 Hz), 136.9, 134.4 (d, J = 1.4 Hz), 134.3, 133.6, 130.1, 129.6, 128.61, 128.59, 128.4, 

128.3, 128.2, 128.1, 127.7, 97.0 (d, J = 200.5 Hz), 67.2, 57.1 (d, J = 23.3 Hz), 10.4;
 19

F NMR: 

(376 MHz, CDCl3) δ -158.2 (d, J = 24.8 Hz); HRMS (EI) calculated for [C22H21O3F]
+
 requires 

m/z 352.1475, found m/z 352.1475. 

 

(1R,5S)-(+)-methyl 

1-fluoro-2-oxo-3,4,5-triphenylcyclopent-3-enecarboxylate (2s). The product 

2s was prepared according to the general procedure above by using 1s (0.1850 

g, 0.50 mmol), NFSI (0.1736 g, 0.55 mmol), TIP·Co(ClO4)2·3H2O (0.0276 g, 0.0375 mmol) and 

chlorobenzene (5 mL). After heated to 80 
o
C for 15 h, the crude reaction mixture was purified by 
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flash column chromatography using PE/EA (12/1-8/1) as the eluent to give (+)-2s (0.1701 g, 88% 

yield) as a white solid. M.p. 142-144 
o
C; Optical Rotation: [α]D

20
 = +207.0 (c = 1.02, CHCl3), 77% 

ee, determined by HPLC, HPLC conditions: Chiralcel AD-H, n-hexane/i-PrOH = 85/15, 1.0 

mL/min, n = 220 nm, tr 8.5 (major), 9.3 (minor); (2s with 94% ee could be obtained after 

recrystallization from CH2Cl2 and PE, Optical Rotation: [α]D
20

 = +293.6 (c = 1.00, CHCl3), 94% 

ee, determined by HPLC, HPLC conditions: Chiralcel AD-H, n-hexane/i-PrOH = 85/15, 1.0 

mL/min, n = 220 nm, tr 8.4 (major), 9.2 (minor)); IR (neat): 3060, 2954, 1767, 1715, 1444, 1352, 

1078 cm
-1

; 
1
H NMR: (400 MHz, CDCl3) δ 7.40-7.33 (m, 3H), 7.32-7.27 (m, 2H), 7.25-7.05 (m, 

10H), 5.00 (d, J = 24.4 Hz, 1H), 3.29 (s, 3H); 
13

C NMR: (100 MHz, CDCl3) δ 196.0 (d, J = 17.5 

Hz), 166.3 (d, J = 3.6 Hz), 165.9 (d, J = 29.1 Hz), 139.7, 134.3 (d, J = 2.2 Hz), 133.0, 130.6, 130.4, 

129.6, 129.3, 128.7, 128.6, 128.4, 128.3, 127.8, 97.4 (d, J = 199.8 Hz), 57.2 (d, J = 24.1 Hz), 52.1;
 

19
F NMR: (376 MHz, CDCl3) δ -157.0 (d, J = 24.4 Hz); HRMS (EI) calculated for [C25H19O3F]

+
 

requires m/z 386.1318, found m/z 386.1314. 

 

(1R,5S)-(+)-methyl 

1-fluoro-3-methyl-5-(naphthalen-2-yl)-2-oxo-4-phenylcyclopent-3-enecarb

oxylate (2t). The product 2t was prepared according to the general procedure 

above by using 1t (0.1785 g, 0.50 mmol), NFSI (0.1736 g, 0.55 mmol), 

TIP·Co(ClO4)2·3H2O (0.0276 g, 0.0375 mmol) and chlorobenzene (5 mL). After heated to 80 
o
C 

for 15 h, the crude reaction mixture was purified by flash column chromatography using PE/EA 

(10/1) as the eluent to give (+)-2t (0.1752 g, 94% yield) as a white solid. M.p. 140-142 
o
C; Optical 

Rotation: [α]D
20

 = +411.4 (c = 0.96, CHCl3), 91% ee, determined by HPLC, HPLC conditions: 

Chiralcel AD-H, n-hexane/i-PrOH = 85/15, 1.0 mL/min, n = 220 nm, tr 9.8 (minor), 13.6 (major); 

IR (neat): 3058, 2953, 1765, 1713, 1615, 1439, 1347, 1238, 1089 cm
-1

; 
1
H NMR: (400 MHz, 

CDCl3) δ 7.75-7.66 (m, 2H), 7.63 (d, J = 8.4 Hz, 1H), 7.58 (s, 1H), 7.50-7.38 (m, 4H), 7.36-7.25 

(m, 3H), 7.11 (d, J = 8.8 Hz, 1H), 5.06 (d, J = 24.4 Hz, 1H), 3.12 (s, 3H), 2.20 (d, J = 2.0 Hz, 3H); 

13
C NMR: (100 MHz, CDCl3) δ 197.8 (d, J = 17.5 Hz), 165.9 (d, J = 28.4 Hz), 165.7 (d, J = 3.6 

Hz), 137.0, 133.6, 132.9, 132.5, 132.1 (d, J = 2.2 Hz), 130.1, 129.2, 128.7, 128.6, 127.81, 127.77, 

127.5, 126.7, 126.28, 126.25, 97.0 (d, J = 200.6 Hz), 57.2 (d, J = 23.3 Hz), 52.0, 10.5;
 19

F NMR: 
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(376 MHz, CDCl3) δ -157.7 (d, J = 24.4 Hz); HRMS (EI) calculated for [C24H19O3F]
+
 requires 

m/z 374.1318, found m/z 374.1321. 

 

(1R,5S)-(+)-methyl 

1-fluoro-3-methyl-2-oxo-4-phenyl-5-(thiophen-2-yl)cyclopent-3-enecarbox

ylate (2u). The product 2u was prepared according to the general procedure 

above by using 1u (0.1566 g, 0.50 mmol), NFSI (0.1735 g, 0.55 mmol), 

TIP·Co(ClO4)2·3H2O (0.0276 g, 0.0375 mmol) and chlorobenzene (5 mL). After heated to 80 
o
C 

for 15 h, the crude reaction mixture was purified by flash column chromatography using PE/EA 

(10/1-6/1) as the eluent to give (+)-2u (0.1160 g, 70% yield) as a white solid. M.p. 115-117 
o
C; 

Optical Rotation: [α]D
20

 = +364.0 (c = 1.00, CHCl3), 76% ee, determined by HPLC, HPLC 

conditions: Chiralcel AD-H, n-hexane/i-PrOH = 85/15, 1.0 mL/min, n = 220 nm, tr 8.1 (minor), 

10.3 (major); IR (neat): 2954, 2925, 1766, 1714, 1618, 1437, 1346, 1219, 1089 cm
-1

; 
1
H NMR: 

(400 MHz, CDCl3) δ 7.50-7.34 (m, 5H), 7.12 (d, J = 5.2 Hz, 1H), 6.82 (dd, J = 3.6, 5.2 Hz, 1H), 

6.74 (d, J = 3.6 Hz, 1H), 5.22-5.08 (m, 1H), 3.41 (s, 3H), 2.13 (d, J = 2.4 Hz, 3H); 
13

C NMR: (100 

MHz, CDCl3) δ 197.0 (d, J = 17.5 Hz), 165.7 (d, J = 29.2 Hz), 164.9 (d, J = 4.3 Hz), 136.6, 136.5, 

133.3, 130.2, 128.6, 128.4, 126.6, 125.9, 96.8 (d, J = 201.3 Hz), 52.4, 52.1 (d, J = 25.5 Hz), 10.4;
 

19
F NMR: (376 MHz, CDCl3) δ -159.3 (d, J = 21.8 Hz); HRMS (EI) calculated for [C18H15O3FS]

+
 

requires m/z 330.0726, found m/z 330.0729. 

 

(1R,5S)-(+)-methyl 

1-fluoro-3-methyl-2-oxo-5-phenyl-4-(thiophen-2-yl)cyclopent-3-enecarb

oxylate (2v). The product 2v was prepared according to the general 

procedure above by using 1v (0.1566 g, 0.50 mmol), NFSI (0.1736 g, 0.55 mmol), 

TIP·Co(ClO4)2·3H2O (0.0276 g, 0.0375 mmol) and chlorobenzene (5 mL). After heated to 80 
o
C 

for 15 h, the crude reaction mixture was purified by flash column chromatography using PE/EA 

(10/1-8/1) as the eluent to give (+)-2v (0.1474 g, 89% yield) as a white solid. M.p. 142-144 
o
C; 

Optical Rotation: [α]D
20

 = +158.8 (c = 1.00, CHCl3), 87% ee, determined by HPLC, HPLC 

conditions: Chiralcel AD-H, n-hexane/i-PrOH = 85/15, 1.0 mL/min, n = 220 nm, tr 9.0 (minor), 
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12.2 (major); IR (neat): 2953, 2925, 1759, 1702, 1584, 1413, 1348, 1225, 1081 cm
-1

; 
1
H NMR: 

(400 MHz, CDCl3) δ 7.61 (dd, J = 0.8, 5.2 Hz, 1H), 7.32-7.22 (m, 3H), 7.20-7.06 (m, 3H), 7.04 

(dd, J = 4.0, 5.2 Hz, 1H), 4.84-4.72 (m, 1H), 3.20 (s, 3H), 2.30 (d, J = 2.0 Hz, 3H); 
13

C NMR: 

(100 MHz, CDCl3) δ 196.7 (d, J = 17.5 Hz), 166.1 (d, J = 29.9 Hz), 157.8 (d, J = 2.9 Hz), 136.8, 

135.4 (d, J = 3.7 Hz), 134.0, 132.4, 131.9, 129.2, 128.4, 128.1, 127.9, 96.5 (d, J = 197.6 Hz), 57.6 

(d, J = 25.6 Hz), 51.9, 10.8;
 19

F NMR: (376 MHz, CDCl3) δ -153.6 (d, J = 24.8 Hz); HRMS (EI) 

calculated for [C18H15O3FS]
+
 requires m/z 330.0726, found m/z 330.0727. 

 

(1R,2R)-(+)-methyl 

1-fluoro-2-(6-methoxypyridin-3-yl)-4-methyl-5-oxo-3-phenylcyclopent-3-en

ecarboxylate (2w). The product 2w was prepared according to the general 

procedure above by using 1w (0.1689 g, 0.50 mmol), NFSI (0.1738 g, 0.55 

mmol), TIP·Co(ClO4)2·3H2O (0.0276 g, 0.0375 mmol) and chlorobenzene (5 mL). After heated to 

80 
o
C for 15 h, the crude reaction mixture was purified by flash column chromatography using 

PE/EA (5/1) as the eluent to give (+)-2w (0.0954 g, 54% yield) as a white solid. M.p. 113-115 
o
C; 

Optical Rotation: [α]D
20

 = +377.1 (c = 0.97, CHCl3), 79% ee, determined by HPLC, HPLC 

conditions: Chiralcel AD-H, n-hexane/i-PrOH = 80/20, 1.0 mL/min, n = 220 nm, tr 10.0 (minor), 

13.6 (major); IR (neat): 2953, 2925, 1766, 1714, 1607, 1493, 1394, 1294, 1090 cm
-1

; 
1
H NMR: 

(400 MHz, CDCl3) δ 7.89 (d, J = 2.0 Hz, 1H), 7.44-7.32 (m, 5H), 7.20 (dd, J = 2.4, 8.4 Hz, 1H), 

6.53 (d, J = 8.8 Hz, 1H), 4.92-4.76 (m, 1H), 3.83 (s, 3H), 3.37 (s, 3H), 2.15 (s, 3H); 
13

C NMR: 

(100 MHz, CDCl3) δ 197.3 (d, J = 18.2 Hz), 165.8 (d, J = 29.1 Hz), 165.1 (d, J = 4.4 Hz), 163.5, 

147.9, 139.3, 137.2, 133.1, 130.3, 128.8, 128.6, 122.9 (d, J = 2.2 Hz), 110.4, 96.8 (d, J = 201.3 

Hz), 54.0 (d, J = 24.1 Hz), 53.4, 52.3, 10.4;
 19

F NMR: (376 MHz, CDCl3) δ -159.2 (d, J = 24.4 

Hz); HRMS (EI) calculated for [C20H18NO4F]
+
 requires m/z 355.1220, found m/z 355.1220. 

 

(2R,3S)-(+)-methyl 

2-fluoro-1-oxo-3-phenyl-2,3,4,5,6,7-hexahydro-1H-indene-2-carboxylate 

(2x). The product 2x was prepared according to the general procedure above 

by using 1x (0.1358 g, 0.50 mmol), NFSI (0.1735 g, 0.55 mmol), TIP·Co(ClO4)2·3H2O (0.0276 g, 
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0.0375 mmol) and chlorobenzene (5 mL). After heated to 80 
o
C for 15 h, the crude reaction 

mixture was purified by flash column chromatography using PE/EA (10/1) as the eluent to give 

(+)-2x (0.0721 g, 50% yield) as a white solid. M.p. 115-117 
o
C; Optical Rotation: [α]D

20
 = +20.8 

(c = 0.98, CHCl3), 73% ee, determined by HPLC, HPLC conditions: Chiralcel AD-H, 

n-hexane/i-PrOH = 90/10, 1.0 mL/min, n = 220 nm, tr 7.8 (minor), 9.2 (major); IR (neat): 3032, 

2931, 1765, 1716, 1639, 1436, 1236, 1098 cm
-1

; 
1
H NMR: (400 MHz, CDCl3) δ 7.40-7.25 (m, 3H), 

7.17-7.04 (m, 2H), 4.23 (d, J = 23.6 Hz, 1H), 3.24 (s, 3H), 2.55-2.28 (m, 3H), 2.25-2.08 (m, 1H), 

1.95-1.68 (m, 4H); 
13

C NMR: (100 MHz, CDCl3) δ 196.7 (d, J = 18.2 Hz), 172.4 (d, J = 4.4 Hz), 

166.2 (d, J = 28.4 Hz), 139.5, 133.9 (d, J = 2.1 Hz), 129.3, 128.4, 128.1, 96.9 (d, J = 200.6 Hz), 

58.6 (d, J = 24.1 Hz), 51.8 (d, J = 1.5 Hz), 26.9, 21.8, 21.2, 20.2;
 19

F NMR: (376 MHz, CDCl3) δ 

-158.4 (d, J = 24.4 Hz); HRMS (EI) calculated for [C17H17O3F]
+
 requires m/z 288.1162, found m/z 

288.1160. 

 

(1R,2S)-(+)-methyl 

2-ethyl-1-fluoro-4-methyl-5-oxo-3-phenylcyclopent-3-enecarboxylate (2y). 

The product 2y was prepared according to the general procedure above by 

using 1y (0.1299 g, 0.50 mmol), NFSI (0.1738 g, 0.55 mmol), TIP·Co(ClO4)2·3H2O (0.0276 g, 

0.0375 mmol) and chlorobenzene (5 mL). After heated to 80 
o
C for 15 h, the crude reaction 

mixture was purified by flash column chromatography using PE/EA (10/1) as the eluent to give 

(+)-2y (0.0665 g, 48% yield) as a colorless oil. Optical Rotation: [α]D
20

 = +172.6 (c = 1.00, 

CHCl3), 44% ee, determined by HPLC, HPLC conditions: Chiralcel AD-H, n-hexane/i-PrOH = 

90/10, 1.0 mL/min, n = 220 nm, tr 5.8 (minor), 7.8 (major); IR (neat): 2957, 2883, 1765, 1713, 

1621, 1441, 1348, 1289, 1128 cm
-1

; 
1
H NMR: (400 MHz, CDCl3) δ 7.55-7.40 (m, 3H), 7.38-7.30 

(m, 2H), 3.84 (s, 3H), 3.54-3.32 (m, 1H), 1.88 (d, J = 2.4 Hz, 3H), 1.73-1.58 (m, 1H), 1.48-1.30 

(m, 1H), 0.94 (t, J = 7.6 Hz, 3H); 
13

C NMR: (100 MHz, CDCl3) δ 198.0 (d, J = 17.5 Hz), 170.2 (d, 

J = 5.1 Hz), 167.1 (d, J = 28.4 Hz), 134.7, 133.9, 129.8, 128.7, 127.6, 96.5 (d, J = 199.8 Hz), 53.3 

(d, J = 21.9 Hz), 52.7, 21.4, 12.3, 9.5;
 19

F NMR: (376 MHz, CDCl3) δ -160.7 (d, J = 24.4 Hz); 

HRMS (EI) calculated for [C16H17O3F]
+
 requires m/z 276.1162, found m/z 276.1161. 
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V. Gram Scale Reaction and Further Derivatizations 

 

Gram scale reaction was conducted according to the general procedure above by using 1a 

(1.2261 g, 4.0 mmol), NFSI (1.3876 g, 4.4 mmol), TIP·Co(ClO4)2·3H2O (0.2208 g, 0.3 mmol) and 

chlorobenzene (40 mL). After heated to 80 
o
C for 15 h, the crude reaction mixture was purified by 

flash column chromatography using PE/EA (10/1-8/1) as the eluent to give (+)-2a (1.2309 g, 95% 

yield) as a white solid. Optical Rotation: [α]D
20

 = +486.1 (c = 0.98, CHCl3), 93% ee, determined 

by HPLC, HPLC conditions: Chiralcel AD-H, n-hexane/i-PrOH = 90/10, 1.0 mL/min, n = 220 nm, 

tr 8.5 (minor), 12.8 (major); 2a with >99% ee could be obtained after recrystallization from 

CH2Cl2 and PE, Optical Rotation: [α]D
20

 = +527.1 (c = 0.98, CHCl3), >99% ee, determined by 

HPLC, HPLC conditions: Chiralcel AD-H, n-hexane/i-PrOH = 90/10, 1.0 mL/min, n = 220 nm, tr 

8.4 (minor), 12.6 (major).  

 

 

To a 25 mL flame-dried Schlenk flask cooled under the atmosphere of nitrogen, LiAlH4 (0.0230 g, 

0.60 mmol) and THF (1 mL) were added. 2a (0.0651 g, 0.20 mmol) (dissolved in 2 mL THF) was 

added dropwisely to the mixture at 0 
o
C. The reaction mixture was then allowed to warm to room 

temperature and stirred for 3 hours. After carefully quenched with water (20 mL), the aqueous 

layer was extracted with ether (3 x 20 mL). The combined organic layers were washed with brine 

(20 mL), dried over Na2SO4, filtered, concentrated and purified by flash chromatography on silica 

gel using PE/EA (3/1) as the eluent to give (+)-5a (0.0434 g, 73% yield, dr > 20:1) as a white solid. 

M.p. 79-81 
o
C; Optical Rotation: [α]D

20
 = +133.8 (c = 1.02, CHCl3), >99% ee, determined by 

HPLC, HPLC conditions: Chiralcel AD-H, n-hexane/i-PrOH = 90/10, 1.0 mL/min, n = 220 nm, tr 

9.1 (major), 9.9 (minor); IR (neat): 3424, 3060, 2916, 2883, 1602, 1495, 1621, 1447, 1261, 1025 
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cm
-1

; 
1
H NMR: (400 MHz, CDCl3) δ 7.30-7.10 (m, 10H), 4.74 (dd, J = 2.8, 19.2 Hz, 1H), 

4.38-4.20 (m, 1H), 3.62-3.50 (m, 1H), 3.41 (dd, J = 11.2, 34.0 Hz, 1H), 3.26 (br, 1H), 2.48 (br, 

1H), 2.05 (d, J = 1.6 Hz, 3H); 
13

C NMR: (100 MHz, CDCl3) δ 139.7, 137.2 (d, J = 8.0 Hz), 135.7, 

135.1, 129.3, 128.5, 128.4, 128.0, 127.3, 127.2, 104.9 (d, J = 176.4 Hz), 85.0 (d, J = 35.7 Hz), 

63.8 (d, J = 21.9 Hz), 62.2 (d, J = 27.0 Hz), 13.3;
 19

F NMR: (376 MHz, CDCl3) δ -149.1--149.6 

(m) (for decoupling spectrum, see:
 19

F NMR: (376 MHz, CDCl3) δ -149.3); HRMS (ESI) 

calculated for [C19H20O2F]
+ 

[M+H]
+
 requires m/z 299.1447, found m/z 299.1433. 

 

 

To a 25 mL flame-dried Schlenk flask cooled under the atmosphere of nitrogen, 2a (0.0652 g, 0.20 

mmol) and THF (2 mL) were added. Then phenylmagnesium bromide (96 μL, 0.24 mmol, 2.5 M 

in Et2O) was added dropwisely to the mixture at 0 
o
C. The reaction mixture was left to stir at 0°C 

for 3 hours and quenched with saturated NH4Cl (10 mL). The organic layer was separated and the 

aqueous layer was extracted with EtOAc (3 x 20 mL). The combined organic layers were washed 

with brine (20 mL), dried over Na2SO4, filtered, concentrated and purified by flash 

chromatography on silica gel using PE/EA (15/1-10/1) as the eluent to give (+)-6a (0.0507 g, 63% 

yield, dr > 20:1) as a white solid. M.p. 148-150 
o
C; Optical Rotation: [α]D

20
 = +233.0 (c = 1.00, 

CHCl3), >99% ee, determined by HPLC, HPLC conditions: Chiralcel AD-H, n-hexane/i-PrOH = 

90/10, 1.0 mL/min, n = 220 nm, tr 7.8 (minor), 10.3 (major); IR (neat): 3520, 2955, 2924, 1756, 

1724, 1493, 1447, 1312, 1057 cm
-1

; 
1
H NMR: (400 MHz, CDCl3) δ 7.47 (d, J = 7.2 Hz, 2H), 

7.45-7.39 (m, 2H), 7.38-7.32 (m, 1H), 7.31-7.18 (m, 5H), 7.17-7.03 (m, 5H), 4.75-4.60 (m, 1H), 

4.33 (s, 1H), 3.33 (s, 3H), 1.88 (d, J = 2.0 Hz, 3H); 
13

C NMR: (100 MHz, CDCl3) δ 169.9 (d, J = 

27.7 Hz), 139.7, 137.3 (d, J = 4.4 Hz), 137.2 (d, J = 4.4 Hz), 136.1 (d, J = 2.2 Hz), 135.2, 129.8, 

128.5, 128.22, 128.16, 128.0, 127.9, 127.3 (d, J = 2.9 Hz), 127.2 (d, J = 2.1 Hz), 105.6 (d, J = 

211.4 Hz), 89.8 (d, J = 21.1 Hz), 60.1 (d, J = 24.0 Hz), 52.3, 12.2;
 19

F NMR: (376 MHz, CDCl3) δ 

-157.4 (d, J = 23.3 Hz); HRMS (ESI) calculated for [C26H23O3FNa]
+ 

[M+Na]
+
 requires m/z 

425.1529, found m/z 425.1529. 
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To a 25 mL flame-dried Schlenk flask cooled under the atmosphere of nitrogen, 2a (0.0651 g, 0.20 

mmol) and THF (2 mL) were added. Then methyllithium (140 μL, 0.22 mmol, 1.6 M in Et2O) was 

added dropwisely to the mixture at -20 
o
C. The reaction mixture was left to stir at -20 °C for 3 

hours and quenched with water (10 mL). The organic layer was separated and the aqueous layer 

was extracted with EtOAc (3 x 20 mL). The combined organic layers were washed with brine (20 

mL), dried over Na2SO4, filtered, concentrated and purified by flash chromatography on silica gel 

using PE/EA (10/1-8/1) as the eluent to give (+)-7a (0.0463 g, 68% yield, dr > 20:1) as a white 

solid. M.p. 117-119 
o
C; Optical Rotation: [α]D

20
 = +144.8 (c = 0.98, CHCl3), 98% ee, determined 

by HPLC, HPLC conditions: Chiralcel AD-H, n-hexane/i-PrOH = 90/10, 1.0 mL/min, n = 220 nm, 

tr 5.5 (minor), 6.7 (major); IR (neat): 3480, 2953, 1759, 1726, 1441, 1314, 1235, 1076 cm
-1

; 
1
H 

NMR: (400 MHz, CDCl3) δ 7.25-7.18 (m, 2H), 7.17-7.05 (m, 8H), 4.70-4.53 (m, 1H), 3.53 (s, 1H), 

2.93 (s, 3H), 1.97 (d, J = 2.4 Hz, 3H), 1.50 (d, J = 5.2 Hz, 3H); 
13

C NMR: (100 MHz, CDCl3) δ 

169.5 (d, J = 26.9 Hz), 140.2 (d, J = 2.2 Hz), 136.3 (d, J = 2.1 Hz), 135.4, 133.9 (d, J = 4.4 Hz), 

129.7, 128.4, 128.0, 127.9, 127.2, 127.0, 106.4 (d, J = 208.5 Hz), 85.4 (d, J = 21.8 Hz), 59.7 (d, J 

= 24.1 Hz), 52.1, 19.9 (d, J = 11.0 Hz), 11.0; 
19

F NMR: (376 MHz, CDCl3) δ -164.0 (dq, J = 5.3, 

23.3 Hz); HRMS (EI) calculated for [C21H21O3F]
+ 

requires m/z 340.1475, found m/z 340.1473. 

 

 

To a 25 mL flame-dried Schlenk flask cooled under the atmosphere of nitrogen, 2a (0.0652 g, 0.20 

mmol), THF (1.5 mL) and H2O (0.5 mL) were added. Then H2SO4 (conc.) (0.44 mL, 8.0 mmol) 

was added dropwisely to the mixture at room temperature. Then the reaction mixture was heated 

to reflux at 100 °C for 36 hours. After cooled down to room temperature, the reaction was 

carefully neutralized with saturated NaHCO3. The organic layer was separated and the aqueous 

layer was extracted with EtOAc (3 x 20 mL). The combined organic layers were washed with 
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brine (20 mL), dried over Na2SO4, filtered, concentrated and purified by flash chromatography on 

silica gel using PE/EA (12/1-10/1) as the eluent to give separable diastereoisomers (+)-8a (0.0277 

g, 52% yield) and (+)-9a (0.0090 g, 17% yield). (8a/9a = 5/1, determined by crude 
1
H NMR 

analysis).  

 

(4S,5S)-(+)-5-fluoro-2-methyl-3,4-diphenylcyclopent-2-enone (8a). Colorless oil. 

Optical Rotation: [α]D
20

 = +170.2 (c = 0.98, CHCl3), >99% ee, determined by 

HPLC, HPLC conditions: Chiralcel AD-H, n-hexane/i-PrOH = 90/10, 1.0 mL/min, 

n = 220 nm, tr 7.5 (minor), 7.9 (major); IR (neat): 3030, 2922, 1713, 1608, 1447, 1383, 1331, 1128, 

1029 cm
-1

; 
1
H NMR: (400 MHz, CDCl3) δ 7.42-7.20 (m, 8H), 7.18-7.07 (m, 2H), 5.30 (dd, J = 3.2, 

52.0 Hz, 1H), 4.69 (d, J = 2.8 Hz, 1H), 2.14 (s, 3H); 
13

C NMR: (100 MHz, CDCl3) δ 202.6 (d, J = 

15.3 Hz), 164.1 (d, J = 1.5 Hz), 135.7 (d, J = 1.4 Hz) 135.4 (d, J = 5.1 Hz), 134.5, 130.0, 128.8, 

128.7, 128.6, 128.3, 127.8, 89.7 (d, J = 197.6 Hz), 51.8 (d, J = 18.2 Hz), 10.1;
 19

F NMR: (376 

MHz, CDCl3) δ -199.1 (d, J = 51.9 Hz); HRMS (EI) calculated for [C18H15OF]
+ 

requires m/z 

266.1107, found m/z 266.1108. 

 

(4S,5R)-(+)-5-fluoro-2-methyl-3,4-diphenylcyclopent-2-enone (9a). Colorless oil. 

Optical Rotation: [α]D
20

 = +515.0 (c = 0.50, CHCl3), 96% ee, determined by HPLC, 

HPLC conditions: Chiralcel AD-H, n-hexane/i-PrOH = 90/10, 1.0 mL/min, n = 220 

nm, tr 6.0 (minor), 6.6 (major); IR (neat): 3029, 2922, 1715, 1616, 1447, 1331, 1075, 1003 cm
-1

; 

1
H NMR: (400 MHz, CDCl3) δ 7.40-7.28 (m, 5H), 7.27-7.13 (m, 3H), 7.12-7.04 (m, 2H), 4.90 (dd, 

J = 2.8, 51.2 Hz, 1H), 4.60-4.45 (m, 1H), 2.08 (d, J = 2.0 Hz, 3H); 
13

C NMR: (100 MHz, CDCl3) 

δ 201.8 (d, J = 14.6 Hz), 165.5 (d, J = 5.1 Hz), 139.1, 136.0, 133.8, 129.8, 129.0, 128.7, 128.5, 

127.9, 127.3, 96.1 (d, J = 193.2 Hz), 53.4 (d, J = 19.7 Hz), 10.1;
 19

F NMR: (376 MHz, CDCl3) δ 

-189.9 (dd, J = 21.8, 51.5 Hz); HRMS (EI) calculated for [C18H15OF]
+ 

requires m/z 266.1107, 

found m/z 266.1110. 
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VI. Control Experiments  

 

To a 25 mL flame-dried Schlenk flask cooled under the atmosphere of nitrogen, 

TIP·Co(ClO4)2·3H2O (0.0276 g, 7.5 mol %), 1a (0.1533 g, 0.50 mmol) and chlorobenzene (5 mL) 

were added. Then the flask was sealed with a screw cap and heated to 80 
o
C for 15 h. After cooled 

down to room temperature, the mixture was filtered through a pad of silica gel and washed with 

ether. The filtrate was concentrated under reduced pressure and directly determined by NMR 

analysis. The results of NMR analysis showed that the corresponding product 3a was obtained in 

79% yield with excellent diastereoselectivity (>20/1). The enantioselectivity of product 3a (94% 

ee) was determined by HPLC according to our previously reported HPLC conditions
3
: Chiralcel 

OJ-H, n-hexane/i-PrOH = 90/10, 1.0 mL/min, n = 220 nm, tr 11.2 (minor), 17.9 (major). 

 

 

To a 25 mL flame-dried Schlenk flask cooled under the atmosphere of nitrogen, 

TIP·Co(ClO4)2·3H2O (0.0110 g, 7.5 mol %), 3a (0.0612 g, 0.20 mmol) (obtained from the above 

experiment), NFSI (0.0695 g, 0.22 mmol) and chlorobenzene (2 mL) were added. Then the flask 

was sealed with a screw cap and heated to 80 
o
C for 15 h. After cooled down to room temperature, 

the mixture was filtered through a pad of silica gel and washed with ether. The filtrate was 

concentrated under reduced pressure and directly determined by NMR analysis. The results of 

NMR analysis showed that the corresponding product 2a was obtained in 94% yield with excellent 

diastereoselectivity (>20/1). The enantioselectivity of product 2a (94% ee) was determined by 

HPLC, HPLC conditions: Chiralcel AD-H, n-hexane/i-PrOH = 90/10, 1.0 mL/min, n = 220 nm, tr 

8.4 (minor), 12.7 (major). 
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IX. HPLC Spectra 

Translation of Chinese characters in HPLC spectra to English. 

 

 

Chinese Characters English 

分析日期/时间 Analysis Date / Time 

处理日期/时间 Processing Date / Time 

重复进样计数 Number of Repeat Injection  

描述 HPLC Condition 

色谱图 HPLC Spectra 

检测器 Detector 

峰表 Area Percent Report 

峰号 Peak Number 

保留时间 Remaining Time 

面积 Area 

高度 Height 

标记 Note 

总计 Total 
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