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1. General 
meso-1,2-Cyclohexanedicarbolyic anhydride (5), 2-cylclohexene-1-one (9) were purchased from Aldrich 
and used without further purification. The racemic valine-derived azlactone (7) was prepared from 
racemic valine according to the literature procedure.[1] Alcohols (methanol and allyl alcohol) and thiols 
(thiophenol and 2-methoxy thiophenol) were purchased from Aldrich and used without further 
purification. Thiourea catalysts (1[3], 2[3], 3a[2], 3b[2]) and squaramide catalysts (4a[4], 4b[4])  were 
prepared according to the literature procedure. 
 
2. Procedure for the methanolysis of meso-1,2-cyclohexanedicarboxylic anhydride (5) 
Methanol (202 μL, 5 mmol) was added dropwise to a stirred solution of anhydrides (5, 0.5 mmol) and 
catalysts (1, 2 , 3a and 4a) (10 mol%) in appropriate solvents (2.5 mL - 40 mL) at the temperature 
indicated in Figure 2 (Table S1, S2, S3 and S4). The reaction mixture was stirred at that temperature until 
the starting material was consumed, as indicated by TLC analysis. The reaction was quenched by adding 
HCl (1N, 3 mL) in one portion. The aqueous phase was extracted with EtOAc (2 × 100 mL). The organic 
phase was dried (MgSO4), filtered, and concentrated in vacuo to yield the crude product. Purification by 
column chromatography (EtOAc:Hexane = 1:4) gave hemiester product (6) 
The enantiomeric excess (ee) of the product was determined by HPLC analysis of a diastereomeric 
mixture of the corresponding amide-ester prepared from hemiester 6 according to the literature 
procedure[5] (Scheme S1). 
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3. Procedure for the DKR reaction of racemic valine-derived azalactone (7) 
Allyl alcohol (68 μL, 1 mmol) was added to a stirred solution of the azlactones (7, 0.5 mmol) and catalyst 
(3b and 4b) (10 mol%) in CH2Cl2 (5 mL - 50 mL) at the temperature indicated in Figure 3 (Table S5 & 
S6). The reaction mixture was stirred at that temperature until the starting material was consumed, as 
indicated by TLC analysis. The reaction was quenched by adding HCl (1N, 3 mL) in one portion. The 
aqueous phase was extracted with EtOAc (2 × 100 mL). The organic phase was dried (MgSO4), filtered, 
and concentrated in vacuo to yield the crude product. Purification by column chromatography 
(EtOAc:Hexane = 1:4) gave N-benzoylated α-amino allyl ester (8). 
 
4. Procedure for the conjugate addition of aryl thiol to 2-cyclohexene-1-one (9) 
Thiophenol (61 μL, 0.6 mmol) or 2-methoxybenzenethiol (73 μL, 0.6 mmol) was added in one portion to 
a stirred solution of 2-cylclohexene-1-one (9, 0.5 mmol) and thiourea catalyst 3a(0.25 mol% - 100 mol%) 
and squaramide catalyst 4a(0.25 mol% - 10 mol%) in CH2Cl2 (0.6 mL - 20 mL) at the temperature 
indicated in Figure 3 (Table S7 & S8) and Table 1(Table S11 & S12). The reaction mixture was stirred at 
that temperature until the starting material was consumed, as indicated by TLC analysis. The reaction was 
quenched by adding HCl (1N, 3 mL) in one portion. The aqueous phase was extracted with EtOAc (2 X 
100 mL). The organic phase was dried (MgSO4), filtered, and concentrated in vacuo to yield the crude 
product. Purification by column chromatography (EtOAc:Hexane = 1:4) gave thiol added products (10 
and 12) 
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5. HPLC spectra for Figure 2 
 
Table S1. Concentration and temperature effects on enantioselectivity in the desymmetrization of meso-
anhydride 5 using the catalyst 1 (Figure 2) 

O

O

O

H

H
MeOH (10 equiv)

Solvent, Temperature

H

H

CO2H

CO2Me

5 ent-6

NH
N

H
N

S

F3C

CF3 1 (10 mol%)

 

Entry Concentration T (oC) Time (h) Yield (%)[b] % ee[c] 

1 THF (40 mL, 0.0125 M) RT 12 82 92 

2 THF (10 mL, 0.05 M) RT 4 81 85 

3 THF (2.5 mL, 0.2 M) RT 1.6 84 63 

4 THF (2.5 mL, 0.2 M) 0 oC 5 83 55 

5 THF (2.5 mL, 0.2 M) -20 oC 24 80 51 

6 Toluene (40 mL, 0.0125 M) RT 11 81 61 

7 Toluene (10 mL, 0.05 M) RT 3.5 80 48 

8 Toluene (2.5 mL, 0.2 M) RT 1.2 85 36 

9 Toluene (2.5 mL, 0.2 M) 0 oC 4 83 23 

10 Toluene (2.5 mL, 0.2 M) -20 oC 22 81 11 
[a] Reactions were carried out with 5 (0.5 mmol), MeOH (5 mmol) and 1 (10 mol%, 0.05 mmol). [b] 

Isolated yields after chromatographic purification. [c] ee value of ent-6 was determined by HPLC. 
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HPLC spectra for Table S1. 
The ee value was determined by the HPLC analysis (Hypersil, Hexanes : IPA (40 : 1), 1 mL/min, 
t(minor) = 8.30 min, t(major) = 11.33 min) of the diastereomeric mixture of the corresponding amide-
ester, which was prepared as depicted in Scheme S1. 
 
 
Table S1. Entry 1    Table S1. Entry 2 

 
Table S1. Entry 3    Table S1. Entry 4 
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Table S1. Entry 5    Table S1. Entry 6 

 
Table S1. Entry 7    Table S1. Entry 8 

 
Table S1. Entry 9    Table S1. Entry 10 
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Table S2. Concentration and temperature effect on enantioselectivity in the desymmetrization of meso-
anhydride 5 using the catalyst 2 (Figure 2) 
 

O

O

O

H

H
MeOH (10 equiv)

Solvent, Temperature

H

H

CO2Me

CO2H

5 6

Ph
Ph

NH
N

H
N

S

F3C

CF3
2 (10 mol%)

 
Entry Concentration T (oC) Time (h) Yield (%)[b] % ee[c] 

1 THF (40 mL, 0.0125 M) RT 17 89 94 

2 THF (10 mL, 0.05 M) RT 9.5 87 93 

3 THF (2.5 mL, 0.2 M) RT 2 91 89 

4 THF (2.5 mL, 0.2 M) 0 oC 4 90 89 

5 THF (2.5 mL, 0.2 M) -20 oC 9 89 83 
[a] Reactions were carried out with 5 (0.5 mmol), MeOH (5 mmol) and 2 (10 mol%, 0.05 mmol). [b] 

Isolated yields after chromatographic purification. [c] ee value of 6 was determined by HPLC. 
 
HPLC spectra for Table S2. 
Table S2. Entry 1     Table S2. Entry 2 

 
 
Table S2. Entry 3     Table S2. Entry 4 
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Table S2. Entry 5 

 
 
Table S3. Concentration and temperature effects on enantioselectivity in the methanolytic  
desymmetrization of meso-anhydride 5 using the catalyst 3a (Figure 2) 
 

O

O

O

H

H
MeOH (10 equiv)

THF

H

H

CO2Me

CO2H

5 6

N

N

MeO

H

H
N

H

NH
S

CF3

F3C

3a (10 mol%)

3a

 
 

Entry Concentration T (oC) Time (h) Yield (%)[b] % ee[c] 

1 THF (40 mL, 0.0125 M) RT 10 84 95 

2 THF (10 mL, 0.05 M) RT 7 83 93 

3 THF (2.5 mL, 0.2 M) RT 0.6 82 82 

4 THF (2.5 mL, 0.2 M) 0 oC 5.5 81 81 

5 THF (2.5 mL, 0.2 M) -20 oC 11 80 77 
[a] Reactions were carried out with 5 (0.5 mmol), MeOH (5 mmol) and 3a (10 mol%, 0.05 mmol). [b] 

Isolated yields after chromatographic purification. [c] Ee value of 6 was determined by HPLC. 
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HPLC spectra for Table S3. 

 
Table S3. Entry 1    Table S3. Entry 2 

 
Table S3. Entry 3    Table S3. Entry 4 
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Table S3. Entry 5 

 
 
Table S4. Concentration and temperature effects on enantioselectivity in the methanolytic  
desymmetrization of meso-anhydride 5 using the catalyst 4a (Figure 2) 

O

O

O

H

H
MeOH (10 equiv)

THF, RT

H

H

CO2Me

CO2H

5 6

4a (5 mol%)

N

N
N

H
OMe

H
N

OO

F3C

CF3H

 
Entry Concentration T (oC) Time (h) Yield (%)[b] % ee[c] 

1 THF (10 mL) RT 5 88 96 

2 THF (5 mL) RT 2.5 86 94 

3 THF (2.5 mL) RT 1 85 91 
[a] Reactions were carried out with 5 (0.5 mmol), MeOH (5 mmol) and 4a (5 mol%, 0.025 mmol). [b] 

Isolated yields after chromatographic purification. [c] Ee value of 6 was determined by HPLC. 
 
 
 
 
 
 
 
 
 
 
 

Supplementary Material (ESI) for Organic & Biomolecular Chemistry
This journal is (c) The Royal Society of Chemistry 2010



10 
 

HPLC spectra for Table S4. 
Table S4. Entry 1 

  
 
Table S4. Entry 2 

  
 
Table S4. Entry 3 
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6. HPLC spectra for Figure 3 
 
Table S5. Concentration effect on enantioselectivity in the DKR reaction of rac-azlactone 7 using the 
catalyst 3b (Figure 3) 

allyl alcohol (2 equiv)
CH2Cl2, RT

rac-7 8

N

N

MeO

H

H
N

H

NH
S

CF3

F3C3b (10 mol%)

O

N

Ph
O N

H O

OPh

O

 
Entry Concentration T (oC) Time (h) Yield (%) % ee[b] 

1 CH2Cl2 (5 mL, 0.1 M) RT 12 91 77.6 

2 CH2Cl2 (2.5 mL, 0.2 M) RT 12 93 76.2 

3 CH2Cl2 (1.25 mL, 0.4 M) RT 12 93 75.4 

4 CH2Cl2 (0.83 mL, 0.6 M) RT 12 93 74.5 

5 CH2Cl2 (0.625 mL, 0.8 M) RT 12 97 74 

6 CH2Cl2 (0.5 mL, 1.0 M) RT 12 98 72.7 
[a] Reactions were carried out with rac-7 (0.5 mmol), 2 equiv of allyl alcohol (2 equiv, 1 mmol) and 3b 

(10 mol%, 0.05 mmol) in CH2Cl2 at room temperature. [b] Ee value of 8 was determined by HPLC. 

 
 
 
 
 
HPLC spectra for Table S5. 
The ee value was determined by the HPLC analysis (Chiralpak OD-H, Hexanes : IPA (9 : 1), 1 mL/min, 
UV detection at 220 nm, t(minor) = 5.70 min, t(major) = 9.12 min). 
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Table S5. Entry 1 

 
 
Table S5. Entry 2 

 
 
Table S5. Entry 3 
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Table S5. Entry 4 

 
 
Table S5. Entry 5 

 
 
Table S5. Entry 6 

 
 
 
 
 
 
 
 
 

Supplementary Material (ESI) for Organic & Biomolecular Chemistry
This journal is (c) The Royal Society of Chemistry 2010



14 
 

Table S6. Concentration effect on enantioselectivity in the DKR reaction of rac-azlactone 7 using the 
catalyst 4b (Figure 3) [6] 
 

N

N
N

H
OMe

H
N

OO

F3C

CF3H

N

O
O N

H
O

O

O
allyl alcohol

CH2Cl2

4b (10 mol%)

rac-7 8  
 

Entry Concentration T (oC) Time (h) Yield (%) % ee[b] 

1 CH2Cl2 (0.1 M) rt 12 84 88 
2 CH2Cl2 (0.2 M) rt 12 86 87 
3 CH2Cl2 (0.4 M) rt 12 89 87 
4 CH2Cl2 (0.6 M) rt 12 91 86 
5 CH2Cl2 (0.8 M) rt 12 94 85 
6 CH2Cl2 (1.0 M) rt 12 98 84 

[a] Reactions were carried out with rac-7 (0.5 mmol), 2 equiv of allyl alcohol (2 equiv, 1 mmol) and 4b 

(10 mol%, 0.05 mmol) in CH2Cl2 at room temperature. [b] ee value of 8 was determined by HPLC. 

 
HPLC spectra for Table S6. 
The ee value was determined by the HPLC analysis (Chiralpak OD-H, Hexanes : IPA (9 : 1), 1 mL/min, 
UV detection at 220 nm, t(minor) = 5.70 min, t(major) = 9.12 min). 
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Table S6. Entry 1 

 
 
Table S6. Entry 2 

 
 
Table S6. Entry 3 
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Table S6. Entry 4 

 
Table S6. Entry 5 

 
 
Table S6. Entry 6 
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7.    HPLC spectra for Figure 4 

Table S7. Concentration and temperature effect on enantioselectivity in the conjugate addition of benzene 
thiol to 9 using the catalyst 3a (Figure 4) 

N

N

MeO

H

H
N

H

NH
S

CF3

F3C
3a (10 mol%)

+

O O
SH

S
9 10

CH2Cl2

3a

 
Entry Concentration T (oC) Time (h) Yield (%)[b] % ee[c] 

1 CH2Cl2 (1 mL, 0.5 M) rt 2 83 65 
2 CH2Cl2 (2.5 mL, 0.2 M) rt 4 79 75 
3 CH2Cl2 (5 mL, 0.1 M) rt 6 81 79 
4 CH2Cl2 (10 mL, 0.05 M) rt 10 78 87 
5 CH2Cl2 (20 mL, 0.025 M) rt 18 78 87 
6 CH2Cl2 (1 mL, 0.5 M) 0 3 88 56 
7 CH2Cl2 (1 mL, 0.5 M) -20 9 85 51 

[a] Reactions were carried out with 9 (0.5 mmol), benzene thiol (0.6 mmol) and catalysts 3a (10 mol%, 
0.05 mmol) in CH2Cl2. [b] Isolated yields after chromatographic purification. [c] Ee value of 10 was 

determined by HPLC. 
 
HPLC spectra for Table S7. 
The ee value was determined by the HPLC analysis (Chiralpak AS, Hexanes : IPA (1 : 1), 1 mL/min, UV 
detection at 220 nm, t(major) = 6.09 min, t(minor) = 15.36 min). 
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Table S7. Entry 1 

 
 
Table S7. Entry 2 

 
 
Table S7. Entry 3 
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Table S7. Entry 4 

 
 
Table S7. Entry 5 

 
 
Table S7. Entry 6 
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Table S7. Entry 7 

 
 
Table S8. Concentration and temperature effect on enantioselectivity in the conjugate addition of benzene 
thiol to 9 using the catalyst 4a (Figure 4) 

4a (10 mol%)
+

O O
SH

S
9 10

CH2Cl2

N

N
N

H
OMe

H
N

OO

F3C

CF3H

 
Entry Concentration T (oC) Time (h) Yield (%)[b] % ee[c] 

1 CH2Cl2 (5 mL, 0.1 M) rt 5 82 60 
2 CH2Cl2 (10 mL, 0.05 M) rt 8 81 68 
3 CH2Cl2 (20 mL, 0.025 M) rt 16 80 69 

[a] Reactions were carried out with 9 (0.5 mmol), benzene thiol (0.6 mmol) and catalysts 4a (10 mol%, 
0.05 mmol) in CH2Cl2. [b] Isolated yields after chromatographic purification. [c] Ee value of 10 was 

determined by HPLC. 
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HPLC spectra for Table S8. 
The ee value was determined by the HPLC analysis (Chiralpak AS, Hexanes : IPA (1 : 1), 1 mL/min, UV 
detection at 220 nm, t(major) = 6.09 min, t(minor) = 15.36 min). 
 
 
Table S8. Entry 1  

 
 
Table S8. Entry 2 

 
 
Table S8. Entry 3 
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8. DOSY data for Table 1 
 
The 19F DOSY experiment was conducted by using a stimulated echo sequence with self-compensating 
gradient schemes (convection corrected), a spectral width of 62980 Hz. d1 value was 5s and diffusion 
gradient length was 3ms and diffusion delay was 50.0 ms. (1000 - 25000, 16 gradient). The baselines of 
all of the spectra were corrected prior to data processing. The data were processed after the Fourier 
transformation of each FID with VNMRJ to obtain the chemical shift as the x-axis along with the 
calculated diffusion coefficient as the y-axis. All of the diffusion coefficient values, D, were corrected 
based on the D value of CFCl3 (0.1%, v/v) as an internal standard. 
 
Table S9. Diffusion coefficient of 3a at different concentration (Table 1) 

D (10-10 ms-1) M 

(CDCl3) 

Relative mol% of catalyst 

(mol%) CFCl3 I I corrected 

0.2 100 13.3009 2.7990 3.97 

0.1 50 15.8880 3.8116 4.52 

0.02 10 16.7638 4.8645 5.47 

0.01 5 17.1697 5.1184 5.62 

0.002 1 17.997 5.582 5.85 

0.001 0.5 18.8613 5.8654  

 
DOSY spectrum for catalyst 3a in 0.2 M concentration 
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DOSY spectrum for catalyst 3a in 0.1 M concentration 

 
DOSY spectrum for catalyst 3a in 0.02 M concentration 
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DOSY spectrum for catalyst 3a in 0.01 M concentration 

 
DOSY spectrum for catalyst 3a in 0.002 M concentration 
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DOSY spectrum for catalyst 3a in 0.001 M concentration 
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Table S10. Diffusion coefficient of 4a at different concentration (Table 1) 
D (10-10 ms-1) M 

(CDCl3) 
Relative mol% of catalyst 

(mol%) CFCl3 I I corrected 

0.020 10 16.36 2.901 3.04 

0.010 5 16.19 3.490 3.69 

0.002 1 16.991 4.718 4.82 

0.001 0.5 17.139 4.856 4.85 
 
 
 
 
 
 
DOSY spectrum for catalyst 4a in 0.02 M concentration 
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DOSY spectrum for catalyst 4a in 0.01 M concentration 

 
 
DOSY spectrum for catalyst 4a in 0.002 M concentration 

 

Supplementary Material (ESI) for Organic & Biomolecular Chemistry
This journal is (c) The Royal Society of Chemistry 2010



28 
 

DOSY spectrum for catalyst 4a in 0.001 M concentration 

 
 
9. HPLC spectra for Table 1. 
 
Table S11. Asymmetric conjugate addition of thiol 11 to cyclohexenone 9 (Figure 4) 

CH2Cl2 (0.2 M), RT

SH

+

O
O

S

OMe

OMe

catalyst 3a
(1 mol% - 100 mol%)

9 11 12  
Entry Catalyst (mol%) Time (h) Yield(%)[b] ee(%)[c] 

1 100 mol% 1.5 87 61 

2 50 mol% 3 84 71 

3 30 mol% 5 88 76 

4 20 mol% 8 84 81 

5 10 mol% 16 89 86 

6 5 mol% 25 85 90 

7 2.5 mol% 34 89 92 

8 1 mol% 46 87 94 
a Reactions were carried out on a 0.5 mmol scale in CH2Cl2 (2.5 mL) at room temperature. 
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HPLC spectra for Table S11. 
The ee value was determined by the HPLC analysis (Chiralpak AS, Hexanes : IPA (1 : 1), 1 mL/min, UV 
detection at 220 nm, t(major) = 6.75 min, t(minor) = 12.73 min). 
 
Table S11. Entry 1 

 
 
Table S11. Entry 2 

 
 
Table S11. Entry 3 
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Table S11. Entry 4 

 
 
Table S11. Entry 5 

 
 
Table S11. Entry 6 
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Table S11. Entry 7 

 
 
Table S11. Entry 8 

 
 
Table S12. Concentration effect on enantioselectivity in the conjugate addition of benzene thiol 11 to 9 
using the catalyst 4a (Table 1)a 

Entry Catalyst Time (h) Yield (%) % ee 

1  (10 mol%) 2 89 67.2 
2 (5 mol%) 4 87 79.2 
3 (2 mol%) 11 82 84.4 
3 (1 mol%) 17 85 90.1 
4 (0.5 mol%) 31 87 91.3 
5  (0.25 mol%) 46 80 92.7 

a Reactions were carried out at 0.5 mmol scale in 2.5 mL CH2Cl2 in room temperature at various catalyst 
concentrations 
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HPLC spectra for Table S12. 
The ee value was determined by the HPLC analysis (Chiralpak AS, Hexanes : IPA (8 : 2), 1 mL/min, UV 
detection at 220 nm, t(major) = 10.3 min, t(minor) = 20.5 min). 
 
 
Table S12. Entry 1 

 
 
Table S12. Entry 2 

  
 
Table S12. Entry 3 
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Table S12. Entry 4 

 
 
 
Table S12. Entry 5 

 
 
 
Table S12. Entry 6 
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10. HPLC spectra for Figure 6 
HPLC spectrum for catalyst in 0.01 M concentration 

  
 
HPLC spectrum for catalyst in 0.02 M concentration 

  
 
HPLC spectrum for catalyst in 0.05 M concentration 
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HPLC spectrum for catalyst in 0.10 M concentration 
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