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1. General information 

Unless stated otherwise, all reactions were carried out under an atmosphere of Ar 

using standard Schlenk techniques. All solvents and reagents were obtained from 

commercial sources and were purified according to standard procedures before use. 
1H NMR spectra were recorded on a VarianMercury 300 MHz or Varian Mercury 400 

MHz or Agilent Mercury 400 MHz spectrometer in chloroform-d. All signals were 

reported in ppm with the internal TMS signal at 0.0 ppm or chloroform signal at 7.26 

ppm as a standard. Data for 1H NMR were recorded as follows: chemical shift (δ, 

ppm), multiplicity (s = singlet, d = doublet, t = triplet, m = multiplet or unresolved, 

coupling constant(s) in Hz, integration). 13C NMR spectra were recorded on a Varian 

Mercury 75 MHz or Agilent Mercury 100 MHz spectrometer in chloroform-d. All 

signals are reported in ppm with the internal chloroform signal at 77.0 ppm as a 

standard. Enantiomeric ratios were obtainedusing a PerkinElmer series 200 equipped 

with an UV-VIS detector using one of the following chiral HPLC columns: Chiralcel 

AD-3 and Chiralcel AD-H column. Infrared spectra were recorded on a Perkin-Elmer 

Spectrum One FT-IR spectrometer. Chromatography: Flash chromatography was 

performed on silica gel (Merck Silica Gel 60, 300-400 mesh). TLC was performed on 

aluminium backed silica plates (60F254, 0.2 mm) which were developed using 

standard visualising agents. High resolution mass spectra were recorded on a 

Micromass Analytical Autospec spectrometer.  

The substrates 1a-1n were synthesized according to the literature with similar 

methods. 1-2
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2. Screening the amount of water

O

10 mol% Cu(ClO4)2 / L7

H2O, DCE, 40oC
O

O

O

OO

1a 2a

Entry H2O (uL) time (h) con. (%)b ee (%)c

1 0 11 >99 85
2 2.3 11 99 90
3 5 15 93 90.5
4 10 15 47 90
5 15 15 16 89

a All reactions were carried out with 10 mol% Cu(ClO4)2 and ligand L7 under Ar 
atmosphere; b Determined by 1H NMR; c Determined by chiral HPLC;
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3. Typical Procedure for the Asymmetric Nazarov Cyclization 

A solution of Cu(ClO4)2·6H2O (7.4 mg, 0.02 mmol) and Ligand (9.2 mg, 0.02 mmol) 

in anhyd DCE (4.0 mL) was stirred at r.t. for 3 h, then 2-benzyliden-3-oxo-4,5-

diphenylpent-4-enoic acid ethyl ester (1a, 76.5 mg, 0.20 mmol) was added, then 

stirred at 40 °C for 20 h. The reaction mixture was concentrated under reduced 

pressure and the residue was purified by flash chromatography to afford 2a (70.4 mg), 

as a white solid, EtOAc/petroleum ether 1/20, 92% yield with 90 % ee (Chiralcel 

AD—3, iPrOH/hexanes = 10/90, 1.0 mL/min-1, λ = 295 nm: tR (major) = 7.9 min, tR 

(minor) = 10.9 min); [a]D
20 = + 276.7° (c = 1.050, CHCl3); The absolute configuration 

of the major enantiomer is (1R, 5S) by the comparison of its rotation with the data 

reported.[1-2] The product 2a was unstable in the air and it is better to store under low 

temperature in Ar atmosphere.

(1R, 5S)-ethyl 2-oxo-3,4,5-triphenylcyclopent-3-enecarboxylate 2a

O

PhPh

Ph
OEt

O

2a

92% yield with 90 % ee (Chiralcel AD-3, iPrOH/hexanes = 10/90, 1.0 mL/min-1, λ = 

295 nm: tR (major) = 7.9 min, tR (minor) = 10.9 min); [α]D
25 = + 276.7° (c = 1.0500, 

CHCl3); 1H NMR (400 MHz, CDCl3): δ 7.31-7.11 (m, 15H), 5.02 (d, J = 2.0 Hz, 1H), 

4.29-4.24 (m, 2H), 3.64 (d, J = 2.4 Hz, 1H), 1.32 (t, J = 7.0 Hz, 3H); 13C NMR (100 

MHz, CDCl3) : δ 199.2, 169.8, 168.1, 140.2, 138.4, 133.7, 131.0, 129.5, 129.4, 128.8, 

128.7, 128.1, 128.0, 127.4, 127.0, 62.3, 61.6, 50.7, 13.9; IR (Film) ν: 1704, 1634, 

1144 cm-1; HRMS (ESI) calcd for C26H23O3
+: 383.1642. Found: 383.1654. 

(1R, 2S)-ethyl 2-(4-bromophenyl)-5-oxo-3,4-diphenylcyclopent-3-enecarboxylate 

2b
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O

Ph

Ph
OEt

O

Br2b

81% yield with 88% ee (Chiralcel AD-3, iPrOH/hexanes = 20/80, 1.0 mL/min-1, λ = 

300 nm: tR (major) = 7.3 min, tR (minor)= 8.6 min); [α]D
25 = + 112.7° (c = 1.4870, 

CHCl3); 1H NMR (400 MHz, CDCl3): δ 7.37-7.31 (m, 5H), 7.27-7.20 (m, 3H), 7.17-

7.15 (m, 4H), 7.03 (d, J = 8.4 Hz, 2H), 5.00 (d, J = 2.8 Hz, 1H), 4.31-4.25 (m, 2H), 

3.57 (d, J = 3.2 Hz, 1H), 1.32 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3): δ 

198.9, 169.2, 168.0, 139.5, 138.9, 133.7, 132.1, 130.9, 129.8, 129.7, 129.4, 128.8, 

128.4, 128.3(4), 128.3(2), 121.2, 62.2, 62.0, 50.2, 14.2; IR (Film) ν: 1705, 1488, 1177 

cm-1; HRMS (ESI) calcd for C26H22BrO3
+: 461.0747. Found: 461.0744. 

(1R, 2S)-ethyl 2-(3-bromophenyl)-5-oxo-3,4-diphenylcyclopent-3-enecarboxylate 

2c

O

Ph

Ph
OEt

O

2c

Br

80% yield with 85 % ee (Chiralcel AD-3, iPrOH/hexanes= 20/80, 1.0 mL/min-1, λ = 

300 nm: tR (major) = 9.3 min, tR (minor) = 13.6 min); [α]D
25 = + 288.2° (c = 0.9700, 

CHCl3); 1H NMR (400 MHz, CDCl3): δ 7.31-7.06 (m, 12H), 6.72 (d, J = 7.6 Hz, 1H), 

6.62 (d, J = 7.2 Hz, 2H), 4.95 (d, J = 2.4 Hz, 1H), 4.29-4.24 (m, 2H), 3.63 (d, J = 2.8 

Hz, 1H), 1.30 (t, J = 7.0 Hz, 3H); 13C NMR (75 MHz, CDCl3): δ 200.4, 170.8, 168.5, 

156.6, 141.6, 138.5, 133.5, 130.8, 129.9, 129.6, 129.4, 128.7, 128.2, 128.1, 128.0, 
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119.1, 114.4, 114.3, 62.2, 62.0, 50.7, 13.8; IR (Film) ν: 1729, 1690, 1614, 1143 cm-1; 

HRMS (ESI) calcd for C26H22BrO3
+: 461.0747. Found: 461.0748. 

(1R, 2S)-ethyl 2-(2-bromophenyl)-5-oxo-3,4-diphenylcyclopent-3-enecarboxylate 

2d

O

Ph

Ph
OEt

O

2d

Br

78% yield with 86% ee (Chiralcel AD-3, iPrOH/hexanes= 10/90, 1.0 mL/min-1, λ = 

297 nm: tR (major) = 9.7 min, tR (minor)= 15.7 min); [α]D
25 = + 280.3° (c = 0.7450, 

CHCl3); 1H NMR (300 MHz, CDCl3): δ 7.54 (d, J = 7.2 Hz, 1H), 7.33-7.09 (m, 11H), 

7.04-6.93 (m, 2H), 5.62 (s, 1H), 4.33-4.26 (m, 2H), 3.47 (s, 1H), 1.33 (t, J = 7.2 Hz, 

3H); 13C NMR (100 MHz, CDCl3): δ 199.4, 169.5, 168.1, 140.3, 139.5, 133.5, 133.0, 

131.2, 130.0, 129.6, 128.9, 128.7, 128.4, 128.3, 128.2, 128.1, 124.8, 61.9, 61.7, 49.6, 

14.2; IR (Film) ν: 1731, 1693, 1368, 1143, 1017 cm-1; HRMS (ESI) calcd for 

C26H22BrO3
+: 461.0747. Found: 461.0748. 

(1R, 2S)-ethyl 2-([1,1'-biphenyl]-4-yl)-5-oxo-3,4-diphenylcyclopent-3-enecarboxy 

late 2e

O

Ph
OEt

O

2e

Ph

92% yield with 83% ee (Chiralcel AD-3, iPrOH/hexanes = 10/90, 1.0 mL/min-1, λ = 
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300 nm: tR (major) = 12.8 min, tR (minor) = 17.5 min); [α]D
25 = + 250.5° (c = 1.1400, 

CHCl3); 1H NMR (300 MHz, CDCl3): δ 7.52-7.15 (m, 19H), 5.07 (d, J = 2.7 Hz, 1H), 

4.33-4.24 (m, 2H), 3.67 (d, J = 2.7 Hz, 1H), 1.33 (t, J = 7.1 Hz, 3H); 13C NMR (100 

MHz, CDCl3) : δ 199.3, 169.8, 168.3, 140.2, 140.0, 139.5, 138.7, 134.0, 131.2, 129.7, 

129.6, 128.9, 128.7, 128.3, 128.2, 128.1(9), 128.1, 127.6, 127.3, 126.8, 62.4, 61.9, 

50.5, 14.1; IR (Film) ν: 1725, 1698, 1340, 1250, 1138 cm-1; HRMS (ESI) calcd for 

C32H27O3
+: 459.1955. Found: 459.1956. 

(1R, 5S)-ethyl 2-oxo-3,4-diphenyl-5-(4-(trifluoromethyl)phenyl)cyclopent-3-enec- 

arboxylate 2f

O

Ph
OEt

O

2f

Ph

CF3

83% yield with 84 % ee (SFC, iPrOH/hexanes = 10/90, 1.0 mL/min-1, λ = 214 nm: tR 

(major) = 6.6 min, tR (minor) = 8.8 min); [α]D
25 = + 258.8° (c = 0.6500, CHCl3); 1H 

NMR (300 MHz, CDCl3): δ 7.49 (d, J = 8.1 Hz, 2H), 7.32-7.18 (m, 12H), 5.12 (d, J = 

3.0 Hz, 1H), 4.31-4.26 (m, 2H), 3.58 (d, J = 3.0 Hz, 1H), 1.32 (t, J = 7.2 Hz, 3H). 13C 

NMR (75 MHz, CDCl3): δ 198.6, 168.8, 167.9, 144.6 (d, J = 1.1 Hz), 139.1, 133.6, 

130.9, 129.9, 129.7, 128.8, 128.4, 128.1, 126.0 (q, J = 3.6 Hz), 62.1, 50.4, 14.2; 19F 

NMR (282 MHz, CDCl3) : δ -63.0; IR (Film) ν: 1731, 1703, 1322, 1110 cm-1; HRMS 

(ESI) calcd for C27H22F3O3
+: 451.1516. Found: 451.1518. 

(1R,2S)-ethyl 2-(naphthalen-1-yl)-5-oxo-3,4-diphenylcyclopent-3-enecarboxylate 

2g
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2g

O

Ph

Ph
OEt

O

89% yield with 86% ee (Chiralcel AD-H, iPrOH/hexanes= 10/90, 0.7 mL/min-1, λ = 

296 nm: tR (major) = 9.5 min, tR (minor)= 11.3 min); [α]D
25 = + 296.5° (c = 0.5000, 

CHCl3); 1H NMR (300 MHz, CDCl3): δ 8.29 (d, J = 8.4 Hz, 1H), 7.87 (d, J = 8.4 Hz, 

1H), 7.70-7.54 (m, 3H), 7.36-7.30 (m, 6H), 7.23-7.04 (m, 6H), 5.94 (s, 1H), 4.31-4.29 

(m, 2H), 3.56 (s, 1H), 1.30 (t, J = 7.1 Hz, 3H); 13C NMR (75 MHz, CDCl3) : δ 199.4, 

169.8, 168.6, 139.5, 137.5, 134.0, 133.9, 131.7, 131.5, 129.8, 129.7, 129.0, 128.9, 

128.5, 128.2(7), 128.2(5), 127.7, 126.8, 126.0, 125.6, 124.6, 122.8, 62.4, 62.0, 45.3, 

14.1; IR (Film) ν: 1729, 1700, 1140 cm-1; HRMS (ESI) calcd for C30H25O3
+: 433.1798. 

Found: 433.1800. 

(1R, 2S)-ethyl 2-(naphthalen-2-yl)-5-oxo-3,4-diphenylcyclopent-3-enecarboxylate 

2h

2h

O

Ph

Ph
OEt

O

93% yield with 87% ee (Chiralcel AD-3, iPrOH/hexanes = 10/90, 1.0 mL/min-1, λ = 

290 nm: tR (major) = 11.0 min, tR (minor)= 13.4 min); [α]D
25 = + 217.7° (c = 0.8050, 

CHCl3); 1H NMR (300 MHz, CDCl3): δ 7.75-7.68 (m, 4H), 7.43-7.32 (m, 7H), 7.22 (d, 

J = 7.5 Hz, 3H), 7.12-7.06 (m, 3H), 5.20 (d, J = 2.7 Hz, 1H), 4.36-4.21 (m, 2H), 3.71 

(d, J = 2.7 Hz, 1H), 1.30 (t, J = 6.9 Hz, 3H); 13C NMR (75 MHz, CDCl3): δ 199.4, 
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169.8, 168.3, 138.9, 137.8, 134.0, 133.4, 132.5, 131.2, 129.8, 129.6, 129.1, 128.9, 

128.4, 128.2, 127.6, 127.1, 126.3, 126.0, 124.9, 62.4, 61.9, 51.1, 14.2; IR (Film) ν: 

1703, 1626, 1332, 1141 cm-1; HRMS (ESI) calcd for C30H25O3
+: 433.1798. Found: 

433.1798. 

(1R, 2S)-ethyl 3-(4-methoxyphenyl)-5-oxo-2,4-diphenylcyclopent-3-enecarboxyla 

-te 2i

O

Ph

Ph
OEt

O

2iMeO

91% yield with 78% ee (Chiralcel AD-3, iPrOH/hexanes = 10/90, 1.0 mL/min-1, λ = 

300 nm: tR (major) = 11.5 min, tR (minor) = 15.3 min); [α]D
25 = + 195.3° (c = 1.0000, 

CHCl3); 1H NMR (300 MHz, CDCl3): δ 7.26-7.13 (m, 12H), 6.84 (d, J = 8.7 Hz, 2H), 

4.97 (d, J = 3.0 Hz, 1H), 4.29-4.24 (m, 2H), 3.80 (s, 3H), 3.61 (d, J = 2.7 Hz, 1H), 

1.31 (t, J = 7.1 Hz, 3H); 13C NMR (75 MHz, CDCl3): δ 199.8, 168.9, 168.3, 159.5, 

140.6, 138.1, 134.3, 131.0, 129.4, 129.0, 128.8, 128.2, 127.7, 127.2, 123.3, 113.8, 

62.4, 61.8, 55.1, 50.9, 14.2; IR (Film) ν: 1718, 1657, 1511, 1249 cm-1. HRMS (ESI) 

calcd for C27H25IO4
+: 413.1747. Found: 413.1747. 

 (1R, 5S)-ethyl 3,4-bis(4-methoxyphenyl)-2-oxo-5-phenylcyclopent-3-enecarboxy 

late 2j

O

Ph

OMe

O

2j
MeO

MeO
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90% yield with 82% ee (Chiralcel AD-3, iPrOH/hexanes = 10/90, 1.0 mL/min-1, λ = 

327 nm: tR (major) = 22.2 min, tR (minor) = 25.7 min); [α]D
25 = + 261.6° (c = 0.8200, 

CHCl3); 1H NMR (400 MHz, CDCl3): δ 7.26-7.22 (m, 4H), 7.19-7.14 (m, 5H), 6.88 (d, 

J = 8.8 Hz, 2H), 6.65 (d, J = 8.8 Hz, 2H), 4.96 (d, J = 2.8 Hz, 1H), 4.28-4.24 (m, 2H), 

3.82 (s, 3H), 3.72 (s, 3H), 3.56 (d, J = 2.8 Hz, 1H), 1.31 (t, J = 7.0 Hz, 3H); 13C NMR 

(75 MHz, CDCl3): δ 199.5, 168.5, 168.3, 160.5, 159.3, 141.2, 137.0, 131.0, 130.9, 

129.0, 127.6, 127.1, 126.3, 123.9, 113.9, 113.6, 62.5, 61.7, 55.1, 55.0, 50.5, 14.2; IR 

(Film) ν: 1732, 1699, 1602, 1505, 1252, 1177 cm-1; HRMS (ESI) calcd for C28H27O5
+: 

443.1853. Found: 443.1854. 

(1R, 5S)-methyl 2-oxo-3,4,5-triphenylcyclopent-3-enecarboxylate 2k

O

Ph

Ph
OMe

O

2k
Ph

95% yield with 90% ee (Chiralcel AD-3, iPrOH/hexanes = 10/90, 1.0 mL/min-1, λ = 

295 nm: tR (major) = 9.1 min, tR (minor) = 11.6 min); [α]D
25 = +278.4° (c = 0.99, 

CHCl3); 1H NMR (300 MHz, CDCl3): δ 7.30-7.14 (m, 15H), 5.02 (d, J = 1.5 Hz, 1H), 

3.80 (s, 3H), 3.66 (d, J = 1.5 Hz, 1H). 13C NMR (75 MHz, CDCl3): δ 199.2, 170.0, 

168.7, 140.4, 138.7, 134.0, 131.2, 129.7, 129.6, 129.0, 128.9, 128.3, 128.2, 127.7, 

127.3, 62.3, 52.8, 51.0; IR (Film) ν: 1725, 1695, 1341, 1139 cm-1; HRMS (ESI) calcd 

for C25H21O3
+: 369.1485. Found: 369.1486. 

(1R, 2S)-methyl 2-(4-iodophenyl)-5-oxo-3,4-diphenylcyclopent-3-enecarboxylate 

2l
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O

Ph
OMe

O

2l

Ph

I

87% yield with 90% ee (Chiralcel AD-3, iPrOH/hexanes = 3/97, 1.0 mL/min-1, λ = 

320 nm: tR (major) = 28.1 min, tR (minor) = 32.6 min); [α]D
25 = +221.1° (c = 0.6450, 

CHCl3); 1H NMR (400 MHz, CDCl3): δ 7.56 (d, J = 8.0 Hz, 2H), 7.31-7.16 (m, 10H), 

6.91 (d, J = 8.0 Hz, 2H), 4.99 (d, J = 2.0 Hz, 1H), 3.82 (s, 3H), 3.58 (d, J = 2.0 Hz, 

1H); 13C NMR (100 MHz, CDCl3): δ 198.8, 169.2, 168.5, 140.1, 138.9, 138.1, 133.6, 

130.9, 129.9, 129.7, 129.6, 128.9, 128.3(9), 128.3(7), 92.8, 62.0, 53.0, 50.3; IR (Film) 

ν: 1728, 1703, 1345, 1139 cm-1; HRMS (ESI) calcd for C25H20IO3
+: 495.0452. Found: 

495.0452. 
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4. Chemical transformations of 2a to 3a

O

PhPh

Ph
OEt

O

2a

O

PhPh

Ph
OEt

O

3a

F

90% ee

NaH/NFSI

rt, 4h
87% yield, 90%ee

A solution of 2a (76.5 mg, 0.20 mmol) in anhyd THF (4.0 mL) was charged in a 

schlenk falsk, then NaH (0.21 mmol, 5.0 mg) was added in one portion. After that, 

NFSI (0.2 mmol) was added and the solution was stirred at rt 4h. Pure product was 

obtained by flash chromatography to afford 3a (70.4 mg, 87% yield), as a white solid.

(1R, 2R)-ethyl 2-fluoro-5-oxo-2,3,4-triphenylcyclopent-3-enecarboxylate 3a 3

O

PhPh

Ph
OEt

O

3a

F

87% yield with 90% ee (Chiralcel AD-3, iPrOH/hexanes = 3/97, 1.0 mL/min-1, λ = 

300 nm: tR (major) = 16.0 min, tR (minor) = 18.4 min); [α]D
25 = +301.8° (c = 0.4, 

CHCl3) 1H NMR (300 MHz, CDCl3): δ 7.38-7.36 (m, 3H), 7.30-7.27 (m, 2H), 7.25-

7.11 (m, 10H), 4.98 (d, J = 24.4 Hz, 1H), 3.87 (q, J = 3.2 Hz, 1H), 3.66 (q, J = 3.2 Hz, 

1H), 0.94 (t, J = 7.2 Hz, 3H).
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5. Crystal data of 1a (ccdc 1029676)

                 

Ph

Ph

O
1a

CO2Et

Ph

Table 1.  Crystal data and structure refinement for cd212116. 

     Identification code                cd212116 

     Empirical formula                 C26 H22 O3 
     Formula weight                   382.44 
     Temperature                      293(2) K 
     Wavelength                      0.71073 A 
     Crystal system, space group          Monoclinic,  Cc 
     Unit cell dimensions                a = 10.6608(8) A  alpha = 90 deg. 
                                     b = 20.7410(15) A  beta = 102.307(2) deg. 
                                     c = 9.9455(7) A   gamma = 90 deg. 
     Volume                          2148.6(3) A^3 
     Z, Calculated density               4,  1.182 Mg/m^3 
     Absorption coefficient              0.076 mm^-1 
     F(000)                           808 
     Crystal size                       0.275 x 0.211 x 0.159 mm 
     Theta range for data collection        1.96 to 25.99 deg. 
     Limiting indices                   -13<=h<=10, -25<=k<=25, -12<=l<=11 
     Reflections collected / unique         6373 / 2862 [R(int) = 0.0184] 
     Completeness to theta = 25.99        100.0 % 
     Absorption correction              Empirical 
     Max. and min. transmission         1.00000 and 0.58997 
     Refinement method               Full-matrix least-squares on F^2 
     Data / restraints / parameters        2862 / 2 / 263 
     Goodness-of-fit on F^2            1.048 
     Final R indices [I>2sigma(I)]       R1 = 0.0371, wR2 = 0.0969 
     R indices (all data)               R1 = 0.0404, wR2 = 0.0994 
     Absolute structure parameter       0.4(11) 
     Largest diff. peak and hole          0.122 and -0.176 e.A^-3 
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6. 1H NMR and 13C NMR Spectra of Compounds

O

PhPh

Ph
OEt

O

2a
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7. HPLC spectra of the products
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