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General Remarks: MP was obtained with a Yanagimoto micro melting point apparatus 

and is uncorrected. Optical rotations were determined in a solution of CHCl3 or CH2Cl2 at 20 

oC by using a Perkin-Elmer-241 MC polarimeter; [α]D-values are given in units of 10-1 deg 

cm2 g-1. Infrared spectra were measured on a spectrometer. Unless noted, 1H NMR spectra 

were recorded for solution in CDCl3 with tetramethylsilane (TMS) as internal standard; 19F 

NMR spectra were recorded at 376 MHz for a solution in CDCl3 with CFCl3 as the external 

reference. J-values are in Hz. Mass spectra were recorded with a HP-5989 instrument and 

HRMS was measured by a Finnigan MA+ mass spectrometer. Organic solvents used were 

dried by standard methods when necessary. Commercially obtained reagents were used 

without further purification. All reactions were monitored by TLC with Huanghai 60F254 

silica gel coated plates. Flash column chromatography was carried out using 300-400 mesh 

silica gel at increased pressure. All reactions were performed under argon using standard 

Schlenk techniques. The optical purities of adducts were determined by HPLC analysis using 

a chiral stationary phase column (column, Daicel Co. Chiralcel AS, AD and OD).  

C2-Symmetric Cationic N-Heterocyclic Carbenes (NHCs) Pd2+ Diaquo Complexes 1a and 

1b were prepared according to our previously reported procedure.1  
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General Procedure for the Synthesis of C2-Symmetric N-Heterocarbene Palladium Diaqua 

Complexes 1a  
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General Procedure for the Synthesis of C2-Symmetric N-Heterocarbene Palladium Diaqua 

Complexes 1b 
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Synthesis of N2,N2'-Bis-(2-nitro-phenyl)-[1,1']binaphthalenyl-2,2'-diamine.  

Under argon atmosphere, a mixture of 1,1’-binaphthalenyl-2,2’-diamine (200 mg, 0.7 mmol), 

2-bromonitrobenzene (426 mg, 2.11 mmol), Pd2(dba)3 (17 mg, 0.018 mmol), DPE-phos (28 

mg, 0.053 mmol), and Cs2CO3 (732 mg, 2.25 mmol) was stirred in anhydrous toluene (6.0 mL) 

at 80 oC for 48 h. After the reaction mixture was cooled to room temperature, the reaction was 

quenched by addition of 14 mL of H2O. The organic compound was extracted with EtOAc 

(2.0 x 40 mL) and dried over anhydrous Na2SO4. The solvent was removed under reduced 
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pressure and the residue was purified by flash chromatography on silica gel (eluent: 

hexane/ethyl acetate = 10/1) to give 1 as a red solid; Yield: 345 mg (93%). 1H NMR (CDCl3, 

300 MHz, TMS): δ 6.58-6.64 (2H, m, Ar), 7.09-7.26 (6H, m, Ar), 7.31-7.37 (2H, m, Ar), 

7.46-7.52 (2H, m, Ar), 7.69 (2H, d, J = 8.7 Hz, Ar), 7.92-7.98 (4H, m, Ar), 8.02 (2H, d, J = 

9.0 Hz, Ar), 9.03 (2H, s, NH). This is a known compound. Its spectroscopic data are 

consistent with those reported in the literature.1  

 

 

NH

NH

NH2

NH2

 

Synthesis of N2,N2'-Bis-(2-amino-phenyl)-[1,1']binaphthalenyl-2,2'-diamine.  

A mixture of N2,N2'-Bis-(2-nitro-phenyl)-[1,1']binaphthalenyl-2,2'-diamine (3.0 g, 5.7 

mmol), 10% Pd-C (510 mg) in solution of EtOAc (400 mL) were stirred under H2 atmosphere 

(15 atm) at 60 oC for 24 h. After cooling to room temperature, Pd-C was removed by filtration. 
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The solvent was evaporated under reduced pressure. The residue was purified by a silica gel 

flash column chromatography (eluent: hexane/ethyl acetate = 1/1) to give 

N2,N2'-Bis-(2-amino-phenyl)-[1,1']binaphthalenyl-2,2'-diamine as a white solid; Yield: 

2.43 g (92%). 1H NMR (CDCl3, 300 MHz, TMS): δ 3.69 (4H, br, NH2), 5.16 (2H, br, NH), 

6.67-6.73 (4H, m, Ar), 6.97-7.05 (4H, m, Ar), 7.15 (2H, d, J = 9.0 Hz, Ar), 7.23-7.29 (6H, m, 

Ar), 7.80-7.83 (4H, m, Ar). This is a known compound. Its spectroscopic data are consistent 

with those reported in the literature.1  

 

 

N

N

N

N

 

2,2'-di(1H-benzo[d]imidazol-1-yl)-1,1'-binaphthyl. The 

N2,N2'-Bis-(2-amino-phenyl)-[1,1']binaphthalenyl-2,2'-diamine (237 mg, 0.50 mmol) and 
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triethyl orthoformate [HC(OC2H5)3] (5.0 mL) containing a little TsOH were heated at 100 oC 

for 3 h. After the excess amount of triethyl orthoformate was removed under reduced pressure, 

the residue was purified by a silica gel flash column chromatography (eluent: petroleum 

ether/ethyl acetate, 2/3) to give 2,2'-di(1H-benzo[d]imidazol-1-yl)-1,1'-binaphthyl as a 

white solid; Yield: 221 mg (91%). White solid; m.p. 294.5-294.8 oC; [α]20
D = +516.7 (c 0.97, 

CHCl3); 
1H NMR (300 MHz, CDCl3, TMS): δ 8.08 (4H, d, J = 8.7 Hz), 7.70-7.65 (2H, m), 

7.58-7.49 (6H, m), 7.45 (2H, d, J = 8.7 Hz), 7.00 (2H, s), 6.97-6.94 (2H, m), 6.51 (2H, t, J = 

7.5 Hz), 6.12 (2H, d, J = 8.7 Hz). This is a known compound. Its spectroscopic data are 

consistent with those reported in the literature.1  

 

 

General procedure for the synthesis of the imidazolium salts.  

2,2'-di(1H-benzo[d]imidazol-1-yl)-1,1'-binaphthyl (485 mg, 0.4 mmol) and RX (0.5 mmol) 

(R = CH3, Bn; X = I, Br) in dioxane (10 mL) were stirred under reflux for 5~24 h. After 

cooling to room temperature, volatiles were removed under reduced pressure and the obtained 
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solid compound was used for the next reaction without any further purification.  

General procedure of the synthesis of the NHC-Pd(II) complexes.  

Imidazolium salts (0.2 mmol) and Pd(OAc)2 (44.8 mg, 0.2 mmol) was refluxed in THF (10 

mL) for 16~30 h. The volatiles were then removed under reduced pressure and the residue 

was purified by a silica gel flash column chromatography (eluent: petroleum ether/EtOAc, 2/1 

to 0/1) to give NHC-Pd(II) complexes as yellow solid.  

 

N

N

N

N

CH3

CH3

Pd
I

I

 

NHC-Pd(II)-I complex: Yellow solid; m.p. > 300 oC (dec.); [α]20
D = +270.0 (c 0.086, 

CHCl3); 1H NMR (300 MHz, CDCl3, TMS): δ 8.10-8.03 (m, 4H), 7.72 (d, J = 8.4 Hz, 2H), 

7.25-7.19 (m, 2H), 6.94-6.87 (m, 4H), 6.85-6.82 (m, 2H), 6.78-6.74 (m, 4H), 6.68 (d, J = 8.7 

Hz, 2H), 3.82 (s, 6H). This is a known compound. Its spectroscopic data are consistent with 

those reported in the literature.1  
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N

N

N

N

Bn

Bn

Pd
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NHC-Pd(II)-Br complex: Pale-yellow solid; m.p. > 300 oC (Dec.); [α]20
D = +45.0 (c 0.245, 

CHCl3); IR (CH2Cl2) ν 2961, 2926, 2855, 1261, 1101, 1032, 804 cm-1; 1H NMR (300 MHz, 

CDCl3, TMS): δ 7.84 (d, J = 8.4 Hz, 2H), 7.78 (d, J = 8.4 Hz, 2H), 7.63 (d, J = 8.4 Hz, 2H), 

7.32 (d, J = 8.4 Hz, 2H), 7.30-7.25 (m, 6H), 6.94-6.84 (m, 10H), 6.77-6.70 (m, 8H), 5.39 (d, J 

= 16.2 Hz, 2H). 13C NMR (75 MHz, CDCl3, TMS): δ 170.9, 136.3, 135.3, 134.6, 133.0, 132.7, 

132.1, 131.4, 130.5, 128.5, 128.1, 127.9, 127.8, 127.7, 127.4, 126.7, 124.5, 123.6, 123.1, 

112.3, 111.5, 55.6. HRMS (ESI) Calcd. For [C48H34Br2N4Pd-Br] requires 851.1002. Found: 

851.0491 [M+-Br]. Anal. Calcd. For C48H34Br2N4Pd: C, 61.79; H, 3.67; N, 6.00%. Found: C, 

61.27; H: 3.89; N, 5.81%.  
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General procedure for the synthesis of cationic NHC-Pd
2+

 diaqua complexes 1a-b. 

NHC-Pd(II)-X complexes (0.20 mmol) was suspended in a mixture of CH2Cl2 (15 mL) and 
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CH3CN (5.0 mL). Then, AgOTf (108 mg, 0.42 mmol) was added and the mixture was stirred 

at room temperature for 10 min. The resulting suspension was filtered from the precipitated 

AgX (X = Br or I) through the celite and the solvent was removed under reduced pressure to 

give 1a-b as white powder.  

 

N

N

N CH3

N CH3

Pd
OH2

OH2

2+

TfO
2

-

complex 1a  

Cationic NHC-Pd
2+

 diaqua complex 1a. White solid (this compound contains some amount 

of petroleum ether, which can not be completely removed); m.p. 289 oC (Dec.); [α]20
D = 

+43.0 (c 0.315, CHCl3); IR (CH2Cl2) ν 3223, 2925, 2847, 1580, 1511, 1395, 1290, 1168, 1029, 

744 cm-1; 1H NMR (300 MHz, CDCl3, TMS): δ 8.14 (s, 4H), 7.76 (d, J = 8.1 Hz, 2H), 7.28 (m, 

2H), 7.05-6.91 (m, 8H), 6.84-6.77 (m, 4H), 3.93 (s, 6H), 2.16 (br 4H). 19F NMR (282 MHz, 

CDCl3, CF3CO2H): δ -83.8 (s); MS (ESI) m/z 769.1 [M+-2H2O-OTf], 696.1 [M+-2OTf+K], 

Anal. Calcd. For C38H30F6N4O8PdS2 
. H2O: C, 46.90; H, 3.31; N, 5.76%. Found: C, 46.91; H, 

3.41; N, 5.53%.  
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N

N

N Bn

N Bn

Pd
OH2

OH2

2+

TfO 2
-

complex 1b  

Cationic NHC-Pd
2+

 diaqua complex 1b. White solid (this compound contains some amount 

of petroleum ether, whcih can not be completely removed); m.p. 259 oC (Dec.); [α]20
D = 

+66.0 (c 0.220, CHCl3); IR (CH2Cl2) ν 2956, 2924, 2854, 1464, 1379, 1250, 1177, 1030, 745 

cm-1; 1H NMR (300 MHz, CDCl3, TMS): δ 8.03 (d, J = 8.4 Hz, 2H), 7.93 (d, J = 8.7 Hz, 2H), 

7.83 (d, J = 8.1 Hz, 2H), 7.35-7.28 (m, 8H), 7.03-6.89 (m, 6H), 6.84-6.71 (m, 10H), 5.84 (d, J 

= 16.2 Hz, 2H), 5.65 (d, J = 16.2 Hz, 2H), 4.13 (br s, >4H, coordinated and free H2O). 19F 

NMR (282 MHz, CDCl3, CF3CO2H): δ -83.6 (s); HRMS (ESI) Calcd. For 

[C50H38F6O8N4PdS2-2H2O-OTf-H] requires 920.1260. Found: 920.1221 [M+-2H2O-OTf-H].  
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General Procedure for the Catalytic Enantioselective Addition of ββββ-Ketoester 2a to 

Activated Olefins Using C2-Symmetric Cationic N-Heterocyclic Carbenes (NHCs) Pd
2+

 

Diaqua Complexes  

In a dried Schlenk tube, catalyst (0.01 mmol, 1a 9.6 mg; 1b 11 mg), activated olefins (0.4 

mmol, 28 mg-53 mg), β-Ketoester 2a (0.2 mmol, 37 mg), 4A MS (50 mg) were dissolved in 

solvent (0.5 mL) under argon atmosphere. The solution was stirred at the appointed 

temperature. After the reaction was completed (monitored by TLC), the solvent was removed 

under vacuum and the residue was purified by flash column chromatography on silica gel 

eluted with ethyl acetate/petroleum ether (1:20, v/v) to afford the products.  

 

General Procedure for the Catalytic Enantioselective Addition of ββββ-Ketoesters to N-Boc 

Imines Using C2-Symmetric Cationic N-Heterocyclic Carbenes (NHCs) Pd
2+

 Diaqua 

Complexes  

In a dried Schlenk tube, catalyst (0.01 mmol, 1a 9.6 mg; 1b 11 mg), N-Boc Imines (0.4 mmol, 

82 mg-109 mg), β-Ketoesters (0.2 mmol, 2a 37 mg; 2b 40 mg) were dissolved in CH2Cl2 (1.0 

mL) under argon atmosphere. The solution was stirred at room temperature. After the reaction 

was completed (monitored by TLC), the solvent was removed under vacuum and the residue 

was purified by flash column chromatography on silica gel eluted with ethyl 

acetate/petroleum ether (1:20, v/v) to afford the products. 
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Analytical Data of the Products  

O

CO2
t
Bu

O

(S)-3a  

(S)-2-Oxo-1-(3-oxo-butyl)-cyclopentanecarboxylic acid tert-butyl ester 3a: This is a known 

compound.2a 1H NMR (CDCl3, 400 MHz, TMS): δ 1.44 (9H, s), 1.81-2.07 (5H, m), 2.14 (3H, 

s), 2.22-2.30 (1H, m), 2.35-2.50 (3H, m), 2.69-2.77 (1H, m); 13C NMR (CDCl3, 100 MHz, 

TMS): δ 19.5, 26.9, 27.8, 29.8, 34.5, 37.9, 38.8, 59.4, 81.9, 170.6, 208.0, 215.2; HPLC 

(Daicel AS column, hexanes:iPrOH = 95:5, 0.7 mL/min, λ = 230 nm, tmajor = 17.0 min, tminor = 

15.1 min.), 71% ee; [α]20
D = -5.2 (c 0.92, CHCl3); Yield: 98%. 
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O

CO2
t
Bu

O

3b  

2-Oxo-1-(3-oxo-pentyl)-cyclopentanecarboxylic acid tert-butyl ester 3b: This is a known 

compound.2a 1H NMR (CDCl3, 400 MHz, TMS): δ 1.04 (3H, t, J = 7.2 Hz), 1.44 (9H, s), 

1.79-2.09 (5H, m), 2.22-2.30 (1H, m), 2.35-2.46 (5H, m), 2.65-2.73 (1H, m); 13C NMR 

(CDCl3, 100 MHz, TMS): δ 7.7, 19.5, 27.0, 27.8, 34.4, 35.8, 37.5, 37.9, 59.5, 81.9, 170.6, 

210.7, 215.2; HPLC (Daicel AS column, hexanes:iPrOH = 95:5, 0.7 mL/min, λ = 230 nm, 

tmajor = 13.0 min, tminor = 11.3 min.), 19% ee; [α]20
D = -2.5 (c 1.6, CHCl3); Yield: 91%. 
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O

CO2
t
Bu

O

Ph

3c  

2-Oxo-1-(3-oxo-3-phenylpropyl)-cyclopentanecarboxylic acid tert-butyl ester 3c: white solid; 

M.p. 79-80oC; IR (KBr) ν 2975, 1747, 1722, 1687, 1449, 1369, 1255, 1145, 1001, 846, 741, 

691 cm-1; 1H NMR (CDCl3, 300 MHz, TMS): δ 1.46 (9H, s), 1.88-2.12 (4H, m), 2.17-2.50 
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(4H, m), 2.93-3.04 (1H, m), 3.24-3.35 (1H, m), 7.44-7.48 (2H, m), 7.54-7.58 (1H, m), 

7.96-7.98 (1H, m); 13C NMR (CDCl3, 75 MHz, TMS): δ 19.6, 27.7, 27.8, 34.0, 34.5, 38.0, 

59.7, 82.0, 128.0, 128.5, 133.0, 136.6, 170.6, 200.0, 215.3; MS (ESI) m/e 339 (M++23, 100); 

HRMS (ESI) Calcd. for C19H24O4Na+ requires 339.1572, Found 339.1567; HPLC (Daicel AS 

column, hexanes:iPrOH = 95:5, 0.7 mL/min, λ = 230 nm, tmajor = 18.6 min, tminor = 15.9 min.), 

0% ee ; Yield: 93%. 

 

 



S20 
 

 

O

CO2
t
Bu

NO2

3d  

1-(2-Nitro-ethyl)-2-oxo-cyclopentanecarboxylic acid tert-butyl ester 3d: Colorless oil; IR 

(KBr) ν 2977, 1748, 1722, 1555, 1454, 1370, 1256, 1149, 844 cm-1; 1H NMR (CDCl3, 300 

MHz, TMS): δ 1.45 (9H, s), 1.84-2.16 (3H, m), 2.25-2.37 (2H, m), 2.40-2.53 (3H, m), 

4.45-4.54 (1H, m), 4.68-4.78 (1H, m); 13C NMR (CDCl3, 75 MHz, TMS): δ 19.7, 27.8, 30.4, 

34.7, 37.7, 58.2, 71.6, 83.0, 169.8, 214.2; MS (ESI) m/e 280 (M++23, 100); HRMS (ESI) 

Calcd. for C12H19NO5Na+ requires 280.1161, Found 280.1155; HPLC (Daicel AS column, 

hexanes:iPrOH = 95:5, 0.7 mL/min, λ = 230 nm, tmajor = 20.4 min, tminor = 18.5 min.), 38% ee; 

[α]20
D = -2.1 (c 0.75, CH2Cl2); Yield: 90%.  
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O

C6H5

NHBoc

CO2
t
Bu

(S, S)-4a  

(S,S)-1-(tert-Butoxycarbonylaminophenylmethyl)-2-oxo-cyclopentanecarboxylic acid 

tert-butyl ester 4a: anti diastereomer. This is a known compound.2b 1H NMR (CDCl3, 400 

MHz, TMS): δ 1.38 (9H, s), 1.48 (9H, s), 1.64-1.88 (4H, m), 2.24-2.27 (1H, m), 2.32-2.38 

(1H, m), 5.16 (1H, d, J = 9.2 Hz), 6.81 (1H, d, J = 9.2 Hz), 7.22-7.30 (5H, m); 13C NMR 

(CDCl3, 100 MHz, TMS): δ 19.4, 27.8, 28.3, 32.9, 39.5, 57.7, 63.8, 79.2, 82.8, 127.7, 128.3, 

128.4, 138.7, 154.7, 170.3, 217.2; HPLC (Daicel AD column, hexanes:iPrOH = 19:1, 1.0 

mL/min, λ = 254 nm, tmajor = 8.3 min, tminor = 21.0 min.), 80% ee; [α]20
D = -7.3 (c 1.0, CH2Cl2); 

Yield: 72%. 
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O

C6H5

NHBoc

CO2
t
Bu

syn diastereomer-4a  

1-(tert-Butoxycarbonylaminophenylmethyl)-2-oxo-cyclopentanecarboxylic acid tert-butyl 

ester 4a: syn diastereomer. This is a known compound.2b 1H NMR (CDCl3, 400 MHz, TMS): 

δ 1.34 (9H, s), 1.38 (9H, s), 1.86-1.89 (2H, m), 1.96-2.03 (1H, m), 2.22 (1H, brs), 2.31-2.39 
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(1H, m), 2.44-2.51 (1H, m), 5.18 (1H, d, J = 9.6 Hz), 5.74 (1H, brs), 7.22-7.31 (3H, m), 

7.37-7.38 (2H, m); 13C NMR (CDCl3, 100 MHz, TMS): δ 18.9, 27.6, 28.3, 31.3, 37.8, 56.1, 

65.7, 79.7, 82.7, 127.6, 128.3, 128.4, 139.1, 155.2, 168.4, 211.8; HPLC (Daicel AD column, 

hexanes:iPrOH = 19:1, 1.0 mL/min, λ = 254 nm, tmajor = 24.9 min, tminor = 10.2 min.), 51% ee; 

[α]20
D = -2.9 (c 0.75, CH2Cl2); Yield: 19%. 
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O
NHBoc

CO2
t
Bu

4b

C6H4Cl-2

 

1-[tert-Butoxycarbonylamino-(2-chlorophenyl)methyl]-2-oxo-cyclopentanecarboxylic acid 

tert-butyl ester 4b: Colorless oil; IR (KBr) ν 2958, 2925, 2854, 1752, 1724, 1490, 1462, 1368, 

1274, 1245, 1153, 1039, 753 cm-1; 1H NMR (CDCl3, 400 MHz, TMS): δ 1.30 (9H, s), 1.39 

(9H, s), 1.88-1.98 (1H, m), 2.10-2.17 (2H, m), 2.42-2.43 (3H, m), 5.64 (1H, d, J = 9.6 Hz), 

5.92 (1H, d, J = 9.6 Hz), 7.17-7.25 (2H, m), 7.34-7.37 (1H, m), 7.79 (1H, d, J = 6.8 Hz); 13C 

NMR (CDCl3, 100 MHz, TMS): δ 19.0, 27.6, 28.3, 32.7, 37.7, 51.7, 65.5, 79.7, 82.8, 127.1, 

128.8, 129.6, 130.2, 134.4, 137.5, 155.2, 168.9, 212.1; MS (ESI) m/e 446 (M++23, 100); 

HRMS (ESI) Calcd. for C22H30ClNO5Na+ requires 446.1710, Found 446.1705; (Daicel OD 

column, hexanes:iPrOH = 99:1, 0.7 mL/min, λ = 214 nm, tmajor = 50.7 min, tminor = 46.7 min.), 

73% ee; [α]20
D = -7.6 (c 0.86, CH2Cl2); Yield: 80%. 
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O
NHBoc

CO2
t
Bu

4c

3-ClC6H4

 

1-[tert-Butoxycarbonylamino-(3-chlorophenyl)methyl]-2-oxo-cyclopentanecarboxylic acid 

tert-butyl ester 4c: Colorless oil; IR (KBr) ν 2977, 2374, 1749, 1720, 1491, 1248, 1155, 1048, 

786 cm-1; 1H NMR (CDCl3, 400 MHz, TMS): δ 1.36 (9H, s), 1.39 (9H, s), 1.88-2.00 (3H, m), 

2.17-2.29 (1H, m), 2.34-2.50 (2H, m), 5.12 (1H, d, J = 9.6 Hz), 5.75 (1H, brs), 7.22-7.28 (3H, 

m), 7.40 (1H, brs); 13C NMR (CDCl3, 100 MHz, TMS): δ 18.9, 27.6, 28.2, 31.5, 37.6, 55.8, 

65.5, 79.9, 83.0, 126.8, 127.8, 128.5, 129.5, 134.1, 141.1, 155.1, 168.2, 211.5; MS (ESI) m/e 

446 (M++23, 100); HRMS (ESI) Calcd. for C22H30ClNO5Na+ requires 446.1710, Found 

446.1705; (Daicel AD column, hexanes:iPrOH = 90:10, 1.0 mL/min, λ = 254 nm, tmajor = 17.7 

min, tminor = 5.7 min.), 91% ee; [α]20
D = -8.3 (c 0.9, CH2Cl2); Yield: 95%.  
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O
NHBoc

CO2
t
Bu

4d

3-CF3C6H4

 

1-[tert-Butoxycarbonylamino-(3-trifluoromethylphenyl)methyl]-2-oxo-cyclopentanecarboxyli

c acid tert-butyl ester 4d: Colorless oil; IR (KBr) ν 2978, 2931, 1748, 1715, 1495, 1329, 1249, 

1164, 1127, 951, 706 cm-1; 1H NMR (CDCl3, 400 MHz, TMS): δ 1.32 (9H, s), 1.39 (9H, s), 



S27 
 

1.92-2.01 (3H, m), 2.19-2.27 (1H, m), 2.38-2.52 (2H, m), 5.19 (1H, d, J = 9.2 Hz), 5.78 (1H, 

brs), 7.42 (1H, t, J = 7.6 Hz), 7.52 (1H, d, J = 8.0 Hz), 7.61 (1H, d, J = 7.2 Hz), 7.69 (1H, s); 

13C NMR (CDCl3, 100 MHz, TMS): δ 18.9, 27.5, 28.2, 31.8, 37.6, 55.9, 65.5, 80.0, 83.1, 

124.0 (q, J = 270.8 Hz), 124.5 (q, J = 3.8 Hz), 125.2 (q, J = 3.8 Hz), 128.7, 130.6 (q, J = 32.2 

Hz), 132.2, 140.2, 155.2, 168.2, 211.7; 19F NMR (CDCl3, 376 MHz, CFCl3): δ -65.54; MS 

(ESI) m/e 480 (M++23, 100); HRMS (ESI) Calcd. for C23H30F3NO5Na+ requires 480.1974, 

Found 480.1968; (Daicel AD column, hexanes:iPrOH = 98:2, 0.7 mL/min, λ = 230 nm, tmajor = 

33.4 .min, tminor = 16.9 min.), 94% ee; [α]20
D = -9.4 (c 2.0, CH2Cl2); Yield: 90%. 
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O
NHBoc

CO2
t
Bu

(S, S)-4e

4-ClC6H4

 

(S,S)-1-[tert-Butoxycarbonylamino-(4-chlorophenyl)methyl]-2-oxo-cyclopentanecarboxylic 

acid tert-butyl ester 4e: anti diastereomer. white solid: M.p. 124-125 oC; IR (KBr) ν 2980, 

2926, 1727, 1710, 1492, 1244, 1155, 1090, 879, 764 cm-1; 1H NMR (CDCl3, 400 MHz, TMS): 
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δ 1.38 (9H, s), 1.48 (9H, s), 1.53-1.61 (1H, m), 1.71-1.90 (3H, m), 2.22-2.28 (1H, m), 

2.34-2.42 (1H, m), 5.12 (1H, d, J = 9.6 Hz), 6.79 (1H, d, J = 9.6 Hz), 7.17-7.19 (2H, m), 

7.25-7.28 (2H, m); 13C NMR (CDCl3, 100 MHz, TMS): δ 19.4, 27.8, 28.3, 32.9, 39.4, 57.1, 

63.8, 79.4, 83.0, 128.5, 129.9, 133.6, 137.3, 154.7, 170.1, 217.0; MS (ESI) m/e 446 (M++23, 

70); HRMS (ESI) Calcd. for C22H30ClNO5Na+ requires 446.1710, Found 446.1705; (Daicel 

AD column, hexanes:iPrOH = 90:10, 1.0 mL/min, λ = 254 nm, tmajor = 8.7 min, tminor = 20.5 

min.), 90% ee; [α]20
D = -5.4 (c 0.15, CH2Cl2); Yield: 61%.  
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O

4-ClC6H4

NHBoc

CO2
t
Bu

syn diastereomer-4e  

1-[tert-Butoxycarbonylamino-(4-chloro-phenyl)-methyl]-2-oxo-cyclopentanecarboxylic acid 

tert-butyl ester 4e: syn diastereomer. white solid: M.p. 125-126 oC; IR (KBr) ν 2976, 2926, 

2854, 1750, 1720, 1492, 1368, 1247, 1154, 1120, 1015, 841 cm-1; 1H NMR (CDCl3, 400 MHz, 

TMS): δ 1.35 (9H, s), 1.38 (9H, s), 1.82-1.99 (3H, m), 2.14-2.22 (1H, m), 2.33-2.41 (1H, m), 

2.44-2.50 (1H, m), 5.16 (1H, d, J = 9.2 Hz), 5.70 (1H, d, J = 9.2 Hz), 7.25-7.27 (2H, m), 

7.33-7.35 (2H, m); 13C NMR (CDCl3, 100 MHz, TMS): δ 18.9, 27.6, 28.2, 31.2, 37.6, 55.6, 

65.6, 79.8, 82.8, 128.3, 129.8, 133.4, 137.6, 155.1, 168.2, 211.7; MS (ESI) m/e 446 (M++23, 

20); HRMS (ESI) Calcd. for C22H30ClNO5Na+ requires 446.1710, Found 446.1705; (Daicel 

AD column, hexanes:iPrOH = 90:10, 1.0 mL/min, λ = 254 nm, tmajor = 6.0 min, tminor = 7.1 

min.), 56% ee; [α]20
D = -5.2 (c 0.78, CH2Cl2); Yield: 30%. 
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O
NHBoc

CO2
t
Bu

4f

4-CF3C6H4

 

1-[tert-Butoxycarbonylamino-(4-trifluoromethylphenyl)methyl]-2-oxo-cyclopentanecarboxyli

c acid tert-butyl ester 4f: Colorless oil; IR (KBr) ν 2979, 2933, 1749, 1721, 1509, 1491, 1326, 

1246, 1165, 1125, 1069, 847 cm-1; 1H NMR (CDCl3, 400 MHz, TMS): δ 1.33 (9H, s), 1.39 

(9H, s), 1.84-2.00 (3H, m), 2.17-2.24 (1H, m), 2.37-2.41 (1H, m), 2.47-2.51 (1H, m), 5.23 

(1H, d, J = 9.2 Hz), 5.72 (1H, brs), 7.52-7.57 (4H, m); 13C NMR (CDCl3, 100 MHz, TMS): δ 

19.0, 27.6, 28.2, 31.4, 37.7, 55.8, 65.5, 80.0, 83.1, 124.0 (q, J = 271.3 Hz), 125.2 (q, J = 3.8 

Hz), 128.9, 129.8 (q, J = 32.1 Hz), 143.1, 155.2, 168.2, 211.7; 19F NMR (CDCl3, 376 MHz, 

CFCl3): δ -65.56; MS (ESI) m/e 480 (M++23, 30); HRMS (ESI) Calcd. for C23H30F3NO5Na+ 

requires 480.1974, Found 480.1968; (Daicel AD column, hexanes:iPrOH = 90:10, 1.0 mL/min, 

λ = 254 nm, tmajor = 25.3 min, tminor = 7.0 min.), 95% ee; [α]20
D = -6.6 (c 0.8, CH2Cl2); Yield: 

90%.  
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O
NHBoc

CO2
t
Bu

(S, S)-4g

4-FC6H4

 

(S,S)-1-[tert-Butoxycarbonylamino-(4-fluorophenyl)methyl]-2-oxo-cyclopentanecarboxylic 

acid tert-butyl ester 4g: anti diastereomer. Colorless oil; IR (KBr) ν 2978, 2933, 1750, 1720, 

1510, 1369, 1248, 1160, 1119, 1048, 844 cm-1; 1H NMR (CDCl3, 400 MHz, TMS): δ 1.38 (9H, 

s), 1.48 (9H, s), 1.51-1.58 (1H, m), 1.71-1.90 (3H, m), 2.25-2.27 (1H, m), 2.35-2.42 (1H, m), 

5.13 (1H, d, J = 9.2 Hz), 6.78 (1H, d, J = 9.2 Hz), 6.97 (2H, t, J = 8.8 Hz), 7.19-7.23 (2H, m). 

13C NMR (CDCl3, 100 MHz, TMS): δ 19.4, 27.8, 28.4, 32.9, 39.4, 57.0, 64.0, 79.4, 83.0, 

115.2 (d, J = 21.3 Hz), 130.1 (d, J = 8.6 Hz), 134.6 (d, J = 3.6 Hz), 154.7, 162.2 (d, J = 244.8 

Hz), 170.2, 217.1. 19F NMR (CDCl3, 376 MHz, CFCl3): δ -114.63. MS (ESI) m/e 430 (M++23, 

30); HRMS (ESI) Calcd. for C22H30FNO5Na+ requires 430.2006, Found 430.2000; (Daicel 

AD column, hexanes:iPrOH = 90:10, 1.0 mL/min, λ = 254 nm, tmajor = 6.6 min, tminor = 13.4 

min.), 83% ee; [α]20
D = -6.0 (c 0.32, CH2Cl2); Yield: 61%. 
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O

4-FC6H4

NHBoc

CO2
t
Bu

syn diastereomer-4g  

1-[tert-Butoxycarbonylamino-(4-fluorophenyl)methyl]-2-oxo-cyclopentanecarboxylic acid 

tert-butyl ester 4g: syn diastereomer. Colorless oil; IR (KBr) ν 2955, 2924, 2854, 1745, 1723, 

1462, 1377, 1237, 1158, 722 cm-1; 1H NMR (CDCl3, 400 MHz, TMS): δ 1.34 (9H, s), 1.38 

(9H, s), 1.81-2.01 (3H, m), 2.12-2.27 (1H, m), 2.33-2.39 (1H, m), 2.44-2.50 (1H, m), 5.15 

(1H, d, J = 9.6 Hz), 5.67 (1H, brs), 6.98 (2H, t, J = 8.4 Hz), 7.38 (2H, brs); 13C NMR (CDCl3, 

100 MHz, TMS): δ 18.9, 27.6, 28.2, 31.4, 37.7, 55.5, 65.8, 79.8, 82.8, 115.0 (d, J = 21.2 Hz), 

130.2 (d, J = 7.9 Hz), 135.0 (d, J = 2.6 Hz), 155.2, 162.1 (d, J = 244.7 Hz), 168.3, 211.9; 19F 

NMR (CDCl3, 376 MHz, CFCl3): δ -114.92; MS (ESI) m/e 430 (M++23, 100); HRMS (ESI) 

Calcd. for C22H30FNO5Na+ requires 430.2006, Found 430.2000; (Daicel AD column, 

hexanes:iPrOH = 90:10, 1.0 mL/min, λ = 254 nm, tmajor = 19.9 min, tminor = 6.6 min.), 48% ee; 
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[α]20
D = -5.3 (c 0.5, CH2Cl2); Yield: 31%. 
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O
NHBoc

CO2
t
Bu

(S, S)-4h

4-BrC6H4

 

(S,S)-1-[(4-Bromo-phenyl)-tert-butoxycarbonylamino-methyl]-2-oxo-cyclopentanecarboxylic 

acid tert-buty l ester 4h: anti diastereomer. white solid: M.p. 135-136 oC; IR (KBr) ν 2975, 

2931, 1746, 1715, 1489, 1368, 1244, 1156, 1074, 1008, 911, 878, 744 cm-1; 1H NMR (CDCl3, 

400 MHz, TMS): δ 1.37 (9H, s), 1.48 (9H, s), 1.57-1.63 (1H, m), 1.71-1.78 (2H, m), 

1.81-1.90 (1H, m), 2.25-2.27 (1H, m), 2.35-2.41 (1H, m), 5.11 (1H, d, J = 8.8 Hz), 6.79 (1H, 

d, J = 8.8 Hz), 7.12 (2H, d, J = 9.2 Hz), 7.41 (2H, d, J = 9.2 Hz); 13C NMR (CDCl3, 100 MHz, 

TMS): δ 19.4, 27.7, 28.3, 32.9, 39.4, 57.1, 63.8, 79.4, 83.0, 121.8, 130.2, 131.4, 137.8, 154.7, 

170.0, 216.9; MS (ESI) m/e 490 (M++23, 100); HRMS (ESI) Calcd. for C22H30BrNO5Na+ 

requires 490.1205, Found 490.1200; (Daicel AD column, hexanes:iPrOH = 90:10, 1.0 mL/min, 

λ = 254 nm, tmajor = 8.3 min, tminor = 21.7 min.), 70% ee; [α]20
D = +4 (c 0.19, CH2Cl2); Yield: 

59%. 
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O

4-BrC6H4

NHBoc

CO2
t
Bu

syn diastereomer-4h  

1-[(4-Bromophenyl)-tert-butoxycarbonylaminomethyl]-2-oxo-cyclopentanecarboxylic acid 

tert-buty l ester 4h: syn diastereomer. white solid: M.p. 134-135 oC; IR (KBr) ν 2970, 2854, 

1748, 1715, 1538, 1462, 1377, 1244, 1154, 1028, 1018, 751 cm-1; 1H NMR (CDCl3, 400 MHz, 

TMS): δ 1.34 (9H, s), 1.38 (9H, s), 1.88-1.98 (3H, m), 2.17-2.20 (1H, m), 2.34-2.41 (1H, m), 

2.43-2.49 (1H, m), 5.13 (1H, d, J = 9.2 Hz), 5.67 (1H, brs), 7.27 (2H, d, J = 8.4 Hz), 7.42 (2H, 

d, J = 8.4 Hz); 13C NMR (CDCl3, 100 MHz, TMS): δ 19.0, 27.7, 28.3, 31.3, 37.7, 55.7, 65.6, 

79.9, 83.0, 121.7, 130.2, 131.4, 138.2, 155.1, 168.3, 211.7; MS (ESI) m/e 490 (M++23, 80); 

HRMS (ESI) Calcd. for C22H30BrNO5Na+ requires 490.1205, Found 490.1200; (Daicel AD 

column, hexanes:iPrOH = 90:10, 1.0 mL/min, λ = 254 nm, tmajor = 32.8 min, tminor = 8.0 min.), 

76% ee; [α]20
D = -8.1 (c 0.91, CH2Cl2); Yield: 30%.  
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O
NHBoc

CO2
t
Bu

(S, S)-4i

4-CH3C6H4

 

(S,S)-1-(tert-Butoxycarbonylamino-p-tolyl-methyl)-2-oxo-cyclopentanecarboxylic acid 

tert-butyl ester 4i: anti diastereomer. This is a known compound.2b 1H NMR (CDCl3, 400 

MHz, TMS): δ 1.37 (9H, s), 1.48 (9H, s), 1.64-1.89 (4H, m), 2.21-2.24 (1H, m), 2.30 (3H, s), 

2.33-2.39 (1H, m), 5.11 (1H, d, J = 9.2 Hz), 6.78 (1H, d, J = 9.2 Hz), 7.07-7.12 (4H, m); 13C 
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NMR (CDCl3, 100 MHz, TMS): δ 19.4, 21.0, 27.8, 28.4, 33.0, 39.6, 57.5, 63.9, 79.1, 82.7, 

128.3, 129.0, 135.7, 137.3, 154.7, 170.4, 217.3; HPLC (Daicel AD column, hexanes:iPrOH = 

90:10, 1.0 mL/min, λ = 254 nm, tmajor = 6.4 min, tminor = 14.3 min.), 80% ee; [α]20
D = +8.1 (c 

0.75, CH2Cl2); Yield: 60%. 
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O

4-CH3C6H4

NHBoc

CO2
t
Bu

syn diastereomer-4i  

1-(tert-Butoxycarbonylamino-p-tolylmethyl)-2-oxo-cyclopentanecarboxylic acid tert-butyl 

ester 4i: syn diastereomer. This is a known compound.2b 1H NMR (CDCl3, 400 MHz, TMS): δ 

1.36 (9H, s), 1.38 (9H, s), 1.79-1.88 (2H, m), 1.94-2.01 (1H, m), 2.12-2.37 (2H, m), 2.30 (3H, 

s), 2.42-2.49 (1H, m), 5.15 (1H, d, J = 9.6 Hz), 5.73 (1H, brs), 7.09 (2H, d, J = 7.6 Hz), 7.24 

(2H, d, J = 6.4 Hz); 13C NMR (CDCl3, 100 MHz, TMS): δ 18.9, 21.0, 27.7, 28.3, 31.0, 37.8, 

55.8, 65.8, 79.6, 82.6, 128.2, 128.9, 136.0, 137.2, 155.2, 168.5, 211.7; (Daicel AD column, 

hexanes:iPrOH = 90:10, 1.0 mL/min, λ = 254 nm, tmajor = 18.0 min, tminor = 7.0 min.), 77% ee; 

[α]20
D = -7.6 (c 0.2, CH2Cl2); Yield: 31%. 
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O

cyclohexyl

NHBoc

CO2
tBu

4j  

1-(tert-Butoxycarbonylamino-cyclohexyl-methyl)-2-oxo-cyclopentanecarboxylic acid 

tert-butyl ester 4j: colorless oil; IR (KBr) ν 2929, 1716, 1495, 1368, 1250, 1155, 779, 736 

cm-1; 1H NMR (CDCl3, 400 MHz, TMS): δ 1.13-1.21 (4H, m), 1.42 (9H, s), 1.46 (9H, s), 

1.56-1.63 (4H, m), 1.71-1.77 (3H, m), 1.86-2.06 (3H, m), 2.25-2.41 (2H, m), 2.47-2.54 (1H, 

m), 3.80 (1H, dd, J1 = 5.2 Hz, J2 = 10.4 Hz), 5.20 (1H, d, J = 10.4 Hz); 13C NMR (CDCl3, 100 

MHz, TMS): δ 18.9, 26.0, 26.4, 26.6, 27.7, 27.8, 28.3, 29.2, 32.1, 32.4, 37.5, 41.2, 56.9, 64.7, 

79.1, 82.3, 156.3, 169.2, 211.9; MS (ESI) m/e 418 (M++23, 100); HRMS (ESI) Calcd. for 

C22H37NO5Na+ requires 418.2569, Found 418.2564; (Daicel PC-2 column, hexanes:iPrOH = 

80:20, 0.7 mL/min, λ = 214 nm, tmajor = 5.2 min, tminor = 4.7 min.), 96% ee; [α]20
D = +45 (c 0.3, 

CH2Cl2); Yield: 92%. 
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O

CO2
t
Bu

3-CF3C6H4

NHBoc

4k  

1-[tert-Butoxycarbonylamino-(3-trifluoromethylphenyl)methyl]-2-oxo-cyclohexanecarboxylic 

acid tert-butyl ester 4k: colorless oil; IR (KBr) ν 2955, 2854, 1727, 1462, 1377, 1168, 1030, 

722 cm-1; 1H NMR (CDCl3, 400 MHz, TMS): δ 1.20 (9H, s), 1.39 (9H, s), 1.63-1.68 (1H, m), 

1.74-1.80 (1H, m), 1.86-2.01 (3H, m), 2.42-2.46 (1H, m), 2.55-2.66 (2H, m), 5.08 (1H, d, J = 

9.6 Hz), 6.11 (1H, d, J = 9.6 Hz), 7.39 (1H, t, J = 8.0 Hz), 7.50 (1H, d, J = 7.6 Hz), 7.64 (1H, 

d, J = 8.0 Hz), 7.72 (1H, s); 13C NMR (CDCl3, 100 MHz, TMS): δ 22.2, 27.4, 27.5, 28.3, 36.0, 
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41.4, 58.6, 66.8, 79.9, 83.2, 124.1 (q, J = 271.0 Hz), 124.5 (q, J = 3.8 Hz), 126.1 (q, J = 3.8 

Hz), 128.6, 130.4 (q, J = 32.0 Hz), 132.9, 140.1, 155.4, 169.2, 209.0; 19F NMR (CDCl3, 376 

MHz, CFCl3): δ -62.55; MS (ESI) m/e 494 (M++23, 100); HRMS (ESI) Calcd. for 

C24H32F3NO5Na+ requires 494.2130, Found 494.2125; (Daicel AD column, hexanes:iPrOH = 

90:10, 1.0 mL/min, λ = 254 nm, tmajor = 7.2 min, tminor = 6.6 min.), 88% ee; [α]20
D = -7.4 (c 

0.12, CH2Cl2); Yield: 85%. 
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O

CO2
t
Bu

4-CF3C6H4

NHBoc

4l  

1-[tert-Butoxycarbonylamino-(4-trifluoromethylphenyl)methyl]-2-oxo-cyclohexanecarboxylic 

acid tert-butyl ester 4l: colorless oil; IR (KBr) ν 2955, 2924, 2854, 1741, 1723, 1460, 1377, 

1168, 722 cm-1; 1H NMR (CDCl3, 400 MHz, TMS): δ 1.21 (9H, s), 1.38 (9H, s), 1.64-1.69 

(1H, m), 1.73-1.79 (1H, m), 1.85-1.92 (2H, m), 1.96-2.00 (1H, m), 2.42-2.46 (1H, m), 

2.52-2.66 (2H, m), 5.09 (1H, d, J = 9.6 Hz), 6.10 (1H, d, J = 9.6 Hz), 7.51-7.58 (4H, m); 13C 

NMR (CDCl3, 100 MHz, TMS): δ 22.2, 27.46, 27.50, 28.3, 36.0, 41.4, 58.5, 66.7, 79.9, 83.1, 

124.1 (q, J = 279.3 Hz), 125.0 (q, J = 3.7 Hz), 129.7, 129.8 (q, J = 32.3 Hz), 143.1, 155.4, 

169.2, 209.0; 19F NMR (CDCl3, 376 MHz, CFCl3): δ -62.66; MS (ESI) m/e 494 (M++23, 100); 

HRMS (ESI) Calcd. for C24H32F3NO5Na+ requires 494.2130, Found 494.2125; (Daicel AD 

column, hexanes:iPrOH = 90:10, 1.0 mL/min, λ = 254 nm, tmajor = 9.4 min, tminor = 8.1 min.), 

80% ee; [α]20
D = -5.0 (c 0.5, CH2Cl2); Yield: 79%.  
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HPLC Data of the Products 
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X-ray Crystal Structure of major product of 4h 

 

The crystal data of major product of 4h have been deposited in CCDC with number 741415. 
Empirical Formula: C22H30BrNO5; Formula Weight: 468.38; Crystal size: 0.279 x 0.256 x 
0.245; Crystal Color, Habit: colorless, prismatic; Crystal System: Monoclinic; Lattice Type: 
Primitive; Lattice Parameters: a = 9.9053(17)Å, b = 11.2911(18)Å, c = 11.0981(19)Å, α = 90o, 
β = 109.586(3)o, γ = 90o, V = 1169.4(3)Å3; Space group: P2(1); Z = 2; Dcalc = 1.330 g/cm3; 
F000 = 488; R1 = 0.0671, wR2 = 0.1623. Diffractometer: Rigaku AFC7R.  
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