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General Remarks. All reactions were conducted in oven (135 oC) and flame-dried glassware 

under an inert atmosphere of dry argon or nitrogen. Toluene was distilled from sodium metal; 

dichloromethane was distilled from calcium hydride; diethyl ether, tetrahydrofuran and 

benzene were distilled from sodium metal/benzophenone ketyl. 1H NMR, 13C NMR, and 31P 

NMR spectra were recorded at 300, 75 and 121 MHz, respectively.  Mass spectra were 

recorded by the EI method. All of the solid compounds reported in this paper gave satisfactory 

CHN microanalyses. Commercially obtained reagents were used without further purification. 

All reactions were monitored by TLC with silica gel coated plates. P-Arus reagent [prepared 

by dissolving p-anisaldehyde (10 mL), acetic acid (7.5 mL), and concentrated H2SO4 (25 mL) 

in 95% ethanol (500 mL)] was used for those substrates that do not have absorption in UV 

region. Flash Column Chromatography was carried out using 200-300 mesh silica gel at 

increased pressure. Enantiomeric ratios were determined by chiral GLC or HPLC analysis. 

The absolute configuration was assigned by comparison the optical rotation with those 

reported date.[1] Racemic products were synthesized according to the literatures.[2,3] Melting 

points are uncorrected. 

 

 

1) (a) S. J. Degrado, H. Mizutani, A. H. Hoveyda, J. Am. Chem. Soc. 2001, 123, 755-756; (b) X. Q. Hu, H. L. Chen, X. M. 

Zhang, Acta. Chmica. Sinic. 2000, 58, 1163-1167.  

2) (a) A. Alexakis, J. Vastra, P. Mangeney, Tetrahedron Lett. 1997,  38, 7745-7748; (b) E. Della, W. Janowski, Aust. J. Chem. 

Soc. 1999, 52, 367-372. 

3) Y. Wang, J. A. Gladysz, J. Org. Chem. 1995, 60, 903-909.  
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The synthesis of (R)-(+)-N-acetyl-1,1’-binaphthyl-2,2’-diamine. 

 

NH2

NH2

NHAc
NH2

Ac2O/HOAc

CH2Cl2, r.t.

 
 

Acetic anhydride (208 µL, 2.2 mmol) was added to a mixture of (R)-(+)-binaphthyldiamine 

(568 mg, 2 mmol), acetic acid (1.2 mL, 20 mmol) and dichloromethane (20.0 mL) with 

ice-cooling. The mixture was stirred at room temperature overnight, and 2.0 N NaOH was 

added until pH > 7. After extraction with dichloromethane, the combined organic layers were 

dried over MgSO4. The residue obtained upon evaporation was purified by column 

chromatography to afford the product as a colorless solid (509 mg, 78%). mp: 240-241 oC; 

[α]D
25 = +40.0 (c = 0.55, CHCl3); 1H NMR (CDCl3, TMS, 300 MHz) δ = 1.85 (s, 3H, Me), 

6.91-7.42 (m, 8H, ArH and NHCO), 7.81-8.03 (m, 4H, ArH), 8.58 (d, J = 9.0 Hz, 2H, ArH); 
13C NMR (DMSO-d6, TMS, 75 MHz) δ = 23.98, 110.31, 119.39, 121.93, 123.77, 124.48, 

125.01, 125.03, 125.68, 126.18, 126.92, 127.91, 128.66, 128.71, 129.97, 130.03, 132.06, 

133.14, 134.51, 136.16, 144.98, 169.53; IR (KBr) ν = 3400, 1675, 1595, 1500, 1445, 1270, 

1040, 965, 670 cm-1; MS (EI) m/z 326 ([M]+., 43.47), 284 ([M-42]+, 25.13), 267 ([M-59]+, 

100); Anal. Calcd. for C22H18ON2 requires: C 80.98, H 5.52, N 8.59%; found: C 80.66, H 5.61, 

N 8.48%. 

 

The synthesis of (R)-(+)-N-ethyl-1,1’-binaphthyl-2,2’-diamine. 

 

NHAc
NH2

NHEt
NH2

LAH

THF, reflux

 

 

To a stirred suspension of LiAlH4 (280 mg, 7.37 mmol) in 30.0 mL of anhydrous THF was 

added dropwise a solution of (R)-(+)-N-acetyl-1,1’-binaphthyl-2,2’-diamine (509 mg, 1.56 

mmol) in 10.0 mL of THF. The mixture was heated under reflux for 4 h. The reaction mixture 

was cooled in an ice-bath and the remaining hydride was carefully quenched by dropwise 

addition of water (5.0 mL) and then 10% NaOH (5.0 mL). A white precipitate was filtered off 
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and thoroughly washed with ethyl acetate. The combined filtrate and ethyl acetate washings 

were washed with brine and dried over MgSO4. After the solvents were evaporated under 

reduced pressure, the product was purified by flash chromatography to afford the product  

(470 mg, 97%) as a colorless solid. m.p. 123-124 oC; [α]D
25 = +175.2 (c = 0.63, CHCl3); 1H 

NMR (CDCl3, TMS, 300 MHz) δ = 0.99 (t, J = 7.5 Hz, 3H, Me), 3.18 (q, J = 7.5 Hz, 2H, 

CH2), 3.60 (br, 3H, amino-H), 6.96-7.25 (m, 8H, ArH), 7.75-7.87 (m, 4H, ArH); 13C NMR 

(CDCl3, TMS, 75 MHz) δ = 15.57, 39.02, 112.62, 112.84, 114.69, 118.71, 122.28, 122.79, 

124.15, 124.36, 127.09, 127.19, 128.03, 128.50, 128.54, 128.80, 129.86, 129.96, 134.01, 

134.30, 143.35, 144.73; IR(KBr) ν = 3385, 3060, 2985, 2910, 1645, 1598, 1510, 1425, 1350, 

1150, 915, 820 cm-1; MS (EI) m/z 313 ([M+1]+., 100.00), 297 ([M-15]+, 34.21), 280 ([M-32]+, 

42.91), 267 ([M-45]+, 25.99); Anal. Calcd. for C22H20N2 requires: C 84.62, H 6.41, N 8.97%; 

found: C 84.53, H 6.56, N 8.95%. 

 

The synthesis of (R)-(+)-N-acetyl-N’,N’-dimethyl-1,1’-binaphthyl-2,2’-diamine. 

 

NHAc
NH2

NHAc
NMe2

NaBH4, CH2O

THF-H 2SO4

r. t., 15 min
  61%  

 

A solution of (R)-(+)-N-acetyl-1,1’-binaphthyl-2,2’-diamine (163 mg, 0.5 mmol) in THF (10 

mL) and NaBH4 (133 mg, 3.5 mmol) were simultaneously added to a stirred solution of 20% 

H2SO4 (0.5 mL) and 40% formaldehyde aqueous solution (0.5 mL, 6.0 mmol) in THF (20 mL) 

with ice-cooling over a period of 15 min. The mixture was stirred for an additional hour and 

then 1.0 N NaOH was added until pH > 7. After extraction with ethyl acetate, the combined 

organic layers were dried over MgSO4. The residue obtained upon evaporation was purified 

by column chromatography to afford the product as a colorless solid (108 mg, 61%). m.p. 

187-189 oC; [α]D
25 = -244.5 (c = 0.58, CHCl3); 1H NMR (CDCl3, TMS, 300 MHz) δ = 1.88 (s, 

3H, Me), 2.58 (s, 2Me), 6.95 (d, J = 8.7 Hz, 1H, ArH), 7.12-7.55 (m, 6H, ArH), 7.84-7.80 (m, 

4H, ArH), 8.49 (d, J = 9.0 Hz, 1H, ArH); 13C NMR (CDCl3, TMS, 75 MHz) δ = 24.85, 43.63, 

119.02, 121.81, 124.30, 124.62, 125.02, 125.54, 126.64, 126.67, 126.74, 127.04, 128.17, 

128.41, 128.84, 129.90, 130.36, 131.30, 133.62, 133.96, 134.12, 149.88, 168.52; IR (KBr) ν = 

3402, 1684, 1596, 1501, 1427, 929, 669 cm-1; MS (EI) m/z 354 ([M]+., 58.79), 311 ([M-43]+, 

9.83), 296 ([M-58]+, 17.65), 281 ([M-73]+, 36.62); Anal. Calcd. for C24H22N2O requires: C 
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81.36, H 6.21, N 7.91%; found: C 81.40, H 6.39, N 7.80%. 

 

The synthesis of (R)-(+)-N,N-dimethyl-1,1’-binaphthyl-2,2’-diamine. 

 

NHAc
NMe2

NH2

NMe2

4 N HCl

 EtOH, reflux, 98%

 

 

(R)-(+)-N-Acetyl-N’,N’-dimethyl-1,1’-binaphthyl-2,2’-diamine (300 mg, 0.85 mmol) was 

added to a stirred solution of ethanol (25.0 mL) and 4.0 N HCl (9.0 mL), the mixture was 

heated under reflux for 12 h. After cooling to ambient temperature and removal of the ethanol 

in vacuo, 2.0 N NaOH was added until pH > 7. After extraction with dichloromethane, the 

combined organic layers were dried over MgSO4. The residue obtained upon evaporation was 

purified by column chromatography to afford the product as a colorless solid (262 mg, 99%). 

m.p. 116-118 oC; [α]D
25 = +17.4 (c = 2.0, CHCl3); 1H NMR (CDCl3, TMS, 300 MHz) δ = 

2.59 (s, 2Me), 7.0-7.29 (m, 7H, ArH), 7.47 (d, J = 9.0 Hz, 1H, ArH), 7.74-7.91 (m, 4H, ArH); 
13C NMR (CDCl3, TMS, 75 MHz) δ = 38.47, 111.70, 113.46, 114.65, 117.12, 117.17, 118.75, 

119.91, 119.99, 121.36, 121.62, 122.98, 123.03, 123.32, 123.91, 124.28, 124.90, 128.71, 

129.27, 136.94, 145.23; IR (KBr) ν = 3395, 2794, 1621, 1507, 1426, 1380, 1143, 989, 930, 

625 cm-1; MS (EI) m/z 312 ([M]+., 100.00), 297 ([M-15]+, 4.57), 280 ([M-32]+, 38.29), 267 

([M-45]+, 47.97); Anal. Calcd. for C22H20N2 requires: C 84.62, H 6.41, N 8.97%; found: C 

84.70, H 6.55, N 8.92%. 

 

The Representative Experimental Procedure for the Synthesis of Ligands 1-10.  

 

H
N

N

P
S

R1
R1

R2

R3

NH2

N R2

R3

2) R1
2P(S)Cl, -40 oC ~ r. t.

1) BuLi/THF, -40 oC, 30 min.

 

 

To a solution of (R)-(+)-N-ethyl-1,1’-binaphthyl-2,2’-diamine (200 mg, 0.64 mmol) in 

anhydrous THF (10.0 mL) was added dropwise n-butyllithium (1.12 mL, 1.8 mmol, 1.6 M 

solution in hexane) at -40 oC over 40 min, and the reaction mixture was stirred for 1 h at the 

same temperature. Then, diphenylthiophosphinic chloride (500 mg, 2.0 mmol) in 5.0 mL of 
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THF was added dropwise and the reaction solution was slowly allowed to warm to room 

temperature. After 2 h, the THF was removed in vacuo. The residue was purified by an 

alumina column chromatography to give the ligand (L4) as a colorless solid (314 mg, 93%). 

 

Ligand 1 (L1) 

Yield 95%; m.p. 180-182 oC; [α]D
25 = +65.8 (c = 0.6, CHCl3); I 1H 

NMR (CDCl3, TMS, 300 MHz) δ = 1.76 (d, J = 13.5 Hz, 3H, Me), 

1.88 (d, J = 13.5 Hz, 3H, Me), 4.61 (d, J = 6.6 Hz, 1H, NH), 6.96 (d, 

J = 8.1 Hz, 1H, ArH), 7.13-7.40 (m, 6H, ArH), 7.80-7.99 (m, 5H, 

ArH); 13C NMR (CDCl3, TMS, 75 MHz) δ = 24.01 (d, J = 68.6 Hz), 24.60 (d, J = 68.6 Hz), 

110.16, 118.08, 118.97, 119.03, 122.54, 123.57, 124.25, 124.91, 126.95, 127.07, 128.09, 

128.19, 128.21, 129.15, 129.97, 130.26, 133.04, 133.58, 137.62, 142.86; 31P NMR (CDCl3, 

121 MHz, 85%H3PO4) δ = +56.96; R (KBr) ν = 3350, 1620, 1514, 1476, 1422, 927, 626 cm-1; 

MS (EI) m/z 376 ([M]+., 49.66), 284 ([M-92]+, 16.13), 267 ([M-109]+, 100); Anal. Calcd. for 

C22H21N2PS requires: C 70.19, H 5.62, N 7.44%; found: C 69.84, H 5.82, N 7.65%.  

 

Ligand 2 (L2) 

Yield 90%; m.p. 68-70 oC; [α]D
25 = +30.4 (c = 1.67, CHCl3); 1H 

NMR (CDCl3, TMS, 300 MHz) δ = 1.09 (t, J = 7.2 Hz, 3H, Me), 1.73 

(d, J = 12.9 Hz, 3H, Me), 1.89 (d, J = 12.9 Hz, 3H, Me), 3.25 (q, J = 

7.2 Hz , 2H, CH2), 3.62 (br, 1H, NH), 4.61 (d, J = 7.2 Hz, 1H, NH), 

6.86 (d, J = 9.3 Hz, 1H, ArH), 7.01-7.40 (m, 6H, ArH), 7.79-7.99 (m, 5H, ArH); 13C NMR 

(CDCl3, TMS, 75 MHz) δ = 15.12, 23.96 (d, J = 68.9 Hz), 24.81 (d, J = 68.6 Hz), 38.29, 

109.60, 113.68, 118.89, 118.94, 119.61, 121.91, 123.35, 124.22, 124.94, 126.89, 126.94, 

127.22, 128.19, 129.13, 129.99, 130.42, 133.26, 133.66, 137.83, 144.34; 31P NMR (CDCl3, 

121 MHz, 85%H3PO4) δ = +56.68; IR (KBr) ν = 3345, 1620, 1598, 1514, 1427, 1345, 994, 

926, 669 cm-1; MS (EI) m/z 404 ([M]+., 100.00), 389 ([M-15]+, 5.87), 267 ([M-137]+, 25.94); 

Anal. Calcd. for C24H25N2PS requires: C 71.29, H 6.19, N 6.93%; found: C 71.65, H 6.57, N 

6.49%. 

 

Ligand 3 (L3) 

 

Yield 92%; m.p. 175-177 oC; [α]D
25 = -4.0 (c = 1.20, CHCl3); 1H 

NMR (CDCl3, TMS, 300 MHz) δ = 4.10 (s, br, 2H, NH), 5.12 (d, J = 

H
N

NH2

P
S

Me

Me

H
N

NHEt

P
S

Me

Me

H
N

NH2

P
S

Ph

Ph
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7.4Hz, 1H, NH), 7.0-7.50 (m, 10H, ArH), 7.50-7.70 (m, 4H, ArH), 7.70-8.0 (m, 8H, ArH); 13C 

NMR (CDCl3, TMS, 75 MHz) δ = 110.39, 118.25 (d, J = 4.4 Hz), 119.28 (d, J = 4.8 Hz), 

119.84 (d, J = 8.9 Hz), 122.67, 124.00, 124.54 (d, J = 51.7 Hz), 127.12 (d, J = 27.8 Hz), 

127.26, 128.28, 128.33, 128.52, 128.71, 128.95, 130.01 (d, J = 27.9 Hz), 130.80, 130.95, 

131.62 (d, J = 11.5 Hz), 131.82, 131.86, 131.90, 133.15, 133.41 (d, J = 51.5 Hz), 133.57, 

134.52, 134.93, 137.35, 143.16; 31P NMR (CDCl3, 121 MHz, 85%H3PO4) δ = +53.37; IR 

(KBr) ν = 3350, 1625, 1514, 1477, 1438, 1340, 929, 634 cm-1; MS (EI) m/z 500 ([M]+., 3.6); 

Anal. Calcd. for C32H25N2PS requires: C 76.78, H 5.03, N 5.60%; found: C 76.65, H 5.07, N 

5.74%. 

 

Ligand 4 (L4) 

Yield 93%; m.p. 78-80 oC; [α]D
25 = -47.5 (c = 0.905, CHCl3); 1H 

NMR (CDCl3, TMS, 300 MHz) δ = 1.11 (t, J = 7.2 Hz, 3H, Me), 3.27 

(q, J = 7.2 Hz, 2H, CH2), 3.78 (br, 1H, NH), 5.14 (d, J = 7.5 Hz, 1H, 

NH), 6.95-7.57 (m, 17 H, ArH), 7.75-7.91 (m, 5 H, ArH); 13C NMR 

(CDCl3, TMS, 75 MHz) δ = 15.00, 38.31, 109.70, 113.64, 119.11 (d, J = 4.2 Hz), 119.46 (d, J 

= 7.9 Hz), 121.87, 123.63, 124.40 (d, J = 57.9 Hz), 126.73, 126.95, 127.26, 128.35, 128.36 (d, 

J = 28.8 Hz), 128.37, 128.52, 128.80, 130.14 (d, J = 51.6 Hz), 130.46 (d, J = 24.7 Hz), 131.48, 

131.63, 131.67, 131.70, 131.74, 133.14, 133.31 (d, J = 38.3 Hz), 133.70, 134.68 (d, J = 37.1 

Hz), 137.46, 144.37; 31P NMR (CDCl3, 121 MHz, 85%H3PO4) δ = +53.28; IR (KBr) ν = 1625, 

1600, 1515, 1474, 1426, 1055, 898 cm-1; MS (EI) m/z 528 ([M]+., 2.13), 311 ([M-217]+, 1.47), 

267 ([M-261]+, 11.27); Anal. Calcd. for C34H29N2PS requires: C 77.27, H 5.49, N 5.30%; 

found: C 77.52, H 5.89, N 5.17%. 

 

Ligand 5 (L5) 

 

Yield 51%; m.p. 62-64 oC; [α]D
25 = -180.1 (c = 1.83, CHCl3); 1H 

NMR (CDCl3, TMS, 300 MHz) δ = 2.53 (s, 6H, 2Me), 5.88 (d, J = 

9.0 Hz, NH), 7.0 (d, J = 8.7 Hz, 1H, Ar), 7.14-7.43 (m, 12H, ArH), 

7.56-7.75 (m, 5H, ArH), 7.79-7.98 (m, 4H, ArH); 13C NMR (CDCl3, 

TMS, 75 MHz) δ = 43.27, 118.47, 120.41 (d, J = 4.8 Hz), 121.81, 123.92 (d, J = 2.6 Hz), 

125.75, 126.56 (d, J = 8.3 Hz), 125.97, 128.34 (d, J = 18.6 Hz), 128.36, 128.37 (d, J = 24.0 

Hz), 128.38 (d, J = 47.7 Hz), 128.41, 129.67, 129.84 (d, J = 2.8 Hz), 131.04, 131.20, 131.48, 

131.52, 131.57, 131.68, 131.72, 132.99, 133.88, 134.03, 134.04 (d, J = 46.1 Hz), 135.25, 

H
N

NHEt

P
S

Ph

Ph

H
N

NMe2

P
S

Ph

Ph
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136.59, 149.87; 31P NMR (CDCl3, 121 MHz, 85%H3PO4) δ = +51.47; IR (KBr) ν = 3350, 

3054, 1619, 1595, 1507, 1438, 1422, 1338, 1219, 1153, 896, 817 cm-1; MS (EI) m/z 528 

([M]+., 46.79), 311 ([M-217]+, 35.99), 267 ([M-261]+, 100.00); Anal. Calcd. for C34H29N2PS 

requires: C 77.27, H 5.49, N 5.30%; found: C 77.29, H 5.68, N 5.12%. 

 

Ligand 6 (L6) 

 

Yield 90%; m.p. 61-63 oC; [α]D
25 = +41.3 (c = 2.07, CHCl3); 1H 

NMR (CDCl3, TMS, 300 MHz) δ = 1.28 (m, 6H, 2Me), 3.69 (br, 2H, 

NH2), 3.97-4.17 (m, 4H, 2CH2), 5.32 (d, J = 14.1 Hz, 1H, NH), 6.91 

(d, J = 8.1 Hz, 1H, ArH), 7.12-7.37 (m, 6H, ArH), 7.80-7.96 (m, 5H, 

ArH); 13C NMR (CDCl3, TMS, 75 MHz) δ = 15.61 (d, J = 8.4 Hz), 15.64 (d, J = 7.4 Hz), 

63.19 (d, J = 4.1 Hz), 63.23 (d, J = 4.6 Hz), 110.08, 117.92, 117.96, 118.00, 118.04, 118.07, 

122.44, 123.29, 124.12, 124.93, 126.84, 127.90, 128.15, 129.17, 129.75, 130.23, 132.83, 

133.48, 136.31, 142.70; 31P NMR (CDCl3, 121 MHz, 85%H3PO4) δ = +66.63; IR (KBr) 

ν = 3020, 1625, 1600, 1521, 1750, 1423, 1030, 929, 895 cm-1; MS (EI) m/z 436 ([M]+., 77.63), 

284 ([M-152]+, 52.04), 267 ([M-169]+, 100); Anal. Calcd. for C24H25N2O2PS requires: C 

66.10, H 5.73, N 6.42%; found: C 65.91, H 6.03, N 6.51%. 

 

Ligand 7 (L7) 
 

Yield 97%; Yellowish oil, [α]D
25 = +13.7 (c = 2.57, CHCl3); 1H 

NMR (CDCl3, TMS, 300 MHz) δ = 1.06 (t, J = 6.9 Hz, Me), 1.28 (m, 

6H, 2Me), 3.24 (q, J = 6.9 Hz, CH2), 3.51 (br, 1 H, NH), 3.95-4.13 

(m, 4H, 2CH2), 5.31 (d, J = 13.2 Hz, 1H, NH), 6.81 (d, J = 8.4 Hz, 

1H, ArH), 7.08-7.36 (m, 6H, ArH), 7.78-7.96 (m, 5H, ArH); 13C NMR (CDCl3, TMS, 75 MHz) 

δ = 15.10, 15.73 (d, J = 7.9 Hz), 15.77 (d, J = 7.9 Hz), 38.32, 63.27 (d, J = 4.8 Hz), 63.30 (d, 

J = 4.2 Hz), 109.70, 113.88, 118.10, 118.13, 121.91, 123.20, 124.21, 125.13, 126.80, 126.92, 

127.41, 127.99, 128.23, 129.28, 129.92, 130.46, 133.22, 133.65, 136.64, 144.38; 31P NMR 

(CDCl3, 121 MHz, 85%H3PO4) δ = +66.60; IR (KBr) ν = 3360, 3020, 1630, 1598, 1514, 1476, 

1427, 1346, 1022, 964, 801 cm-1; MS (EI) m/z 464 ([M]+., 100), 311 ([M-153]+, 25.62), 267 

([M-197]+, 70.09); Anal. Calcd. for C26H29N2O2PS requires: C 67.22, H 6.29, N 6.03%; found: 

C 67.36, H 6.45, N 5.75%; HRMS Calcd. C26H30N2O2SP (M++1): 465.1756, found: 465.1760. 

 

 

H
N

NH2

P
S

OEt

OEt

H
N

NHEt

P
S

OEt

OEt
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Ligand 8 (L8) 

Yield 99%; m.p. 57-58 oC; [α]D
25 = -149.1 (c = 0.9, CHCl3); 1H NMR 

(CDCl3, TMS, 300 MHz) δ = 1.07 (t, J = 7.2 Hz, 3H, Me), 3.25 (q, J 

= 7.2 Hz, 2H, CH2), 3.75 (br, 1 H, NH), 5.46 (d, J = 10.8 Hz, 1H, NH), 

6.98-7.49 (m, 15 H, ArH), 7.64-7.94 (m, 7H, ArH); 13C NMR (CDCl3, 

TMS, 75 MHz) δ = 14.77, 38.48, 113.90, 118.40 (d, J = 8.7 Hz), 119.13 (d, J = 4.4 Hz), 

122.16 (d, J = 3.3 Hz), 124.11, 124.32 (d, J = 84.3 Hz), 126.97 (d, J = 5.9 Hz), 127.54, 127.63, 

128.25, 128.33, 128.98 (d, J = 71.4 Hz), 128.66, 128.68, 129.41, 129.88, 130.35, 130.96, 

131.19 (d, J = 10.3 Hz), 131.50, 131.89, 131.98, 132.02, 132.68, 133.21, 133.52, 137.66, 

144.32 (d, J = 2.3 Hz); 31P NMR (CDCl3, 121 MHz, 85%H3PO4) δ = +17.89; IR (KBr) ν = 

3350, 3020, 1619, 1598, 1517, 1475, 1424, 1378, 1216, 1045, 929, 811 cm-1; MS (EI) m/z 512 

([M]+., 53.62), 497 ([M-15]+, 12.50), 295 ([M-217]+, 92.79), 280 ([M-232]+, 39.11); Anal. 

Calcd. for C34H29N2OP requires: C 79.67, H 5.70, N 5.47%; found: C 79.33, H 6.03, N 5.07%; 

HRMS Calcd. C34H29N2OP (M+): 512.2017, found: 512.2061. 

 

Ligand 9 (L9) 

Yield: 92%; m.p. 116-118 oC; [α]D
25 = -28.1 (c = 1.2, CHCl3); 1H 

NMR (CDCl3, TMS, 300 MHz) δ = 1.13 (t, J = 7.2 Hz, 3H, Me), 3.28 

(q, J = 7.2 Hz, 2H, CH2), 5.02 (d, J = 6.3 Hz, 1H, NH), 7.22-7.51 (m, 

17H, ArH), 7.76-7.90 (m, 5H, ArH); 13C NMR (CDCl3, TMS, 75 MHz) 

δ = 15.15, 38.37, 109.44, 113.60, 119.41 (d, J = 5.1 Hz), 120.05 (d, J = 8.0 Hz), 121.85, 

123.70, 124.15, 124.87, 127.01 (d, J = 34.5 Hz), 127.03, 128.21 (d, J = 3.7 Hz), 128.42, 

128.60, 128.64 (d, J = 6.7 Hz), 129.96, 130.61 (d, J = 33.9 Hz), 130.68, 131.76, 131.81, 

131.89, 131.92, 131.94, 133.10 (d, J = 47.0 Hz), 133.18, 133.84, 134.37 (d, J = 46.5 Hz), 

137.60, 144.44; 31P NMR (CDCl3, 121 MHz, 85% H3PO4) δ = +50.40; IR (KBr) ν = 3324, 

3053, 2968, 1618, 1598, 1509, 1467, 1437, 1389, 1338, 1304, 1270, 1153, 1102, 991, 836, 

809 cm-1; MS (EI) m/z 575 ([M]+., 14.42), 496 ([M-79]+, 50.96), 311 ([M-264]+, 87.08), 267 

([M-308]+, 100.00); Anal. Calcd. for C34H29N2PS·CH2Cl2 requires: C 63.64, H 4.70, N 4.24%; 

found: C 63.68, H 4.69, N 4.20%. 
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Ligand 10 (L10) 

 Yield: 81%; m.p. 120-122 oC; [α]D
25 = -19.2 (c = 0.55, CHCl3); 1H 

NMR (CDCl3, TMS, 300 MHz) δ = 1.44 (d, J = 12.6 Hz, 3H, Me), 

1.74 (d, J = 12.6 Hz, 3H, Me), 2.58 (d, J = 10.8 Hz , 3H, CH3), 2.82 

(d, J = 4.8 Hz , 3H, CH3), 3.82 (br, 1H, NH), 6.82 (d, J = 9.3 Hz, 1H, 

ArH), 7.12-7.28 (m, 5H, ArH), 7.48 (m, 1H, ArH), 7.77-7.98 (m, 5H, ArH); 13C NMR (CDCl3, 

TMS, 75 MHz) δ 22.01 (d, J = 64.4 Hz), 22.37 (d, J = 64.4 Hz), 30.56, 36.87 (d, J = 14.1 Hz), 

112.82, 113.30, 121.26, 123.99, 125.91, 126.01, 126.08, 126.70, 126.80, 128.02, 128.04, 

128.31, 128.74, 129.49, 132.47, 132.49, 133.47, 133.66, 143.41, 144.64; 31P NMR (CDCl3, 

121 MHz, 85% H3PO4) δ = +67.05; IR (KBr) ν = 3350, 3025, 2817, 1617, 1598, 1499, 1422, 

1344, 1297, 1170, 1153, 1054, 968, 943, 913 cm-1; MS (EI) m/z 404 ([M]+., 100.00), 311 

([M-93]+, 28.15), 281 ([M-123]+, 29.11), 265 ([M-139]+, 4.82); HRMS Calcd. C34H29N2OP 

([M]+): 404.1476, found: 404.1440; Anal. Calcd. for C24H25N2PS requires: C 71.29, H 6.19, N 

6.93%; found: C 71.10, H 6.27, N 6.78%. 

 

General Procedure for the Cu-catalyzed Conjugate Addition and the Recovery of Chiral 

Ligand: 

A solution of Cu(CH3CN)4BF4 (4.7 mg, 0.015 mmol) and ligand 4 (16.0 mg, 0.03 mmol) in 

dry toluene (3 mL) was stirred for 1 h at room temperature under an argon atmosphere. 

Cyclohexenone 1 (48 µL, 0.5 mmol) was added and the solution was stirred for a further 10 

min, then Et2Zn (0.75 mL, 0.75 mmol, 1.0 M solution in hexane) was added dropwise within 

30 seconds. The resulting mixture was stirred for about 30 min, 1.0 N HCl (4.0 mL) was 

added. After extraction with ether (3 x 5.0 mL), the combined organic layers were dried over 

anhydrous MgSO4. The residue obtained upon removal of volatiles in vacuo was purified by a 

flash column chromatography on silica gel (eluent: pentane/ether = 30/1) to afford 

(R)-(+)-ethylcyclohexanone 2 (59 mg, 94%) and to recover the ligand L4 (13 mg, 82%). 

 

(R)-(+)-3-Ethylcyclohexanone 2 (Table 2, Entry 10). 59 mg, 94%. [α]D
25 = +10.5 (c = 0.94, 

CHCl3) for 97% ee; 1H NMR (CDCl3, TMS, 300 MHz) δ = 0.90 (t, J = 7.6 Hz, Me), 1.44-1.25 

(m, 3H), 1.58-1.70 (m, 2H), 1.85-2.10 (m, 3H), 2.20-2.46 (m, 3H); 13C NMR (CDCl3, TMS, 

75 MHz) δ = 10.76, 24.89, 28.88, 30.46, 40.37, 41.05, 47.39, 211.32; Chiraldex G-BP column, 

20 m x 0.25 mm, 50 oC (2 min), 50-112 oC, 5 oC/min, 112 oC (2 min) 10.0 psi N2, tR = 12.272 

min, tS = 12.535 min. 

Me
N

NHMe

P
S

Me

Me
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(R)-(+)-3-Ethylcycloheptanone 4 (Table 3, Entry 2). 67 mg, 96%. [α]D
25 = +57.0 (c = 1.55, 

CHCl3) for 97% ee; 1H NMR (CDCl3, TMS, 300 MHz) δ = 0.91 (t, J = 7.5 Hz, Me), 1.25-1.45 

(m, 4H), 1.51-1.70 (m, 2H), 1.80-1.95 (m, 3H), 2.35-2.52 (m, 4H); 13C NMR (CDCl3, TMS, 

75 MHz) δ = 11.35, 24.36, 28.51, 30.00, 36.42, 37.63, 43.86, 49.56, 214.86; Chiraldex G-BP 

column, 20 m x 0.25 mm, 90 oC (30 min), 10.0 psi N2, tR = 9.288 min, tS = 9.558 min. 

 

(R)-(+)-3-Ethylcyclopentanone 6 (Table 4, Entry 3). 42 mg, 75%. [α]D
25 = +96.2 (c = 1.60, 

CHCl3) for 98% ee; 1H NMR (CDCl3, TMS, 300 MHz) δ = 0.95 (t, J = 7.5 Hz, Me), 1.41-1.58 

(m, 3H), 1.75-1.85 (m, 1H), 2.10-2.44 (m, 5H); 13C NMR (CDCl3, TMS, 75 MHz) δ = 12.09, 

28.28, 28.30, 38.36, 38.76, 44.73, 219.68; Rt-βDEXcstTM, 30 m x 0.25 mm, 70 oC (20 min), 

70-115 oC, 1 oC/min, 115 oC (10 min), 8.4 psi N2, tS = 61.900 min, tR = 62.052 min. 

 

(S)-(+)-1,3-Diphenylpentan-1-one 8a (Table 5, Entry 3). 117 mg, 98%. [α]D
25 = +6.07 (c 

5.85, EtOH) for 96% ee; 1H NMR (CDCl3, TMS, 300 MHz) δ = 0.80 (t, J = 7.5 Hz, Me), 

1.61-1.82 (m, 2H), 3.20-3.29 (m, 3H), 7.16-7.31 (m, 5H), 7.40-7.45 (m, 2H), 7.50-7.56 (m, 

1H), 7.89-7.92 (m, 2H); 13C NMR (CDCl3, TMS, 75 MHz) δ = 12.11, 29.21, 42.97, 45.59, 

126.25, 127.63, 128.04, 128.39, 128.51, 132.91, 137.19, 144.64, 199.19; Chiralpak AD, 

hexane/i-PrOH = 95/5, 0.7 mL/min, tS = 9.42 min, tR = 11.29 min.  

 

(-)-1-Naphthyl-3-phenylpentan-1-one 8b (Table 5, Entry 5). 141 mg, 98%. [α]D
25 = -57.2 

(c = 1.06, EtOH) for 96% ee; 1H NMR (CDCl3, TMS, 300 MHz) δ = 0.84 (t, J = 7.2 Hz, Me), 

1.62-1.92 (m, 2H), 3.26-3.43 (m, 3H), 7.16-7.35 (m, 5H), 7.54-7.61 (m, 2H), 7.85-8.01 (m, 

4H), 8.41 (s, 1H); 13C NMR (CDCl3, TMS, 75 MHz) δ = 12.24, 29.31, 43.19, 45.70, 123.93, 

126.34, 126.73, 127.73, 127.76, 128.39, 128.40, 128.48, 129.56, 129.72, 132.48, 134.56, 

135.48, 144.76, 199.11; Chiralpak AD, hexane/i-PrOH = 95/5, 0.7 mL/min, t1 = 13.043 min, t2 

= 16.977 min. 

 

(+)-3-(4-Bromophenyl)-1-phenylpentan-1-one 8c (Table 5, Entry 6). 157 mg, 99%. [α]D
25 

= +0.70 (c = 2.78, EtOH) for 96% ee; 1H NMR (CDCl3, TMS, 300 MHz) δ = 0.82 (t, J = 7.2 

Hz, Me), 1.62-1.83 (m, 2H), 3.20-3.29 (m, 3H), 7.13 (d, J = 8.4 Hz, 2H), 7.40-7.48 (m, 4H), 

7.54-7.59 (m, 1H), 7.90 (d, J = 8.4 Hz, 2H); 13C NMR (CDCl3, TMS, 75 MHz) δ = 12.05, 

29.19, 42.33, 45.26, 119.88, 127.98, 128.56, 129.44, 131.42 133.04, 137.01, 143.68 ,198.68; 

Chiralpak AD, hexane/i-PrOH = 95/5, 0.7 mL/min, t1 = 10.583 min, t2 = 14.963 min. 
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(S)-(+)-(4-Methoxyphenyl)-1-phenylpentan-1-one 8d (Table 5, Entry 7). 132 mg, 98%. 

[α]D
25 = +15.5 (c = 0.98, EtOH) for 96% ee; 1H NMR (CDCl3, TMS, 300 MHz) δ = 0.81 (t, J 

= 7.2 Hz, Me), 1.60-1.83 (m, 2H), 3.19-3.29 (m, 3H), 3.79 (s, 3H), 6.84 (d, J = 8.7 Hz, 2H), 

7.15 (d, J = 8.7 Hz, 2H), 7.42-7.48 (m, 2H), 7.5-7.58 (m, 1H), 7.91 (d, J = 7.2 Hz, 2H); 13C 

NMR (CDCl3, TMS, 75 MHz) δ = 12.06, 29.30, 42.16, 45.72, 55.04, 113.67, 127.96, 128.41, 

128.43, 132.80, 136.55, 137.15, 157.86, 199.25; Chiralpak AD, hexane/i-PrOH = 95/5, 0.7 

mL/min, tS = 12.743 min, tR = 18.343 min. 

 

(-)-1-(4-Bromophenyl)-3-phenylpentan-1-one 8e (Table 5, Entry 8). 153 mg, 97%. [α]D
25 = 

-6.33 (c = 4.25, EtOH) for 95% ee; 1H NMR (CDCl3, TMS, 300 MHz) δ = 0.80 (t, J = 7.2 Hz, 

Me), 1.62-1.82 (m, 2H), 3.16-3.29 (m, 3H), 7.16-7.32 (m, 5H), 7.57 (d, J = 12.9 Hz, 2H), 7.77 

(d, J = 12.9 Hz, 2H); 13C NMR (CDCl3, TMS, 75 MHz) δ = 12.03, 29.13, 42.92, 45.45, 

126.27, 127.50, 127.96, 128.35, 129.50, 131.70, 135.79, 144.28, 198.08; Chiralpak AD, 

hexane/i-PrOH = 95/5, 0.7 mL/min, t1 = 11.563 min, t2 = 13.943 min. 

 

(S)-(-)-1-(4-Methoxyphenyl)-3-phenylpentan-1-one 8f (Table 5, Entry 9). 119 mg, 87%. 

[α]D
25 = -4.0 (c = 2.2, EtOH) for 97% ee; 1H NMR (CDCl3, TMS, 300 MHz) δ = 0.81 (t, J = 

7.5 Hz, Me), 1.64-1.88 (m, 2H), 3.18-3.28 (m, 3H), 3.87 (s, 3H), 6.91 (d, J = 8.7 Hz, 2H), 

7.17-7.38 (m, 5H), 7.91 (d, J = 8.7 Hz, 2H); 13C NMR (CDCl3, TMS, 75 MHz) δ = 12.11, 

29.18, 43.17, 45.22, 55.39, 113.61, 126.18, 127.62, 128.35, 130.28, 130.31, 144.78, 163.30, 

197.75; Chiralpak AD, hexane/i-PrOH = 95/5, 0.7 mL/min, tS = 19.077 min, tR = 28.437 min. 

 

(-)-4-Ethyloctan-2-one 10a (Table 6, Entry 3). 69 mg, 89%. [α]D
25 = -2.5 (c = 1.05, CHCl3) 

for 93% ee; 1H NMR (CDCl3, TMS, 300 MHz) δ = 0.86 (m, 6H, 2Me), 1.26 (m, 8H, 4CH2), 

1.83 (m, 1H, CH), 2.12 (s, 3H, Me), 2.31 (d, J = 6.6 Hz, 2H, CH2); 13C NMR (CDCl3, TMS, 

75 MHz) δ = 10.76, 14.03, 22.89, 26.30, 28.79, 30.35, 33.12, 35.24, 48.36, 209.46; IR (neat) 

ν = 2958, 1716, 1463, 1410, 1376, 1143, 1060, 1022, 966, 723 cm-1; MS (EI) m/z 157 

([M+1]+, 42.0), 141 ([M-15]+, 8.0), 127 ([M-29]+, 10.0), 113 ([M-43]+, 7.0); HRMS Calcd. 

C10H20O (M+): 156.1514, found: 156.1488; Chirasil-DEX CB, 25 m x 0.25 mm, 100 oC (30 

min), 8.0 psi N2, t1 = 16.478 min, t2 = 17.443 min. 

 

(-)-4-Ethyl-5-methylhexan-2-one 10b (Table 6, Entry 4). 58 mg, 82%. [α]D
25 = -1.0 (c = 1.0, 

CHCl3) for 89% ee; 1H NMR (CDCl3, TMS, 300 MHz) δ = 0.86 (m, 9H, 3Me), 1.20 (m, 1H, 
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CH), 1.32 (m, 1H, CH), 1.75 (m, 2H, 2CH), 2.16 (s, 3H, Me), 2.35 (dd, J = 6.6 and 16.2 Hz, 

1H, CH), 2.39 (dd, J = 6.6 and 16.2 Hz, 1H, CH); 13C NMR (CDCl3, TMS, 75 MHz) δ = 

11.68, 18.38, 19.50, 23.83, 29.17, 30.24, 41.07, 45.06, 209.65; MS (EI) m/z 143 ([M+1]+, 

23.0), 127 ([M-15]+, 2.0), 99 ([M-43]+, 4.0), 84 ([M-58]+, 41.0); HRMS Calcd. C9H18O (M+): 

142.1358, found: 142.1364; CHIRASIL-DEX CB, 25 m x 0.25 mm, 80 oC (20 min), 80-150 
oC, 1 oC/min, 150 oC (10 min), 8.0 psi N2, t1 = 24.635 min, t2 = 24.852 min. 

 

(-)-6-Ethyl-2-methyldecan-4-one 10c (Table 6, Entry 5). 91 mg, 92%. [α]D
25 = -6.0 (c = 0.3, 

CHCl3) for 85% ee; 1H NMR (CDCl3, TMS, 300 MHz) δ = 0.87 (m, 12H, 4Me), 1.27 (m, 8H, 

4CH2), 1.85 (m, 1H, CH), 2.13 (m, 1H, CH), 2.25 (d, J = 6.3 Hz, 2H, CH2), 2.27 (d, J = 6.9 

Hz, 2H, CH2); 13C NMR (CDCl3, TMS, 75 MHz) δ = 10.81, 14.07, 22.58, 22.94, 24.48, 26.33, 

28.83, 33.12, 35.03, 47.91, 52.34, 211.28; IR (neat) ν = 2958, 2873, 1713, 1465, 1408, 1367, 

1289, 1203, 1170, 1144, 1051 cm-1; MS (EI) m/z 199 ([M+1]+, 79.0), 141 ([M-57]+, 58.0), 113 

([M-85]+, 6.0), 85 ([M-113]+, 64.0); HRMS Calcd. C13H26O (M+): 198.1984, found: 198.2007; 

Chirasil-DEX CB, 25 m x 0.25 mm, 80 oC (20 min), 80-180 oC, 1 oC/min, 180 oC (2 min), 8.0 

psi N2, t1 = 60.477 min, t2 = 61.215 min. 

 

(-)-5-Ethyl-2-methylnonan-3-one 10d (Table 6, Entry 6). 85 mg, 92%. [α]D
25 = -3.0 (c = 

0.23, CHCl3) for 80% ee; 1H NMR (CDCl3, TMS, 300 MHz) δ = 0.87 (m, 6H, 2Me), 1.10 (d, 

J = 6.3 Hz, 6H, 2Me), 1.28 (m, 8H, 4CH2), 1.89 (m, 1H, CH), 2.36 (d, J = 6.6 Hz, 2H, CH2), 

2.60 (m, 1H, CH); 13C NMR (CDCl3, TMS, 75 MHz) δ = 10.77, 13.98, 18.12, 22.87, 26.29, 

28.80, 33.09, 34.73, 40.99, 44.98, 214.93; IR (neat) ν = 2963, 2930, 2874, 1713, 1466, 1408, 

1381, 1366, 1105, 1048, 733 cm-1; MS (EI) m/e 185 ([M+1]+, 43.0), 141 ([M-43]+, 64.0), 113 

([M-71]+, 5.0), 71 ([M-113]+, 100.0); HRMS Calcd. C12H24O (M+): 184.1827, found: 

184.1819; CHIRASIL-DEX CB, 25 m x 0.25 mm, 60 oC (20 min), 80-160 oC, 1 oC/min, 160 
oC (10 min), 8.0 psi N2, t1 = 68.878 min, t2 = 69.587 min. 

 

(R)-(+)-3-Methylcyclohexanone 11a (Table 7, Entry 2). 40 mg, 71%. [α]D
25 = +13.6 (c = 

1.55, CHCl3) for 87% ee. 1H NMR (CDCl3, TMS, 300 MHz) δ = 0.98 (d, J = 6.0 Hz, Me), 

1.26-1.36 (m, 1H), 1.57-1.70 (m, 1H), 1.79-2.08 (m, 4H), 2.14-2.38 (m, 3H); 13C NMR 

(CDCl3, TMS, 75 MHz) δ = 22.01, 25.23, 33.19, 34.12, 41.04, 49.90, 212.00; The product 

was then treated with (+)-(2R, 3R)-diethyl tartrate to form the corresponding ketal.[3] 1H NMR 

(CDCl3, TMS, 300 MHz) δ = 0.92 (d, J = 6.3 Hz, Me), 1.24-1.85 (m, 15H), 4.24-4.32 (m, 4H), 

4.76-4.83 (m, 2H); The diastereoisomeric purity of the ketal was assayed by GC and was 
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assumed to be identical to the ee of the product. Alltech EC-5, 30 m x 0.32 mm, 150 oC (30 

min), 10.0 psi N2, t1 = 24.2148 min, t2 = 25.290 min. or Rt-βDEXcstTM, 30 m x 0.25 mm, 130 
oC (60 min), 130-160 oC, 5 oC/min, 160 oC (120 min), 10.0 psi N2, t1 = 130.543 min, t2 = 

133.170 min. 

 

(R)-(+)-3-Phenylcyclohexanone 11b (Table 7, Entry 5). 85 mg, 98%. [α]D
25 = +19.9 (c = 

1.50, CHCl3) for 90% ee; 1H NMR (CDCl3, TMS, 300 MHz) δ = 1.76-1.92 (m, 2H), 

2.07-2.22 (m, 2H), 2.35-2.64 (m, 4H), 3.01 (m, 1H), 7.21-7.35 (m, 5H); 13C NMR (CDCl3, 

TMS, 75 MHz) δ = 25.45, 32.65, 41.09, 44.64, 48.84, 126.47, 126.58, 128.57, 144.23, 210.98; 

Chiralpak AD, hexane/i-PrOH = 50/1, 0.7 mL/min, tS = 16.043 min, tR = 19.083 min. 

 

The General Experiments Procedure on Linear Effect for the Cu-catalyzed Conjugate 

Addition to Chalcone with Et2Zn: 

A solution of Cu(CH3CN)4BF4 (4.7 mg, 0.015 mmol) and various ligand L4 with different ee 

(8.0 mg, 0.015 mmol) in dry toluene (3 mL) was stirred for 1 h at room temperature under an 

argon atmosphere. Chalcone 7a (104 mg, 0.5 mmol) was added and the solution was stirred 

for a further 10 min, then Et2Zn (0.75 mL, 0.75 mmol, 1.0 M solution in hexane) was added 

dropwise within 30 seconds. The resulting mixture was stirred for 10 min, then 1.0 N HCl 

(4.0 mL) was added into the reaction solution. After extraction with ether (3 x 5.0 mL), the 

combined organic layers were dried over anhydrous MgSO4. The residue obtained upon 

removal of volatiles in vacuo was purified by a flash column chromatography on silica gel 

(eluent: pentane/ether = 30/1) to afford the 1,3-diphenyl-pentan-1-one  8a in quantitative yield 

(96-98%) with different ee. The results were summarized in Table 1. 

 

Table 1. The correlation between the ee of the ligand L4 and the ee of 8a.

entry 4

1a)

a)The ee of the ligand L4. b)The ee of the 8a.

1

47

2

0 12.6

2b) 450 10

3

28
30

85

98

6

61.5 73.5

9662 72

7

88

89
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Figure 1. The 31P NMR of L2.  

 

 

 

 

Figure 2. The 31P NMR of the mixture of L2 and Cu(CH3CN)4BF4.  
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Figure 3. The 31P NMR of L4.  

 

 

 

 

 

 

Figure 4. The 31P NMR of the mixture of L4 and Cu(CH3CN)4BF4.  
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Figure 5. The 31P NMR of L7.  

 

 

 

 

 

Figure 6. The 31P NMR of the mixture of L7 and Cu(CH3CN)4BF4.  
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Figure 7. The 31P NMR of L9.  

 
 
 
 
 
 

 
Figure 8. The 31P NMR of the mixture of L9 and Cu(CH3CN)4BF4.  
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Figure 9. The 13C NMR of L4. 

 

 

 

 

 

 

Figure 10. The 13C NMR of the mixture of L4 and Cu(CH3CN)4BF4. 
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Figure 11. The 13C NMR of L9. 

 

 

Figure 12. The 13C NMR of the mixture of L9 and Cu(CH3CN)4BF4. 

 

 
Figure 13. The 1H NMR of Ligand L2 in CDCl3. 
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Figure 14. The part of 1H NMR of Ligand L2 and Et2Zn in CDCl3. 

 

 
Figure 15. The 31P NMR of Ligand L2 with Cu(CH3CN)BF4 and Et2Zn in CDCl3. 
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