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General Information: All reactions were conducted under a nitrogen or argon 

atmosphere unless otherwise noted. Anhydrous procedures were conducted using 

oven dried or flame dried glassware and standard syringe and cannula transfer 

techniques. Hydrogenation was performed in a stainless steel autoclave. Solvents 

were of reagent grade, dried and distilled before use following standard procedures. 

Unsaturated ester 4a-n was prepared according to literature procedure.1 All other 

chemicals were obtained commercially. 1H NMR spectra were recorded on a 400 

MHz spectrometer. Chemical shifts were reported in ppm from tetramethylsilane with 

the solvent resonance as the internal standard (CDCl3, δ = 7.26). Data are reported as 

follows: chemical shift (δ ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = 

quartet, m = multiplet), coupling constants (Hz), integration, and assignment. 13C 

NMR data were collected on a 100 MHz spectrometer with complete proton 

decoupling. Chemical shifts are reported in ppm from the tetramethylsilane with the 

solvent resonance as internal standard (CDCl3, δ = 77.0). 31P NMR spectra were 

recorded on 162 MHz spectrometer. The enantiomeric excesses were determined by 

HPLC analysis on chiral chiralpak AD-H, chiralcel OD-H or chiralcel OJ-H column. 

Optical rotations were reported as follows: [α]25
D (c g/100mL, in solvent). HRMS 

data were obtained with Micromass HPLC-Q-Tof mass spectrometer. 

General Procedure for Preparation of 3a-f 
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General procedure for the preparation of 3: A mixture of (Rc, Sp)-2 and imidazole or 

benzimidazole (8 equiv.) in degassed glacial AcOH was stirred at 80 oC for 8 h. 

The reaction mixture was quenched with an excess saturated NaHCO3 solution and 

extracted with CH2Cl2. The organic extracts were washed with brine and dried over 

anhydrous Na2SO4, filtered and evaporated under reduced pressure. The crude product 

was purified by flash column chromatography (SiO2, hexane: ethyl acetate: Et3N, 

10:10:1) to afford the corresponding 3. 
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1-{(R)-1-[(S)-2-(diphenylphosphino)ferrocenyl]ethyl}-imidazole (3a). 2a (1.32 g, 3 

mmol) and imidazole (1.63 g, 24 mmol) in AcOH (15 mL) were 

used with reference to the general procedure. Yield: 89%, orange 

crystal. [α]20
D -284.9 (c 1.0, CHCl3); m.p. = 195-196 oC; 1H NMR 

(400 MHz, CDCl3): δ 1.86 (3H, d, J = 6.8 Hz), 3.88 (1H, s), 4.06 

(5H, s), 4.41 (1H, s), 4.66 (1H, s), 5.61 (1H, q, J = 3.6 Hz), 6.55 (1H, s), 6.59 (1H, s), 

6.72 (2H, t, J = 7.6 Hz), 7.02 (2H, t, J = 7.2 Hz), 7.11 (1H, t, J = 7.2 Hz), 7.18 (1H, s), 

7.37 (3H, m), 7.52 (2H, m); 13C NMR (100 MHz CDCl3): δ 22.7, 51.4 (d, J = 10 Hz), 

68.7 (d, J = 3 Hz), 69.8, 70.0, 72.3 (d, J = 4 Hz), 76.2 (d, J = 9 Hz), 93.4 (d, J = 25 

Hz), 116.5, 127.9, 128.2 (d, J = 8 Hz), 128.6, 129.4, 131.5 (d, J = 19 Hz), 135.1 (d, J 

= 21 Hz), 136.8 (d, J = 8 Hz), 138.1 (d, J = 6 Hz); 31P NMR (162 MHz, CDCl3): δ 

-24.77; HRMS (ESI): calcd for C27H25FeN2P [M+H]+: 465.1183, found: 465.1194. 

1-{(R)-1-[(S)-2-(diphenylphosphino)ferrocenyl]propyl}-imidazole (3b). 2b (0.45 g, 

1 mmol) and imidazole (0.54 g, 8 mmol) in AcOH (5 mL) were used 

with reference to the general procedure. Yield: 80%, orange crystal. 

[α]20
D -277.4 (c 1.0, CHCl3); m.p. = 213-214 oC; 1H NMR (400 MHz, 

CDCl3): δ 0.84 (3H, t, J = 7.3 Hz), 2.02 (1H, m), 2.51 (1H, m), 3.85 

(1H, s), 4.04 (5H, s), 4.39 (1H, s), 4.64 (1H, s), 5.22 (1H, d, J = 11.8 Hz), 6.56 (1H, s), 

6.58 (1H, s), 6.67 (2H, t, J = 7.6 Hz), 7.01 (2H, t, J = 7.2 Hz), 7.10 (1H, t, J = 7.3 Hz), 

7.18 (1H, s), 7.36 (3H, m), 7.51 (2H, m); 13C NMR (100 MHz CDCl3): δ 11.2, 28.8, 

57.8 (d, J = 9 Hz), 68.9 (d, J = 3 Hz), 69.8, 70.0, 72.1 (d, J = 4 Hz), 76.0 (d, J = 9 Hz), 

93.6 (d, J = 25 Hz), 116.4, 127.9 (d, J = 7 Hz), 128.2 (d, J = 8 Hz), 128.6, 129.4, 

131.3 (d, J = 18 Hz), 135.2 (d, J = 21 Hz), 135.8, 136.8 (d, J = 7 Hz), 138.2 (d, J = 6 

Hz); 31P NMR (162 MHz, CDCl3): δ -24.63; HRMS (ESI): calcd for C28H27FeN2P 

[M+H]+: 479.1340, found: 479.1344. 

1-{(R)-1-[(S)-2-(diphenylphosphino)ferrocenyl]-s-butyl}-imidazole (3c). 2c (2.5 g, 

5.3 mmol) and imidazole (2.9 g, 42.4 mmol) in AcOH (20 mL) were used with 

reference to the general procedure. Yield: 61%, orange solid. [α]20
D -339.2 (c 1.0, 

CHCl3); 1H NMR (400 MHz, CDCl3): δ 0.78 (t, J = 6.6 Hz, 3H), 1.13 (t, J = 6.9 Hz, 
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3H), 2.68 (m, 1H), 3.95 (s, 1H), 3.99 (s, 5H), 4.43 (s, 1H), 4.66 (s, 

1H), 5.23 (s, 1H), 6.47 (s, 1H), 6.62 (s, 1H), 6.85 (t, J = 7.7 Hz, 2H), 

7.07 (t, J = 7.4 Hz, 2H), 7.14 (t, J = 7.3 Hz, 1H), 7.25 (s, 1H), 7.36 

(m, 3H), 7.52 (m, 2H); 13C NMR (100 MHz CDCl3): δ 19.1, 22.6, 

32.7, 62.1 (d, J= 8 Hz), 69.6, 70.1, 70.4, 72.3 (d, J= 4 Hz), 76.2 (d, J= 11 Hz), 93.2 (d, 

J= 25 Hz), 118.8, 127.8 (d, J = 7 Hz), 128.1 (t, J = 8 Hz), 128.6, 129.2, 131.5 (d, J = 

19 Hz), 135.1 (d, J = 21 Hz), 136.7, 137.1 (d, J = 7 Hz), 137.6 (d, J = 7 Hz); 31P NMR 

(162 MHz, CDCl3): δ -25.53; HRMS (ESI): calcd for C29H29FeN2P [M+H]+: 

493.1496, found: 493.1514. 

1-{(R)-1-[(S)-2-(diphenylphosphino)ferrocenyl]benzyl}-imidazole (3d). 2d (0.50 g, 

1 mmol) and imidazole (0.54 g, 8 mmol) in AcOH (5 mL) were used 

with reference to the general procedure. Yield: 80%, orange solid. 

[α]20
D -181.6 (c 0.25, CHCl3)；1H NMR (400 MHz, CDCl3): δ 3.80 

(s, 5H), 4.09 (s, 1H), 4.42 (s, 1H), 4.45 (s, 1H), 6.53 (d, J = 4.8 Hz, 

1H), 6.59 (s, 1H), 6.94-7.00 (m, 3H), 7.08-7.20 (m, 4H), 7.34-7.42 

(m, 8H), 7.59 (m, 2H); 13C NMR (100 MHz CDCl3): δ 60.2 (d, J = 13 Hz), 69.9, 70.1 

(d, J = 12 Hz), 70.7 (t, J = 19 Hz), 72.6, 76.5 (d, J = 9 Hz), 91.8 (d, J = 25 Hz), 118.2, 

127.6 (d, J = 36 Hz), 128.0 (t, J = 8 Hz), 128.2 (d, J = 10 Hz), 128.6, 129.4, 132.1 (d, 

J = 10 Hz), 135.0 (d, J = 21 Hz), 136.0, 136.8 (d, J = 7 Hz), 137.8, 140.4; 31P NMR 

(162 MHz, CDCl3): δ -25.23; HRMS (ESI): calcd for C32H27FeN2P [M+H]+: 

527.1340, found: 527.1317. 

1-{(R)-1-[(S)-2-(bis(3,5-dimethylphenyl)phosphino)ferrocenyl]-s-butyl}-imidazole  

(3e). 2e (0.67 g, 1.28 mmol) and imidazole (0.44 g, 6.40 

mmol) in AcOH (5 mL) were used with reference to the 

general procedure. Yield: 51%, orange solid. [α]20
D 

-210.1 (c 1.1, CHCl3)；1H NMR (400 MHz, CDCl3): δ 

0.77 (d, J =6.8 Hz, 3H), 1.06 (d, J =8.4 Hz, 3H), 2.10 (d, 

J =8.4 Hz, 6H), 2.29 (d, J =8.4 Hz, 6H), 2.67 (m, 1H), 3.96 (m, 6H), 4.39 (m, 1H), 

4.63 (m, 1H), 5.13 (m, 1H), 6.38 (m, 2H), 6.60 (m, 1H), 6.74 (m, 2H), 7.00 (m, 1H), 
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7.15 (m, 2H), 7.25 (m, 1H); 13C NMR (100 MHz CDCl3): δ 19.1, 21.3 (d, J = 12 Hz), 

22.6, 33.1, 62.1 (d, J = 8 Hz), 69.5, 70.1, 70.3, 72.4, 76.6, 93.4 (d, J = 24 Hz), 118.8, 

127.5, 129.5, 129.7 (d, J = 8 Hz), 131.0, 132.8 (d, J = 21 Hz), 136.9 (t, J = 8 Hz), 

137.4 (d, J = 8 Hz); 31P NMR (162 MHz, CDCl3): δ -24.60；HRMS (ESI): calcd for 

C33H37FeN2P [M+H]+: 549.2122, found: 549.2106. 

1-{(R)-1-[(S)-2-(diphenylphosphino)ferrocenyl]-s-butyl}-benzimidazole (3f). (0.75 

g, 1.6 mmol) and benzimidazole (1.51 g, 12.8 mmol) in AcOH (5 

mL) were used with reference to the general procedure. Yield: 73%, 

orange solid. [α]20
D -298.2 (c 1.1, CHCl3)； 1H NMR (400 MHz, 

CDCl3): δ 0.76 (d, J = 6.6 Hz, 3H), 1.27 (d, J = 6.7 Hz, 3H), 2.87 

(m, 1H), 3.89 (s, 1H), 4.06 (s, 5H), 4.46 (s, 1H), 4.81 (s, 1H), 5.63 

(m, 1H), 6.46 (t, J = 7.7 Hz, 2H), 6.67 (t, J = 7.3 Hz, 2H), 6.84 (m, 1H), 6.98 (t, J = 

7.5 Hz, 1H), 7.06 (m, 1H), 7.29 (m, 5H), 7.43 (m, 2H), 7.63 (m, 1H); 13C NMR (100 

MHz CDCl3): δ 19.7, 23.3, 32.8, 60.4, 69.5, 70.3 (d, J= 4 Hz), 72.4 (d, J= 4 Hz), 76.7, 

111.2, 120.0, 121.1, 121.9, 127.2 (d, J= 7 Hz), 127.7, 128.1 (d, J= 8 Hz), 129.1, 131.4 

(d, J= 20 Hz), 133.5, 134.9 (d, J= 21 Hz), 135.6 (d, J= 7 Hz), 136.7 (d, J= 8 Hz), 

142.9 (d, J= 42 Hz); 31P NMR (162 MHz, CDCl3): δ -25.97；HRMS (ESI): calcd for 

C33H31FeN2P [M+H]+: 543.1653, found: 543.1631. 

General Procedure for Preparation of Ligands 1a-i 
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To a solution of 3 in dry Et2O was added dropwise n-BuLi (1.5 equiv., 1.6 M solution 

in hexane) at room temperature (-78 oC for 1d), and the mixture was stirred for an 

hour under argon atmosphere before chlorodiphenylphosphine (1.5 equiv.) was added. 

The reaction mixture was stirred for futher 2 h, saturated NaHCO3 solution was added. 

The organic layer was washed with brine and dried over anhydrous Na2SO4, filtered 
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and evaporated under reduced pressure. The residue was purified by flash column 

chromatography (SiO2, hexane: ethyl acetate, 5:1) to afford the corresponding 1. 

1-{(R)-1-[(S)-2-(diphenylphosphino)ferrocenyl]ethyl}-2-(diphenylphosphino)imid

azole (1a). Yield: 75%. Orange crystal, [α]20
D -147.2 (c 1.0, CHCl3); 1H NMR (400 

MHz, CDCl3): δ 1.62 (d, J = 6.8 Hz, 3H), 3.91 (s, 1H), 4.06 (s, 5H), 

4.43 (s, 1H), 4.69 (s, 1H), 6.43 (m, 1H), 6.57 (m, 2H), 6.78 (d, J = 

2.0 Hz, 1H), 6.92 (m, 3H), 7.07 (m, 3H), 7.15 (m, 3H), 7.25 (s, 1H), 

7.33-7.38 (m, 5H), 7.53 (m, 4H); 13C NMR (100 MHz, CDCl3): δ 

23.0, 51.2 (dd, J = 17, 10 Hz), 69.3, 70.0, 70.1, 72.1 (d, J = 4 Hz), 76.5 (d, J = 12 Hz), 

93.8 (d, J = 27 Hz), 118.9, 127.4, 127.7 (d, J = 5 Hz), 127.9, 128.0 (d, J = 7 Hz), 

128.2 (d, J = 6 Hz), 128.5 (d, J = 8 Hz), 129.2 (d, J = 21 Hz), 130.7, 131.4 (d, J = 18 

Hz), 133.4 (d, J = 19 Hz), 134.4 (d, J = 21 Hz), 135.5 (d, J = 22 Hz), 136.2, 137.6 (d, 

J = 9 Hz), 139.0 (d, J = 8 Hz), 143.7; 31P NMR (162 MHz, CDCl3): δ -24.1, -35.1; 

HRMS (ESI): calcd for C39H34FeN2P2 [M+H]+: 649.1625, found: 649.1636. 

1-{(R)-1-[(S)-2-(diphenylphosphino)ferrocenyl]propyl}-2-(diphenylphosphino)im

idazole (1b). Yield: 50%. Orange crystal. [α]20
D -246.9 (c 1.0, CHCl3); 1H NMR (400 

MHz, CDCl3): δ 0.62 (m, 3H), 2.04 (br, 1H), 2.52 (m, 1H), 3.91 (s, 

1H), 3.98 (s, 5H), 4.38 (s, 1H), 4.66 (br, 1H), 6.21 (br, 1H), 6.37 (t, J 

= 7.0 Hz, 2H), 6.86-6.92 (m, 3H), 7.00 (t, J = 6.8 Hz, 2H), 7.08-7.14 

(m, 3H), 7.20-7.27 (m, 5H), 7.6 (m, 3H), 7.57 (m, 4H); 13C NMR 

(100 MHz, CDCl3): δ11.6, 29.6, 57.1, 70.0, 72.2 (d, J = 4 Hz), 76.3 

(d, J = 14 Hz), 94.9 (d, J = 25 Hz), 119.0, 127.1, 127.6 (d, J = 5 Hz), 127.9, 128.0, 

128.1, 128.2, 128.3, 128.7, 129.4, 131.2, 131.3, 133.6, 133.8, 134.3, 134.5, 135.5, 

135.8, 136.6, 137.0, 138.0 (d, J = 9 Hz), 139.6 (d, J = 8 Hz), 144.8; 31P NMR (162 

MHz, CDCl3): δ -23.9, -37.9; HRMS (ESI): calcd for C40H36FeN2P2 [M+H]+: 

663.1781, found: 663.1763. 

1-{(R)-1-[(S)-2-(diphenylphosphino)ferrocenyl]-2-methylpropyl}-2-(diphenylphos

phino)imidazole (1c). Yield: 64%. Orange crystal. [α]20
D -584.5 (c 0.5, CHCl3); 1H 

NMR (400 MHz, CDCl3): δ 0.57 (d, J = 6.5 Hz, 3H), 0.79 (d, J = 5.1 Hz, 3H), 2.52 

Fe
PPh2

N
N

Ph2P

Fe
PPh2

N
N

Ph2P



 ７

(m, 1H), 3.64 (s, 5H), 4.02 (s, 1H), 4.41 (s, 1H), 4.62 (m, 1H), 5.99 

(m, 1H), 6.79 (m, 2H), 7.06 (m, 2H), 7.12 (m, 2H), 7.32 (m, 6H), 

7.36 (m, 3H), 7.54 (m, 4H), 7.65 (m, 1H), 7.75 (m, 2H); 13C NMR 

(100 MHz, CDCl3): δ 20.2, 22.0, 34.1, 62.1 (d, J = 18 Hz), 69.4, 

70.0, 72.7 (d, J = 11 Hz), 74.4 (d, J = 15 Hz), 95.7 (d, J = 27 Hz), 

121.8 (d, J = 16 Hz), 127.7 (d, J = 6 Hz), 127.8, 128.0 (d, J = 8 Hz), 128.2, 128.3, 

128.4, 128.6, 129.0, 129.2, 130.4, 132.4 (d, J = 18 Hz), 133.6 (d, J = 20 Hz), 134.8 (d, 

J = 21 Hz), 135.2 (d, J = 22 Hz), 135.8, 136.8, 137.9 (d, J = 8 Hz), 138.4 (d, J = 8 Hz), 

145.1; 31P NMR (162 MHz, CDCl3): δ -25.6, -36.5; HRMS (ESI): calcd for 

C41H38FeN2P2 [M+H]+: 677.1938, found: 677.1921. 

1-{(R)-1-[(S)-2-(diphenylphosphino)ferrocenyl]benzyl}-2-(diphenylphosphino)imi

dazole (1d). Yield: 70%. Orange crystal. [α]20
D -59.9 (c 1.0, CHCl3); 1H NMR (400 

MHz, CDCl3): δ 3.85 (s, 5H), 4.05 (s, 1H), 4.39 (s, 1H), 4.42 (s, 

1H), 6.82 (m, 3H), 6.89 (m, 3H), 6.97 (m, 4H), 7.04 (m, 2H), 7.15 

(m, 8H), 7.36 (m, 5H), 7.45 (m, 1H), 7.60 (m, 2H); 13C NMR (100 

MHz, CDCl3): δ 59.6, 59.8 (d, J = 13 Hz), 70.2, 70.4, 71.1, 72.6 (d, 

J = 4 Hz), 92.8 (d, J = 27 Hz), 120.2, 127.6, 127.7, 127.8, 127.9, 

128.0, 128.1, 128.2, 129.3, 130.2, 132.0 (d, J = 18 Hz), 133.4, 133.6 (d, J = 4 Hz), 

135.3 (d, J = 21 Hz), 135.6, 137.4 (d, J = 9 Hz), 138.3 (d, J = 8 Hz), 139.9, 144.7; 31P 

NMR (162 MHz, CDCl3): δ -25.3, -33.5; HRMS (ESI): calcd for C44H36FeN2P2 

[M+H]+: 711.1781, found: 711.1796. 

1-{(R)-1-[(S)-2-(diphenylphosphino)ferrocenyl]-2-methylpropyl}-2-[bis(4-trifluor

omethylphenyl)phosphino]imidazole (1e). Yield: 47%. Orange crystal. [α]20
D 

-280.0 (c 1.2, CHCl3); 1H NMR (400 MHz, CDCl3): δ 0.63 

(d, J = 6.6 Hz, 3H), 0.98 (d, J = 5.2 Hz, 3H), 2.61 (m, 1H), 

3.79 (s, 5H), 4.04 (s, 1H), 4.34 (s, 1H), 4.67 (s, 1H), 6.15 

(m, 1H), 6.41 (t, J = 7.4 Hz, 2H), 6.93 (m, 3H), 7.01 (m, 

1H), 7.22 (m, 1H), 7.33 (m, 4H), 7.41 (m, 1H), 7.51 (m, 

4H), 7.75 (m, 2H), 7.80 (m, 1H), 8.17 (m, 1H); 13C NMR 
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(100 MHz CDCl3): δ 20.1, 22.5, 33.4, 61.7, 69.8, 70.1, 71.1, 72.6 (d, J = 4 Hz), 75.3 

(d, J = 14 Hz), 94.6 (d, J = 27 Hz), 121.8, 122.7 (d, J = 7 Hz), 125.5, 126.0, 127.4 (d, 

J = 6 Hz), 128.1 (d, J = 8 Hz), 128.8 (dd, J = 6, 11 Hz), 129.3, 130.3 (d, J = 12 Hz), 

130.8 (d, J = 9 Hz), 131.0, 131.7 (d, J = 18 Hz), 135.3 (d, J = 23 Hz), 136.7 (d, J = 16 

Hz), 137.2, 137.7 (d, J = 8 Hz), 138.5 (d, J = 8 Hz), 142.8; 31P NMR (162 MHz, 

CDCl3): δ -25.49 (d, J = 35.0 Hz), -39.31(d, J = 33.5 Hz); HRMS (ESI): calcd for 

C43H36F6FeN2P2 [M+H]+: 813.1686, found: 813.1656. 

1-{(R)-1-[(S)-2-(diphenylphosphino)ferrocenyl]-2-methylpropyl}-2-[bis(3,5-dimet

hylphenyl)phosphino]imidazole (1f). Yield: 49%. Orange solid. [α]20
D -227.9 (c 1.0, 

CHCl3); 1H NMR (400 MHz, CDCl3): δ 0.53 (d, J = 6.4 Hz, 

3H), 0.67 (d, J = 5.2 Hz, 3H), 2.23 (s, 12H), 2.41 (m, 1H), 

3.54 (s, 5H), 4.00 (s, 1H), 4.35 (s, 1H), 4.57 (s, 1H), 5.80 

(m, 1H), 6.91 (d, J = 12.4 Hz, 4H), 7.11 (m, 6H), 7.35 (s, 

3H), 7.43 (d, J = 8.4 Hz, 2H), 7.56 (s, 2H), 7.92 (m, 1H); 
13C NMR (100 MHz CDCl3): δ 20.3, 21.4, 21.7, 34.4, 62.3 

(d, J = 11 Hz), 69.1, 70.0, 72.6, 73.5, 73.8, 95.44, 121.6 (d, J = 20 Hz), 127.6 (d, J = 7 

Hz), 127.8, 128.0 (d, J = 8 Hz), 129.1, 130.3, 131 (d, J = 20 Hz), 132.7 (t, J = 17 Hz), 

135.2 (d, J = 22 Hz), 137.5, 138.0 (d, J = 9 Hz), 138.4; 31P NMR (162 MHz, CDCl3): 

δ -25.34, -36.03; HRMS (ESI): calcd for C45H46FeN2P2 [M+H]+: 733.2564, found: 

733.2585. 

1-{(R)-1-[(S)-2-(diphenylphosphino)ferrocenyl]-2-methylpropyl}-2-(dicyclohexyl 

phosphino)imidazole (1g). Yield: 38%. Orange solid. [α]20
D -267.9 (c 1.12, CHCl3); 

1H NMR (400 MHz, CDCl3): δ 0.48 (d, J = 5.5 Hz, 3H), 0.55 (d, J = 

6.5 Hz, 3H), 1.24~1.44 (m, 11H), 1.66 (m, 3H), 1.83 (m, 4H), 1.96 (m, 

1H), 2.06 (m, 1H), 2.20 (m, 1H), 2.37 (m, 1H), 2.59 (m, 1H), 3.51 (s, 

5H), 4.05 (s, 1H), 4.37 (s, 1H), 4.39 (s, 1H), 5.33 (t, J = 9.7 Hz, 1H), 

7.26 (m, 5H), 7.40 (m, 4H), 7.63 (m, 2H), 8.63 (m, 1H) ; 13C NMR (100 MHz CDCl3): 

δ 20.5, 21.3, 26.3, 26.5, 26.8 (d, J = 9 Hz), 27.5 (d, J = 10 Hz), 27.7 (d, J = 9 Hz), 

29.3 (d, J = 8 Hz), 30.1 (d, J = 16 Hz), 30.3 (d, J = 10 Hz), 30.7, 33.3, 34.7 (d, J = 9 
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Hz), 35.9 (d, J = 10 Hz), 62.2 (d, J = 14 Hz), 69.0, 70.2, 72.4 (d, J = 16 Hz), 72.9, 

75.2, 97.6 (d, J = 26 Hz), 122.5 (d, J = 29 Hz), 128.1 (dd, J = 8, 16 Hz), 129.3, 129.9, 

132.9 (d, J = 18 Hz), 135.2 (d, J = 22 Hz), 137.8 (d, J = 9 Hz), 138.3, 145.6 (d, J = 13 

Hz); 31P NMR (162 MHz, CDCl3): δ -25.65, -36.46 ;  HRMS (ESI): calcd for 

C41H50FeN2P2 [M+H]+: 689.2877, found: 689.2864. 

1-{(R)-1-[(S)-2-(bis(3,5-dimethylphenyl)phosphino)ferrocenyl]-2-methylpropyl}-2

-(diphenylphosphino)imidazole (1h). Yield: 40%. Orange crystal. [α]20
D -221.3 (c 

1.20, CHCl3); 1H NMR (400 MHz, CDCl3): δ 0.55 (d, J 

= 6.4 Hz, 3H), 0.78 (d, J = 6.4 Hz, 3H), 2.10 (s, 6H), 

2.31 (s, 6H), 2.48 (m, 1H), 3.60 (s, 5H), 3.99 (s, 1H), 

4.36 (s, 1H), 4.58 (s, 1H), 5.91 (t, J = 8.2 Hz, 1H), 6.40 

(d, J = 7.6 Hz, 2H), 6.73 (s, 1H), 6.99 (s, 1H), 7.15 (s, 

1H), 7.20 (m, 5H), 7.28 (m, 3H), 7.53 (m, 2H), 7.60 (m, 2H), 7.76 (s, 1H); 13C NMR 

(100 MHz CDCl3): δ 20.2, 21.4 (d, J = 10 Hz), 22.1, 34.1, 62.0 (d, J = 17 Hz), 69.2, 

69.9, 72.5, 72.7, 75.0 (d, J = 16 Hz), 95.9 (d, J = 26 Hz), 121.8 (d, J = 17 Hz), 128.2 

(dd, J = 8, 16 Hz), 128.5, 128.7, 129.4, 129.9 (d, J = 18 Hz), 130.8 (d, J = 25 Hz), 

133.1 (d, J = 21 Hz), 133.7 (d, J = 20 Hz), 134.6 (d, J = 21 Hz), 136.3, 136.7 (d, J = 6 

Hz), 137.3 (d, J = 9 Hz), 137.8 (d, J = 8 Hz), 138.4, 145.1; 31P NMR (162 MHz, 

CDCl3): δ -24.33, -36.88; HRMS (ESI): calcd for C45H46FeN2P2 [M+H]+: 733.2564, 

found: 733.2560. 

1-{(R)-1-[(S)-2-(diphenylphosphino)ferrocenyl]-2-methylpropyl}-2-(diphenylphos

phino)benzimidazole (1i). Yield: 50%. Orange crystal. [α]20
D -391.1 (c 1.14, CHCl3); 

1H NMR (400 MHz, CD2Cl2): δ -0.01 (d, J = 6.4 Hz, 3H), 

1.12 (d, J = 6.4 Hz, 3H), 2.50 (m, 1H), 3.66 (m, 6H), 4.19 

(s, 1H), 4.58 (s, 1H), 5.46 (m, 2H), 6.06 (m, 2H), 6.36 (m, 

2H), 6.61 (m, 2H), 6.83 (m, 1H), 6.95 (m, 10H), 7.08 (m, 

2H), 7.38 (m, 2H), 7.64 (m, 2H); 13C NMR (100 MHz CD2Cl2): δ 19.3, 21.9, 30.7, 

60.2 (d, J = 20 Hz), 68.6, 69.2, 69.8, 71.3 (d, J = 4 Hz), 74.3 (d, J = 15 Hz), 91.7 (d, J 

= 27 Hz), 111.9, 118.9, 120.1, 120.7, 125.1, 125.3 (d, J = 6 Hz), 126.4 (d, J = 8 Hz), 
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126.6 (d, J = 8 Hz), 127.0 (d, J = 8 Hz), 127.5 (d, J = 13 Hz), 127.9, 129.7 (d, J = 11 

Hz), 133.0 (d, J = 21 Hz), 134.3 (dd, J = 15, 21 Hz), 135.5, 135.9, 136.3 (d, J = 9 Hz), 

137.5 (d, J = 10 Hz); 31P NMR (162 MHz, CD2Cl2): δ -27.94 (d, J = 62.4 Hz), -36.89 

(d, J =62.0 Hz);  HRMS (ESI): calcd for C45H40FeN2P2 [M+H]+: 727.2094, found: 

727.2080. 

General Procedure for Preparation of Unsaturated Ester (4a-4n).1  

R1 CHO COOR2
DABCO

PEG R1

OH
COOR2 (R3O)2PCl/Et3N

Et2O, -10 oC
O

OR2P

R1

R3O

O
R3O

4  

To a stirred solution of aldehyde (50 mmol) and acrylate ester (75 mmol) in 30 mL of 

PEG (400), was added DABCO (50 mmol). The solution was stirred for 2-25 days, 

then it was diluted with Et2O, washed with 1N HCl and water, dried over Na2SO4, 

filtered and evaporated in vacuo to give the crude adduct. The crude mixture was 

purified by column chromatography (SiO2, hexane: ethyl acetate, 5:1) to give the pure 

product. To a stirred solution of the Baylis Hillman adduct (20 mmol) and Et3N (2.02 

g. 20 mmol) in Et2O (50 mL), dimethyl phosphorochloridite (2.57 g, 20 mmol) was 

added dropwise at –10 oC under argon, and stirring was continued for 20 min at –10 
oC. The precipitate was filtered off and washed with Et2O (2 x 10 mL). The filtrate 

was evaporated and the residue was heated at 70-100 oC under argon for 2-3 hours. 

The resultant product was purified by column chromatography (SiO2, hexane: ethyl 

acetate, 2:1). Overall yield 32-71%.       

Ethyl 2-[(dimethoxyphosphoryl)methyl]-3-phenyl-2-propenoate (4a). Yield: 54%, 

(Z)-isomer. Oil. 1H NMR (400 MHz, CDCl3): δ 1.37 (t, J = 7.1 

Hz, 3H), 3.24 (d, J = 22.6 Hz, 2H), 3.70 (dd, J = 10.9, 2.8 Hz, 

6H), 4.32 (q, J = 7.2 Hz, 2H), 7.35 (m, 1H), 7.42 (m, 2H), 7.56 (d, 

J = 7.5 Hz, 1H), 7.82 (d, J = 5.5 Hz, 1H); 13C NMR (100 MHz, 

CDCl3): δ 14.3, 25.2 (d, J = 140 Hz), 52.7 (d, J = 6 Hz), 61.3, 123.8 (d, J = 11 Hz), 

128.6, 129.0, 129.3, 134.8, 141.6 (d, J = 11 Hz), 167.4; 31P NMR (162 MHz, CDCl3): 

δ 28.9. 
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Methyl 2-[(dimethoxyphosphoryl)methyl]-3-phenyl-2-propenoate (4b). Yield: 

49%, (Z)-isomer. Oil. 1H NMR (400 MHz, CDCl3): δ 3.23 (d, J 

= 22.5 Hz, 2H), 3.70 (d, J = 10.8 Hz, 6H), 3.85 (s, 3H), 7.35 (d, 

J = 7.2 Hz, 1H), 7.41 (t, J = 7.2 Hz, 2H), 7.56 (d, J = 7.2 Hz, 

2H), 7.82 (d, J = 5.1 Hz, 1H); 13C NMR (100 MHz, CDCl3): δ 

25.2 (d, J = 140 Hz), 52.3, 52.6 (d, J = 6 Hz), 123.4 (d, J = 12 Hz), 128.6, 129.0, 

129.2, 134.6, 141.7 (d, J = 10 Hz), 167.7; 31P NMR (162 MHz, CDCl3): δ 28.8. 

t-Butyl 2-[(dimethoxyphosphoryl)methyl]-3-phenyl-2-propenoate (4c). Yield: 

71%, (Z)-isomer. Oil. 1H NMR (400 MHz, CDCl3): δ 1.56 (s, 

9H), 3.20 (d, J = 22.6 Hz, 2H), 3.70 (d, J = 10.8 Hz, 6H), 7.34 

(t, J = 7.4 Hz, 1H), 7.41 (t, J = 7.3 Hz, 2H), 7.55 (d, J = 7.5 Hz, 

2H), 7.72 (d, J = 5.5 Hz, 1H); 13C NMR (100 MHz, CDCl3): δ 

25.3 (d, J = 139 Hz), 28.0, 52.7 (d, J = 7 Hz), 81.3, 125.2 (d, J = 12 Hz), 128.6, 128.7, 

129.2, 135.1, 140.6 (d, J = 11 Hz), 166.5; 31P NMR (162 MHz, CDCl3): δ 29.3. 

Ethyl 2-[(diisopropoxyphosphoryl)methyl]-3-phenyl-2-propenoate (4d). Yield: 

32%, (Z)-isomer. Oil. 1H NMR (400 MHz, CDCl3): δ 1.26 (d, J 

= 6.2 Hz, 6H), 1.30 (d, J = 6.2 Hz, 2H), 1.37 (t, J = 7.1 Hz, 3H), 

3.21 (d, J = 22.6 Hz, 2H), 4.30 (q, J = 7.1 Hz, 2H), 4.71 (m, 

2H), 7.34 (t, J = 7.2 Hz, 1H), 7.40 (t, J = 7.4 Hz, 2H), 7.64 (d, J 

= 7.6 Hz, 2H), 7.77 (d, J = 5.5 Hz, 1H); 13C NMR (100 MHz, CDCl3): δ 14.2, 23.8 (d, 

J = 5 Hz), 24.0 (d, J = 2 Hz), 27.5 (d, J = 141 Hz), 61.1, 70.6 (d, J = 6 Hz), 124.6 (d, J 

= 11 Hz), 128.4, 128.8, 129.5, 135.0, 140.7 (d, J = 11 Hz), 167.6; 31P NMR (162 MHz, 

CDCl3): δ 24.4. 

Ethyl 2-[(diphenoxyphosphoryl)methyl]-3-phenyl-2-propenoate (4e). Yield: 57%, 

(Z)-isomer. Viscous oil. 1H NMR (400 MHz, CDCl3): δ 1.29 (t, J 

= 7.1 Hz, 3H), 3.59 (d, J = 22.6 Hz, 2H), 4.26 (q, J = 7.1 Hz, 2H), 

7.10-7.15 (m, 6H), 7.28 (m, 4H), 7.35-7.40 (m, 3H), 7.59 (d, J = 

7.3 Hz, 2H), 7.94 (d, J = 5.6 Hz, 1H); 13C NMR (100 MHz, 

CDCl3): δ 14.2, 26.9 (d, J = 142 Hz), 61.5, 120.5 (d, J = 4 Hz), 123.2 (d, J = 12 Hz), 
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125.2 (d, J = 14 Hz), 128.8, 129.1, 129.4, 129.7, 134.7, 142.5 (d, J = 12 Hz), 150.5 (d, 

J = 9 Hz), 167.2; 31P NMR (162 MHz, CDCl3): δ 19.3. 

Ethyl 2-[(dimethoxyphosphoryl)methyl]-3-(4-fluorophenyl)-2-propenoate (4f). 

Yield: 59%, (Z)-isomer. Oil. 1H NMR (400 MHz, CDCl3): δ 

1.37 (t, J = 7.1 Hz, 3H), 3.20 (dd, J = 22.6, 4.6 Hz, 2H), 3.74 

(dd, J = 10.9, 4.8 Hz, 6H), 4.31 (q, J = 7.2 Hz, 2H), 7.10 (m, 

2H), 7.60 (m, 2H), 7.77 (d, J = 5.3 Hz, 1H); 13C NMR (100 

MHz, CDCl3): δ 14.2, 25.2 (d, J = 140 Hz), 52.7 (d, J = 6 Hz), 61.3, 115.6 (d, J = 22 

Hz), 123.4 (d, J = 12 Hz), 130.8, 131.3 (d, J = 8 Hz), 140.4 (d, J = 11 Hz), 161.6, 

164.1, 167.1; 31P NMR (162 MHz, CDCl3): δ 28.7. 

Ethyl 2-[(dimethoxyphosphoryl)methyl]-3-(4-chlorophenyl)-2-propenoate (4g). 

Yield: 59%, (Z)-isomer. Oil. 1H NMR (400 MHz, CDCl3): δ 

1.37 (t, J = 7.1 Hz, 3H), 3.20 (d, J = 22.6 Hz, 2H), 3.74 (dd, J 

= 10.9, 4.8 Hz, 6H), 4.31 (q, J = 7.1 Hz, 2H), 7.38 (d, J = 8.5 

Hz, 2H), 7.55 (d, J = 8.4 Hz, 2H), 7.76 (d, J = 5.5 Hz, 1H); 
13C NMR (100 MHz, CDCl3): δ 14.2, 25.2 (d, J = 139 Hz), 52.7 (d, J = 6 Hz), 61.3, 

124.2 (d, J = 12 Hz), 128.8, 130.6, 133.1 (d, J = 3 Hz), 134.8, 140.1 (d, J = 11 Hz), 

167.0; 31P NMR (162 MHz, CDCl3): δ 28.5. 

Ethyl 2-[(dimethoxyphosphoryl)methyl]-3-(4-nitrophenyl)-2-propenoate (4h). 

Yield: 51%, (Z)-isomer. White crystal, m.p.: 78-80 oC. 1H 

NMR (400 MHz, CDCl3): δ 1.38 (t, J = 7.2 Hz, 3H), 3.17 (d, 

J = 23.2 Hz, 2H), 3.75 (d, J = 10.8 Hz, 6H), 4.34 (q, J = 7.2 

Hz, 2H), 7.77 (d, J = 8.4 Hz, 2H), 7.82 (d, J = 5.6 Hz, 1H), 

8.28 (d, J = 8.4 Hz, 2H); 13C NMR (100 MHz, CDCl3): δ 14.2, 25.5 (d, J = 139 Hz), 

52.9 (d, J = 6 Hz), 61.8, 123.8, 127.1 (d, J = 12 Hz), 138.9 (d, J = 11 Hz), 141.3, 

147.6, 166.6; 31P NMR (162 MHz, CDCl3): δ 27.9. 

Ethyl 2-[(dimethoxyphosphoryl)methyl]-3-(4-methoxyphenyl)-2-propenoate (4i). 

Yield: 56%, (Z)-isomer. Oil. 1H NMR (400 MHz, CDCl3): δ 1.36 (t, J = 7.1 Hz, 3H), 
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3.26 (d, J = 22.3 Hz, 2H), 3.73 (d, J = 10.8 Hz, 6H), 3.82 (s, 

3H), 4.30 (q, J = 7.0 Hz, 2H), 6.95 (d, J = 8.6 Hz, 2H), 7.58 

(d, J = 8.4 Hz, 2H), 7.78 (d, J = 5.1 Hz, 1H); 13C NMR (100 

MHz, CDCl3): δ 14.3, 25.4 (d, J = 140 Hz), 52.8 (d, J = 5 Hz), 55.3, 61.2, 114.1, 

121.2 (d, J = 11 Hz), 127.2, 131.4, 141.4 (d, J = 11 Hz), 160.3, 167.7; 31P NMR (162 

MHz, CDCl3): δ 29.2. 

Ethyl 2-[(dimethoxyphosphoryl)methyl]-3-(3-methoxyphenyl)-2-propenoate (4j). 

Yield: 62%, (Z)-isomer. Oil. 1H NMR (400 MHz, CDCl3): δ 1.37 

(t, J = 7.1 Hz, 3H), 3.24 (d, J = 22.6 Hz, 2H), 3.73 (d, J = 10.8 

Hz, 6H), 3.84 (s, 3H), 4.31 (q, J = 7.1 Hz, 2H), 6.91 (dd, J = 8.1, 

1.6 Hz, 1H), 7.10 (d, J = 7.5 Hz, 1H), 7.20 (s, 1H), 7.32 (t, J = 

7.9 Hz, 1H), 7.80 (d, J = 5.4 Hz, 1H); 13C NMR (100 MHz, CDCl3): δ 14.2, 25.4 (d, J 

= 140 Hz), 52.7 (d, J = 7 Hz), 55.4, 61.3, 114.0, 115.2, 121.7, 123.9 (d, J = 11 Hz), 

129.6, 136.1, 141.6 (d, J = 11 Hz), 159.7, 167.3; 31P NMR (162 MHz, CDCl3): δ 29.0. 

Ethyl 2-[(dimethoxyphosphoryl)methyl]-3-(2-methoxyphenyl)-2-propenoate (4k). 

Yield: 49%, (Z)-isomer. White crystal, m.p.: 95-96 oC. 1H 

NMR (400 MHz, CDCl3): δ 1.37 (t, J = 7.2 Hz, 3H), 3.18 (d, J 

= 22.4 Hz, 2H), 3.69 (dd, J = 10.8, 2.0 Hz, 6H), 3.85 (s, 3H), 

4.31 (q, J = 7.2 Hz, 2H), 6.91 (d, J = 8.4 Hz, 1H), 7.01 (t, J = 

7.6 Hz, 1H), 7.34 (t, J = 7.6 Hz, 1H), 7.66 (d, J = 7.6 Hz, 1H), 7.94 (d, J = 5.6 Hz, 

1H); 13C NMR (100 MHz, CDCl3): δ 14.3, 25.4 (d, J = 140 Hz), 52.7 (d, J = 7 Hz), 

55.5, 61.2, 110.5, 120.6, 123.8 (d, J = 11 Hz), 129.9, 130.5, 137.9 (d, J = 12 Hz), 

157.4, 167.4; 31P NMR (162 MHz, CDCl3): δ 29.4. 

Ethyl 2-[(dimethoxyphosphoryl)methyl]-3-(2-furyl)-2-propenoate (4l). Yield: 63%, 

(Z)-isomer. Oil. 1H NMR (400 MHz, CDCl3): δ 1.35 (t, J = 7.2 

Hz, 3H), 3.54 (d, J = 23.6 Hz, 2H), 3.69 (d, J = 10.9 Hz, 6H), 

4.28 (q, J = 7.2 Hz, 2H), 6.51 (dd, J = 3.6, 2.0 Hz, 1H), 6.75 (d, J 

= 1.6 Hz, 1H), 7.51 (d, J = 6.0 Hz, 1H), 7.58 (d, J = 1.6 Hz, 1H); 
13C NMR (100 MHz, CDCl3): δ 14.2, 25.4 (d, J = 138 Hz), 52.6 (d, J = 7 Hz), 61.2, 
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112.1, 116.7, 119.0 (d, J = 13 Hz), 127.2 (d, J = 11 Hz), 144.8, 150.8 (d, J = 4 Hz), 

167.0; 31P NMR (162 MHz, CDCl3): δ 28.9. 

Ethyl 2-[(dimethoxyphosphoryl)methyl]-3-(2-thienyl)-2-propenoate (4m). Yield: 

48%, (Z)-isomer. Oil. 1H NMR (400 MHz, CDCl3): δ 1.36 (t, J = 

7.1 Hz, 3H), 3.39 (d, J = 22.5 Hz, 2H), 3.72 (d, J = 11.0 Hz, 6H), 

4.29 (q, J = 7.1 Hz, 2H), 7.11 (t, J = 4.4 Hz, 1H), 7.45 (s, 1H), 

7.52 (d, J = 4.9 Hz, 1H), 7.92 (d, J = 5.4 Hz, 1H); 13C NMR (100 

MHz, CDCl3): δ 14.3, 26.2 (d, J = 140 Hz), 52.8 (d, J = 6 Hz), 61.3, 119.7 (d, J = 13 

Hz), 127.6, 129.6, 132,6, 133.6 (d, J = 11 Hz), 137.7 (d, J = 4 Hz), 167.1; 31P NMR 

(162 MHz, CDCl3): δ 28.2. 

Ethyl 2-[(dimethoxyphosphoryl)methyl]-4-methyl-2-pentenoate (4n). Yield: 63%, 

(Z)-isomer. Oil. 1H NMR (400 MHz, CDCl3): δ 1.06 (d, J = 6.6 Hz, 

6H), 1.32 (t, J = 7.1 Hz, 3H), 2.71 (m, 1H), 3.00 (d, J = 22.1 Hz, 

2H), 3.73 (d, J = 10.9 Hz, 6H), 4.23 (q, J = 7.1 Hz, 2H), 6.72 (dd, J 

= 10.5 Hz, 5.8 Hz, 1H); 13C NMR (100 MHz, CDCl3): δ 14.2, 21.6, 

23.8 (d, J = 139 Hz), 28.6, 52.6 (d, J = 6 Hz), 60.9, 120.3 (d, J = 9 Hz), 152.1 (d, J = 

10 Hz), 166.9; 31P NMR (162 MHz, CDCl3): δ 29.17. 

General hydrogenation procedure: To a solution of [Rh(COD)2]SbF6 (1.4 mg, 

0.005 mmol) in anhydrous and degassed CH2Cl2 (1 mL), which was placed in a 

nitrogen-filled glovebox, was added ligand 1c (0.0055 mmol). The reaction mixture 

was stirred at room temperature for 30 min, and then a solution of the unsaturated 

ester (0.5 mmol) in 1 mL of CH2Cl2 was added. The mixture was transferred to a Par 

stainless autoclave. The autoclave was purged three times with hydrogen, and 

maintains a hydrogen pressure of 10 bar. The hydrogenation was performed at room 

temperature for 24 hours. After carefully releasing the hydrogen gas, the solvent was 

removed. Conversion was directly determined by 1H NMR spectroscopy. The 

enantiomeric excess was determined by HPLC after purification on silica gel. 

Ethyl 2-[(dimethoxyphosphoryl)methyl]-3-phenyl-2-propionate (5a). Yield: 98%, 
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94% ee. HPLC conditions: chiralcel OD-H, 40 oC, 215 nm, 

n-hexane /i-propanol = 94/6, flow rate = 1.0 mL/min; [α]20
D: 

17.4 (c 1.4, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.15 (t, J = 

7.1 Hz, 3H), 1.83-1.92 (m, 1H), 2.23 (m, 1H), 2.86 (m, 1H), 

2.98 (m, 2H), 3.68 (m, 6H), 4.08 (q, J = 7.1 Hz, 2H), 7.16 (d, J = 7.4 Hz, 2H), 7.22 (d, 

J = 6.8 Hz, 1H), 7.28 (t, J = 7.2 Hz, 2H); 13C NMR (100 MHz, CDCl3): δ 14.0, 26.0 

(d, J = 141 Hz), 39.5 (d, J = 14 Hz), 41.8 (d, J = 3 Hz), 52.3 (d, J = 7 Hz), 52.4 (d, J = 

6 Hz), 60.8, 126.8, 128.5, 129.0, 137.8, 174.0 (d, J = 7 Hz); 31P NMR (162 MHz, 

CDCl3): δ 32.0. HRMS (ESI): calcd for C14H22O5P [M+Na]+: 323.1024, found: 

323.1019. 

Ethyl 2-[(dimethoxyphosphoryl)methyl]-3-(4-fluorophenyl)-2-propionate (5f). 

Yield: 94%, 91% ee. HPLC conditions: chiralcel OD-H, 40 
oC, 215 nm, n-hexane/i-propanol = 94/6, flow rate = 1.0 

mL/min; [α]20
D: 18.6 (c 1.2, CHCl3); 1H NMR (400 MHz, 

CDCl3): δ 1.16 (t, J = 7.1 Hz, 3H), 1.82-1.92 (m, 1H), 2.22 

(m, 1H), 2.88 (m, 1H), 2.98 (m, 2H), 3.70 (dd, J = 10.9, 2.6 Hz, 6H), 4.07 (q, J = 7.1 

Hz, 2H), 6.97 (m, 2H), 7.13 (m, 2H); 13C NMR (100 MHz, CDCl3): δ 14.0, 26.1 (d, J 

= 142 Hz), 38.6 (d, J = 13 Hz), 41.8, 52.3 (d, J = 7 Hz), 52.5, 60.8, 115.1, 115.4, 

130.5 (d, J = 7 Hz), 133.5, 160.5, 163.0, 173.8 (d, J = 7 Hz); 31P NMR (162 MHz, 

CDCl3): δ 31.8. HRMS (ESI): calcd for C14H21FO5P [M+Na]+: 341.0930, found: 

341.0923. 

Ethyl 2-[(dimethoxyphosphoryl)methyl]-3-(4-chlorophenyl)-2-propionate (5g). 

Yield: 98%, 92% ee. HPLC conditions: chiralcel OD-H, 40 
oC, 215 nm, n-hexane/i-propanol = 95/5, flow rate = 1.0 

mL/min; [α]20
D:  20.2 (c 1.6, CHCl3); 1H NMR (400 MHz, 

CDCl3): δ 1.16 (t, J = 7.1 Hz, 3H), 1.82-1.91 (m, 1H), 

2.17-2.28 (m, 1H), 2.85-2.98 (m, 3H), 3.71 (d, J = 10.7 Hz, 6H), 3.78 (s, 3H), 4.08 (q, 

J = 7.0 Hz, 2H), 7.10 (d, J = 8.1 Hz, 2H), 7.25 (d, J = 8.2 Hz, 2H); 13C NMR (100 

MHz, CDCl3): δ 14.1, 26.2 (d, J = 142 Hz), 38.7 (d, J = 13 Hz), 41.7, 52.4, 52.5 (d, J 
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= 7 Hz), 60.9, 128.6, 130.4, 132.6, 136.3, 173.7 (d, J = 7 Hz); 31P NMR (162 MHz, 

CDCl3): δ 31.8. HRMS (ESI): calcd for C14H21ClO5P [M+Na]+: 357.0635, found: 

357.0621. 

Ethyl 2-[(dimethoxyphosphoryl)methyl]-3-(4-nitrophenyl)-2-propionate (5h). 

Yield: 91%, 89% ee. HPLC conditions: chiralcel OJ-H, 40 
oC, 215 nm, n-hexane/i-propanol = 90/10, flow rate = 1.0 

mL/min; [α]20
D:  22.8 (c 1.4, CHCl3); 1H NMR (400 

MHz, CDCl3): δ 1.16 (t, J = 7.2 Hz, 3H), 1.87-1.96 (m, 

1H), 2.21-2.32 (m, 1H), 3.07 (m, 3H), 3.74 (d, J = 10.9 Hz, 6H), 3.78 (s, 3H), 4.08 

(dq, J = 7.1, 3.7 Hz, 2H), 7.38 (d, J = 8.5 Hz, 2H), 8.16 (d, J = 8.5 Hz, 2H); 13C NMR 

(100 MHz, CDCl3): δ 14.0, 26.5 (d, J = 142 Hz), 38.7 (d, J = 11 Hz), 41.4 (d, J = 2 

Hz), 52.5, 52.6 (d, J = 7 Hz), 61.1, 123.7, 130.3, 145.8, 146.9, 173.2 (d, J = 9 Hz); 31P 

NMR (162 MHz, CDCl3): δ 31.1. HRMS (ESI): calcd for C14H21NO7P [M+Na]+: 

368.0875, found: 368.0871. 

Ethyl 2-[(dimethoxyphosphoryl)methyl]-3-(4-methoxyphenyl)-2-propionate (5i). 

Yield: 98%, 95% ee. HPLC conditions: chiralcel OJ-H, 

40 oC, 215 nm, n-hexane/i-propanol = 95/5, flow rate = 

1.0 mL/min; [α]20
D: 20.8 (c 1.4, CHCl3); 1H NMR (400 

MHz, CDCl3): δ 1.17 (t, J = 7.1 Hz, 3H), 1.82-1.91 (m, 

1H), 2.19 (m, 1H), 2.80 (m, 1H), 2.92 (m, 2H), 3.70 (dd, J = 10.9, 2.6 Hz, 6H), 3.77 (s, 

3H), 4.09 (q, J = 7.1 Hz, 2H), 6.82 (d, J = 8.2 Hz, 2H), 7.07 (J = 8.2 Hz, 2H); 13C 

NMR (100 MHz, CDCl3): δ 14.0, 25.9 (d, J = 141 Hz), 38.6 (d, J = 14 Hz), 41.9 (d, J 

= 3 Hz), 52.3 (d, J = 7 Hz), 52.4 (d, J = 7 Hz), 55.2, 60.7, 113.8, 129.7, 130.0, 158.4, 

174.0 (d, J = 6 Hz); 31P NMR (162 MHz, CDCl3): δ 32.2. HRMS (ESI): calcd for 

C15H24O6P [M+Na]+: 353.1130, found: 353.1115. 

Ethyl 2-[(dimethoxyphosphoryl)methyl]-3-(3-methoxyphenyl)-2-propionate (5j). 

Yield: 98%, 92% ee. HPLC conditions: chiralpak AD-H, 40 oC, 215 nm, 

n-hexane/i-propanol = 90/10, flow rate = 1.0 mL/min; [α]20
D:  16.1 (c 1.4, CHCl3); 

1H NMR (400 MHz, CDCl3): δ 1.18 (t, J = 7.2 Hz, 3H), 1.84-1.93 (m, 1H), 2.18-2.24 
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(m, 1H), 2.81-2.86 (m, 1H), 2.95-3.00 (m, 2H), 3.69 (dd, J = 

10.8, 6.4 Hz, 6H), 3.78 (s, 3H), 4.10 (q, J = 6.8 Hz, 2H), 6.71 

(s, 1H), 7.76 (m, 2H), 7.20 (t, J = 8.0 Hz, 1H); 13C NMR (100 

MHz, CDCl3): δ 14.1, 26.0 (d, J = 141 Hz), 39.5 (d, J = 14 

Hz), 41.7, 52.3 (d, J = 6 Hz), 52.4 (d, J = 6 Hz), 55.2, 60.8, 112.2, 114.7, 121.4, 129.5, 

139.3, 159.7, 174.0 (d, J = 6 Hz); 31P NMR (162 MHz, CDCl3): δ 32.1. HRMS (ESI): 

calcd for C15H24O6P [M+Na]+: 353.1130, found: 353.1121. 

Ethyl 2-[(dimethoxyphosphoryl)methyl]-3-(2-methoxyphenyl)-2-propionate (5k). 

Yield: 99%, 93% ee. HPLC conditions: chiralcel OJ-H, 40 oC, 

215 nm, n-hexane/i-propanol = 95/5, flow rate = 1.0 mL/min; 

[α]20
D: 28.8 (c 1.4, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.14 

(t, J = 7.2 Hz, 3H), 1.87 (m, 1H), 2.24 (m, 1H), 2.91 (m, 2H), 

3.11 (m, 1H), 3.66 (dd, J = 10.6, 9.0 Hz, 6H), 3.82 (s, 3H), 4.06 (dq, J = 7.1, 2.4 Hz, 

2H), 6.85 (m, 2H), 7.06 (d, J = 7.1 Hz, 1H), 7.20 (t, J = 7.6 Hz, 1H); 13C NMR (100 

MHz, CDCl3): δ 14.1, 26.3 (d, J = 140 Hz), 34.9 (d, J = 15 Hz), 40.0, 52.2 (d, J = 6 

Hz), 52.4 (d, J = 6 Hz), 55.2, 60.6, 110.3, 120.3, 126.1, 128.2, 130.9, 157.6, 174.4 (d, 

J = 4 Hz); 31P NMR (162 MHz, CDCl3): δ 32.5. HRMS (ESI): calcd for C15H24O6P  

[M+Na]+: 353.1130, found: 353.1122. 

Ethyl 2-[(dimethoxyphosphoryl)methyl]-3-(2-furyl)-2-propionate (5l). Yield: 97%, 

90% ee. HPLC conditions: chiralpak AD-H, 40 oC, 215 nm, 

n-hexane/i-propanol = 95/5, flow rate = 1.0 mL/min; [α]20
D: 

11.9 (c 1.4, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.23 (t, J = 

7.1 Hz, 3H), 1.87-1.97 (m, 1H), 2.21-2.31 (m, 1H), 2.95-3.11 (m, 

3H), 3.71 (d, J = 10.9 Hz, 6H), 3.82 (s, 3H), 4.14 (q, J = 7.0 Hz, 2H), 6.07 (s, 1H), 

6.27 (s, 1H), 7.31 (s, 1H); 13C NMR (100 MHz, CDCl3): δ 14.1, 25.8 (d, J = 142 Hz), 

31.5 (d, J = 13 Hz), 39.3, 52.3 (d, J = 7 Hz), 52.4 (d, J = 7 Hz), 61.0, 107.4, 110.2, 

141.8, 151.7, 173.6 (d, J = 8 Hz); 31P NMR (162 MHz, CDCl3): δ 31.9. HRMS (ESI): 

calcd for C12H20O6P [M+Na]+: 313.0841, found: 313.0827. 

Ethyl 2-[(dimethoxyphosphoryl)methyl]-3-(2-thienyl)-2-propionate (5m). Yield: 

∗

P

O

OEt

O

OMe
OMe

OMe

∗

P

O

OEt

O

OMe
OMe

OMe

∗

P

O

OEt

O

OMe
OMe

O



 １８

98%, 98% ee HPLC conditions: chiralcel OD-H, 40 oC, 215 nm, 

n-hexane/i-propanol = 94/6, flow rate = 1.0 mL/min; [α]20
D: 

12.4 (c 1.5, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.23 (t, J = 

7.1 Hz, 3H), 1.94 (m, 1H), 2.19-2.26 (m, 1H), 3.03 (m, 1H), 

3.12-3.26 (m, 2H), 3.71 (dd, J = 10.7, 1.9 Hz, 6H), 4.14 (q, J = 7.2 Hz, 2H), 6.83 (d, J 

= 3.2 Hz, 1H), 6.91 (dd, J = 5.0, 3.5 Hz, 1H), 7.15 (d, J = 5.1 Hz, 1H); 13C NMR (100 

MHz, CDCl3): δ 14.1, 25.7 (d, J = 142 Hz), 33.1 (d, J = 12 Hz), 42.0, 52.5, 61.1, 

124.4, 126.4, 126.9, 139.7, 173.5 (d, J = 7 Hz); 31P NMR (162 MHz, CDCl3): δ 32.0. 

HRMS (ESI): calcd for C12H20O5PS [M+Na]+: 329.0589, found: 329.0584. 

References: 

1. Janecki, T.; Bodalski, R. Synthesis 1990, 799. 

2. Burk, M. J.; Stammers, T. A.; Straub, J. A. Org. Lett. 1999, 1, 38. 
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