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General Experimental Details

General Information:

All commercial solvents and reagents were used as obtained without further purification. Column 
chromatography was performed using silica-gel (200-400 mesh). High resolution Mass spectra 
were were obtained using Bruker micrOTOF-Q II. 1H NMR and 13C NMR spectra were recorded 
at VARIAN-400 operating at 400 MHz and 100 MHz respectively, the chemical shifts were 
referenced to internal tetramethylsilane (TMS, δ = 0.0 ppm) for 1H, the central line of CDCl3 (δ = 
77.0 ppm) for 13C. Enantiomeric excesses of products were determined by HPLC using a Daicel 
Chiralcel OD-H, OJ-H column and eluting with hexane/i-PrOH.

The synthesis of imidazolethione catalysts:

Catalysts 1a-d were prepared according to the literatures.[1-4] 1H NMR and 13C NMR data 
were consistent with previously reported values. [1-4]

General procedure for the synthesis of 3-Phenylbicyclo[2.2.1]hept-5-ene-2-carbaldehyde

OPh +
cat. 1a, HCl

CH3OH-H2O CHO

Ph

Ph

CHO

r.t., 12 h

(2S)-endo (2S)-exo

To a solution of catalyst 1a (0.012 g, 0.05 mmol) in CH3OH/H2O (1.9 mL/0.1 mL) was added 
concentrated hydrochloric acid (0.005 g, 0.05 mmol) and trans-cinnamaldehyde (0.132 g, 1 mmol). 
The solution was stirred for 1-2 minutes before the addition of freshly distilled cyclopentadiene 
(0.198 g, 3 mmol). The reaction was stirred at room temperature for 12 h until the reaction was 
judged to be complete by TLC. After removing CH3OH under vacuo, the crude product dimethyl 
acetal was hydrolyzed in TFA: H2O: CHCl3 (1:1:2). The solution was stirred for 2 h at room 
temperature, followed by neutralization by sat. aq. NaHCO3 and extraction with Et2O. The organic 
solvent was removed with a rotary evaporator. The residue was purified silica-gel chromatography 
(petroleum ether/EtOAc: 15:1) to afford the desired product. 1H NMR and 13C NMR data were 
consistent with previously reported values. [5-12]
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Table S1 Imidazolethione-catalyzed asymmetric Diels-Alder reactions

OPh
cat.,TFA

CHO

Ph

Ph

CHO

(2S)-endo (2S)-exo

CH3CN-H2O

N
H

N

R1

S

R2

R3

1

1a : R1 = Bn, R2, R3 = CH3
1b : R1 = Bn, R2= H, R3= t-Butyl
1c : R1 = Bn, R2, R3 = Cyclohexyl
1d : R1 = Indolyl, R2, R3 = CH3

eed (%)
Entry Catalyst Yieldb (%) exo/endoc

exo endo

1 1a 92 1.3:1 59 56

2 1b 83 1.3:1 50 0

3 1c 80 1.3:1 40 23

4 1d 91 1.2:1 67 43

a Reaction condition: trans-cinnamaldehyde (1.0 mmol), cyclopentadiene (5.0 mmol), CH3CN (1.9 
mL), H2O (0.1 mL), catalyst (10 mol%), TFA (10 mol%), r.t., 12 h. b Isolated yield. c exo/endo 
selectivity was determined by 1H NMR analysis of a crude reaction mixture. d Enantiomeric excess 
was determined by HPLC analysis after conversion to the corresponding alcohol.

Table S2 Optimization of reaction conditions by using different solvents.

OPh +
cat. 1a, TFA

Solvents
r.t., 12 h

CHO

Ph

Ph

CHO

(2S)-endo (2S)-exo

eed (%)
Entry Solvent Yieldb (%) exo/endoc

exo endo

1 CH3CN/H2O 92 1.3:1 59 56

2 CH3CN 83 1.1:1 27 25

3 THF/H2O trace n.d.e n.d. n.d.

4 CH2Cl2/H2O trace n.d. n.d. n.d.

5 CH3OH/H2O 95 1.2:1 88 87

6 CH3NO2/H2O 93 1.3:1 47 41

a Reaction condition: trans-cinnamaldehyde (1.0 mmol), cyclopentadiene (5.0 mmol), organic solvent (1.9 mL), H2O 
(0.1 mL), catalyst 1a (10 mol%), TFA (10 mol%), r.t., for 12 h. b Isolated yield. c exo/endo selectivity was determined 
by 1H NMR analysis of a crude reaction mixture. d Enantiomeric excess determined by HPLC analysis. e Not 
determined.
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Table S3 Optimization of reaction conditions by using different acid co-catalysts.

OPh +
cat. 1a •HX

CH3OH-H2O CHO

Ph

Ph

CHO

(2S)-endo (2S)-exo

eed (%)
Entry Acid T (°C) t (h) Yieldb (%) exo/endoc

exo endo

1 TFA 25 12 92 1.2 : 1 88 87

2 TfOH 25 12 93 1.2 : 1 87 86

3 HBF4 25 12 90 1.2 : 1 84 83

4 p-TSA 25 12 89 1.1 : 1 83 83

5 HCl 25 12 95 1.2 : 1 95 94

6 AcOH 25 12 20 1.1 : 1 n.d. n.d.e

7 PhCOOH 25 12 23 1.1 : 1 n.d. n.d.

8 HCl 0 48 73 1.2 : 1 95 95

9 HCl -10 72 64 1.2 : 1 94 93

10f HCl 25 12 95 1.2 : 1 95 94
a Reaction condition: trans-cinnamaldehyde (1.0 mmol), cyclopentadiene (5.0 mmol), CH3OH (1.9 mL), H2O (0.1 
mL), catalyst 1a (10 mol%), acid (10 mol%). b Isolated yield. c exo/endo selectivity was determined by 1H NMR 
analysis of crude reaction mixture. d Enantiomeric excess determined by HPLC analysis. e Not determined. f catalyst 
1a (5 mol%), HCl (5 mol%), cyclopentadiene (3 equiv.).

Figure S1 The changes in ee of both adducts in Diels-Alder reaction over the time.
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Fig. S1 The changes in ee of both adducts in Diels-Alder reaction over the time: trans-cinnamaldehyde (1.0 mmol), 
cyclopentadiene (3.0 mmol), 5% 1a, 5% TFA, CH3CN (1.9 mL), H2O (0.1 mL), r.t.
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Figure S2 The stability of isolated aldehyde adducts in CH3OH-H2O system.
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Fig. S2  The stability of isolated aldehyde adducts in CH3OH-H2O system：aldehyde products (1 mmol, 95% ee in endo-
isomers, 94% ee in exo-isomer), 20 mol% 1a, 100 mol% HCl, CH3OH (1.9 mL), H2O (0.1 mL), r.t., 72 h.

Table S4 Enantioselectivity of various substrates in CH3CN-H2O system.

OR +
cat. 1a, TFA

CH3CN-H2O CHO

R

R

CHO

r.t., 12 h
(2S)-endo (2S)-exo

eed (%)
Entry R Yieldb (%) exo/endoc

exo endo

1 Ph 92 1.3:1 59 56

2 m-MeC6H4 93 1.2:1 62 57

3 o-OMeC6H4 95 1.2:1 34 34

4 p-OMeC6H4 93 1.1:1 11 9

5 p-FC6H4 91 1.2:1 40 37

6 p-ClC6H4 90 1.1:1 34 32

7 m-ClC6H4 91 1:1 46 44

8e Furyl 82 1.1:1 18 13

9 n-Pr 90 1.2:1 77 58

a Reaction condition: α,β-unsaturated aldehyde (1.0 mmol), cyclopentadiene (3.0 mmol), CH3CN 
(1.9 mL), H2O (0.1 mL), catalyst 1a (5 mol%), HCl (5 mol%), b Isolated yield. c exo/endo selectivity 
was determined by 1H NMR analysis of a crude reaction mixture. d Enantiomeric excess was 
determined by HPLC analysis. e 10 mol% catalyst, 24 h.
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Experimental characterization data for compounds

CHO

CHO

3-Phenylbicyclo[2.2.1]hept-5-ene-2-carbaldehyde (Table 4, entry 1). 

188.1 mg, 95% yield (colorless oil); 1.3/1.0 exo/endo, exo 95% ee, endo 94% ee. 
Enantioselectivity was determined by HPLC after reduction with NaBH4/MeOH. [Chiralcel OJ-H 
(0.46 cm × 25 cm). (from Daicel Chemical Ind., Ltd.) hexane/i-PrOH, 70/30, 0.8 mL/min, 225 
nm], tr =11.0 min, 24.5 min, 31.4 min, 42.5 min. HRMS (ESI, m/z): [M+Na]+, calcd. for 
C14H14NaO: 221.0929, found: 233.0937. 

1H NMR and 13C NMR data were consistent with previously reported values. [5-12]

CHO

CHOH3C

CH3

3-(m-tolyl)bicyclo[2.2.1]hept-5-ene-2-carbaldehyde (Table 4, entry 2).

201.5 mg, 95% yield (colorless oil); 1.1/1.0 exo/endo, exo 93% ee, endo 93% ee. 
Enantioselectivity was determined by HPLC after reduction with NaBH4/MeOH. [Chiralcel OJ-H 
(0.46 cm × 25 cm). (from Daicel Chemical Ind., Ltd.) hexane/i-PrOH, 80/20, 0.8 mL/min, 210 
nm], tr =9.5 min, 15.8 min, 22.8 min, 27.0 min. HRMS (ESI, m/z): [M+Na]+, calcd. for 
C15H16NaO: 235.1092, found: 235.1093. 

1H NMR (400 MHz, CDCl3) (two isomers): δ 9.88 (d, J = 2.0 Hz, 1H), 9.56 (d, J = 2.2 Hz, 1H), 
7.22-6.91 (m, 8H), 6.39 (dd, J = 5.6, 3.4 Hz, 1H), 6.31 (dd, J = 5.4, 3.4 Hz, 1H), 6.14 (dd, J = 5.6, 
2.8 Hz, 1H), 6.06 (dd, J = 5.2, 2.8 Hz, 1H), 3.67 (t, J = 4.0, 1H), 3.31 (s, 1H), 3.20 (d, J = 1.6 Hz, 
2H), 3.10-3.03 (m, 2H) , 2.98-2.96 (m, 2H), 2.59-2.57 (m, 1H), 2.33 (s, 3H), 2.30 (s, 3H), 1.80 (d, 
J = 8.6 Hz, 1H), 1.62-1.53 (m, 3H).

13C NMR (100 MHz, CDCl3) (two isomers): δ 202.4, 201.8, 143.5, 142.5, 139.0, 138.0, 137.5, 
136.5, 136.1, 133.8, 128.6, 128.4, 128.2, 127.9, 126.9, 126.9, 124.7, 124.2, 60.9, 59.5, 48.9, 48.6, 
47.8, 47.3, 46.3, 46.1, 45.8, 45.3, 21.4.



S7

CHO

CHO

MeO

MeO

3-(2-Methoxyphenyl)bicyclo[2.2.1]hept-5-ene-2-carbaldehyde (Table 4, entry 3).

218.9 mg, 96% yield (colorless oil); 1.2/1.0 exo/endo, exo 96% ee, endo 94% ee. 
Enantioselectivity was determined by HPLC after reduction with NaBH4/MeOH. [Chiralcel OJ-H 
(0.46 cm × 25 cm). (from Daicel Chemical Ind., Ltd.) hexane/i-PrOH, 95/5, 0.6 mL/min, 210 nm], 
tr =19.9 min, 23.6 min, 25.7 min, 38.4 min. HRMS (ESI, m/z): [M+Na]+, calcd. for C15H16NaO2: 
251.1034, found: 251.1043. 

1H NMR and 13C NMR data were consistent with previously reported values. [5-12]

CHO

CHO

OMe

OMe

3-(4-methoxyphenyl)bicyclo[2.2.1]hept-5-ene-2-carbaldehyde (Table 4, entry 4).

216.7 mg, 95% yield (colorless oil); 1.1/1.0 exo/endo, exo 95% ee, endo 94% ee. 
Enantioselectivity was determined by HPLC after reduction with NaBH4/MeOH. [Chiralcel OJ-H 
(0.46 cm × 25 cm). (from Daicel Chemical Ind., Ltd.) hexane/i-PrOH, 85/15, 20min → 80/20, 0.8 
mL/min, 210 nm], tr =18.6 min, 27.7 min, 49.9 min, 67.1 min. HRMS (ESI, m/z): [M+Na]+, calcd. 
for C15H16NaO2: 251.1040, found: 251.1043. 

1H NMR and 13C NMR data were consistent with previously reported values. [5-12]

CHO

CHO

F

F

3-(4-fluorophenyl)bicyclo[2.2.1]hept-5-ene-2-carbaldehyde (Table 4, entry 5).

198.7 mg, 92% yield (colorless oil); 1.1/1.0 exo/endo, exo 93% ee, endo 93% ee. 
Enantioselectivity was determined by HPLC after reduction with NaBH4/MeOH. [Chiralcel OJ-H 
(0.46 cm × 25 cm). (from Daicel Chemical Ind., Ltd.) hexane/i-PrOH, 85/15, 0.8 mL/min, 210 
nm], tr = 9.3 min, 16.1 min, 25.8 min, 44.2 min. HRMS (ESI, m/z): [M+Na]+, calcd. for 
C14H13FNaO:239.0848, found: 239.0843.



S8

1H NMR (400 MHz, CDCl3) (two isomers): δ 9.87 (d, J = 2.0 Hz, 1H), 9.56 (d, J = 2.2 Hz, 1H), 
7.21-7.17 (m, 3H), 7.09-7.06 (m, 3H), 6.99-6.87 (m, 3H), 6.39 (dd, J = 5.6, 3.2 Hz, 1H), 6.33 (dd, 
J = 5.6, 3.2 Hz, 1H), 6.15 (dd, J = 5.6, 2.8 Hz, 1H), 6.03 (dd, J = 5.6, 2.9 Hz, 1H), 3.69 (t, J = 
4.2Hz, 1H), 3.33 (s, 1H), 3.21-3.16 (m, 2H), 3.08-3.04 (m, 2H), 2.92-2.89 (m, 1H), 2.53-2.51 (m, 
1H), 1.78-1.75 (m, 1H), 1.64-1.53 (m, 3H).

13C NMR (100 MHz, CDCl3) (two isomers): δ 202.8, 202.1, 162.3, 162.2, 159.9, 159.8, 138.9, 
136.2, 136.1, 133.5, 129.0, 129.0, 128.5, 128.5, 115.2, 115.0, 114.8, 114.5, 61.0, 59.6, 48.4, 48.4, 
47.5, 47.0, 45.4, 45.0, 45.0, 44.6.

CHO

CHO

Cl

Cl

3-(4-Chlorophenyl)bicyclo[2.2.1]hept-5-ene-2-carbaldehyde (Table 4, entry 6).

211.2 mg, 91% yield (colorless oil); 1.1/1.0 exo/endo, exo 93% ee, endo 92% ee. 
Enantioselectivity was determined by HPLC after reduction with NaBH4/MeOH. [Chiralcel OJ-H 
(0.46 cm × 25 cm). (from Daicel Chemical Ind., Ltd.) hexane/i-PrOH, 90/10, 10 min, →80/20, 0.6 
mL/min, 210 nm], tr = 15.1 min, 21.3 min, 36.7 min, 51.1 min. HRMS (ESI, m/z): [M+Na]+, calcd. 
for C14H13ClNaO:255.0567, found: 255.0575.

1H NMR and 13C NMR data were consistent with previously reported values. [5-12]

CHO

CHOCl

Cl

3-(3-Chlorophenyl)bicyclo[2.2.1]hept-5-ene-2-carbaldehyde (Table 4, entry 7).

215.8 mg, 93% yield (colorless oil); 1.0/1.0 exo/endo, exo 92% ee, endo 90% ee. 
Enantioselectivity was determined by HPLC after reduction with NaBH4/MeOH. [Chiralcel OJ-H 
(0.46 cm × 25 cm). (from Daicel Chemical Ind., Ltd.) hexane/i-PrOH, 99.9/0.1, 20 min, → 98/2, 
0.6 mL/min, 210 nm], tr = 46.3 min, 50.1 min, 53.9 min, 55.9 min. HRMS (ESI, m/z): [M+Na]+, 
calcd. for C14H13ClNaO:255.0548, found: 255.0547. 

1H NMR (400 MHz, CDCl3) (two isomers): δ 9.87 (d, J = 2.0 Hz, 1H), 9.56 (d, J = 2.1 Hz, 1H), 
7.24-7.19 (m, 2H), 7.16-7.09 (m, 5H), 7.01-6.99 (m, 1H), 6.39 (dd, J = 5.6, 3.2 Hz, 1H), 6.33 (dd, 
J = 5.6, 3.2 Hz, 1H), 6.15 (dd, J = 5.8, 2.8 Hz, 1H), 6.02 (dd, J = 5.6, 2.8 Hz, 1H), 3.69 (dd, J = 
5.2, 3.6 Hz, 1H), 3.35 (s, 1H), 3.23-3.19 (m, 2H), 3.10-3.05 (m, 2H), 2.94-2.92 (m, 1H), 2.55 (d, J 
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= 5.2 Hz, 1H), 1.77-1.75 (m, 1H), 1.64-1.56 (m, 3H).

13C NMR (100 MHz, CDCl3) (two isomers): δ 202.2, 201.6, 145.5, 144.5, 138.8, 136.3, 136.0, 
134.1, 133.7, 133.6, 129.6, 129.1, 127.7, 127.2, 126.2，126.1，125.9，125.5，60.8 59.3, 48.3, 
48.2, 48.1, 47.5, 47.1, 45.4, 45.0

CHO

CHO

O

O

3-(furan-2-yl)bicyclo[2.2.1]hept-5-ene-2-carbaldehyde (Table 4, entry 8). 

157.9 mg, 84% yield (colorless oil); 1.0/1.0 exo/endo, exo 93% ee, endo 90% ee. 
Enantioselectivity was determined by HPLC after reduction with NaBH4/MeOH. [Chiralcel OJ-H 
(0.46 cm × 25 cm). (from Daicel Chemical Ind., Ltd.) hexane/i-PrOH, 90/10, 0.8 mL/min, 220 
nm], tr = 11.5 min, 23.2 min, 25.2 min, 29.0 min. HRMS (ESI, m/z): [M+Na]+, calcd. for 
C12H12NaO2: 211.0723, found: 211.0730.

1H NMR and 13C NMR data were consistent with previously reported values. [5-12]

CHO

CHO

3-propylbicyclo[2.2.1]hept-5-ene-2-carbaldehyde (Table 4, entry 9).

152.7 mg, 92% yield (colorless oil); 1.2/1.0 exo/endo, exo 93% ee, endo 92% ee. 
Enantioselectivity was determined by HPLC after reduction with NaBH4/MeOH. [Chiralcel OD-H 
(0.46 cm × 25 cm). (from Daicel Chemical Ind., Ltd.) hexane/i-PrOH, 99.5/0.5, 0.6 mL/min, 210 
nm], tr = 28.7 min, 29.9 min, 32.0 min, 33.9 min. This compound was identified by corresponding 
alcohol due to the instability of aldehyde products. HRMS (ESI, m/z): [M+H]+, calcd. for C11H19O: 
167.1423, found: 167.1430. 

1H NMR and 13C NMR data were consistent with previously reported values. [5-12]
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NMR spectra and HPLC analyses for products

NMR spectra of products
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HPLC spectra of products

CHO

CHO

Chiralcel OJ-H, 225 nm, hexane/i-PrOH = 70/30, 0.8 mL/min
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CHO

CHOH3C

CH3

Chiralcel OJ-H, 210 nm, hexane/i-PrOH = 80/20, 0.8 mL/min
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CHO

CHO

MeO

MeO

Chiralcel OJ-H, 210 nm, hexane/i-PrOH = 95/5, 0.6 mL/min



S22

CHO

CHO

OMe

OMe

Chiralcel OJ-H, 210 nm, hexane/i-PrOH = 85/15, 20min → 80/20, 0.8 mL/min.
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CHO

CHO

F

F

Chiralcel OJ-H, 210 nm, hexane/i-PrOH = 85/15, 0.8 mL/min
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CHO

CHO

Cl

Cl

Chiralcel OJ-H, 210 nm, hexane/i-PrOH = 90/10, 10min → 80/20, 0.6 mL/min.
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CHO

CHOCl

Cl

Chiralcel OJ-H, 210 nm, hexane/i-PrOH = 99.9/0.1, 20min → 98/2, 0.6 mL/min.
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CHO

CHO

Chiralcel OD-H, 210 nm, hexane/i-PrOH = 99.5/0.5, 0.6 mL/min.
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CHO

CHO

O

O

Chiralcel OJ-H, 220 nm, hexane/i-PrOH = 90/10, 0.8 mL/min
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HPLC spectra for Table 2 in manuscript

Table 2, entry 1:

Table 2, entry 2:
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Table 2, entry 3:

Table 2, entry 4:
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Table 2, entry 5:

Table 2, entry 6:
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Table 2, entry 7:

HPLC spectra for Figure1 in manuscript
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Fig.1 Different reversion reactivity between (2S)-adducts and (2R)-adducts in CH3CN-H2O system: (2S)-adducts (95% ee in 
endo-isomers) and the (2R)-adducts (95% ee in endo-isomers), 20 mol% 1a, 50 mol% TFA, CH3CN (1.9 mL), H2O (0.1 mL), 40 
°C, 48h.
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T= 0 h , ee values in 2R-endo-isomer : 95 %

T= 6 h , ee values in 2R-endo-isomer : 93%
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T= 12 h , ee values in 2R-endo-isomer : 91%

T= 24 h , ee values in 2R-endo-isomer : 90%
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T= 36 h , ee values in 2R-endo-isomer : 90%

T= 48 h , ee values in 2R-endo-isomer : 90%
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T= 0 h , ee values in 2S-endo-isomer : 95%

T= 6 h , ee values in 2S-endo-isomer : 91%
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T= 12 h , ee values in 2S-endo-isomer : 88%

T= 24 h , ee values in 2S-endo-isomer : 83%
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T=36 h , ee values in 2S-endo-isomer : 80%

T=48 h , ee values in 2S-endo-isomer : 73%



S38

HPLC spectra for Figure2 in manuscript
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Fig. 2 The stability of isolated aldehyde adducts in CH3CN-H2O system：aldehyde products (1 mmol, 94% ee in 2S-endo-
isomers, 95% ee in 2S-exo-isomers), 20 mol% 1a, 100 mol% TFA, CH3CN (1.9 mL), H2O (0.1 mL), r.t..

T=0 h , ee values in endo-isomer (95%) and exo-isomer (94%)
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T=12 h , ee values in endo-isomer (93%) and exo-isomer (94%)

T=24 h , ee values in endo-isomer (90%) and exo-isomer (93%)
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T=36 h , ee values in endo-isomer (84%) and exo-isomer (93%)

T=48 h , ee values in endo-isomer (80%) and exo-isomer (93%)



S41

T=72 h , ee values in endo-isomer (75%) and exo-isomer (92%)

HPLC spectra for Figure S1 in ESI

T=0 h , ee values in endo-isomer (95%) and exo-isomer (94%)
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T=12 h , ee values in endo-isomer (95%) and exo-isomer (94%)

T=24 h , ee values in endo-isomer (93%) and exo-isomer (93%)
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T=36 h , ee values in endo-isomer (93%) and exo-isomer (92%)

T=48 h , ee values in endo-isomer (93%) and exo-isomer (92%)
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T=72 h , ee values in endo-isomer (92%) and exo-isomer (91%)

The molecular models and the calculation results:

CHO

Ph

A

Ph

CHO

B D

CHO

Ph

C

OHC
Ph

(2S)-endo (2S)-exo (2R)-exo (2R)-endo

a

b

A B
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化合物 a 键长 (Å） b 键长（Å） 平均键长

（Å）
A 1.60215 1.59614 1.599145
B 1.60458 1.59671 1.600645
C 1.58403 1.58876 1.586395
D 1.58886 1.58371 1.586285
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