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General Methods
All reagents are commercially available, reagent grade, and used as received unless otherwise 

noted. The reactions involving air and water sensitive components were performed with the 
standard Schlenk techniques. Solvents, such as THF, toluene and hexane, were degassed and 
distilled from sodium benzophenone ketyl before use.

Analytical thin layer chromatography (TLC) was performed using F254 pre-coated silica gel 
plate (0.2 mm thickness). After elution, plates were detected using UV radiation (254 nm) on a 
UV lamp.

Flash chromatography was performed using 200-300 mesh silica gel with freshly distilled 
solvents. Columns were typically packed as slurry and equilibrated with the appropriate solvent 
system prior to use.

Nuclear magnetic resonance spectra were obtained on a Bruker AV-400 apparatus (CDCl3 as 
solvent). Chemical shifts for NMR spectra are reported as in units of parts per million (ppm) 
downfield from SiMe4 (0.0) and relative to the signal of chloroform-d (7.26, singlet). 
Multiplicities were given as: s (singlet); d (doublet); t (triplet); q (quartet); dd (doublets of 
doublet); or m (multiplets).

High Resolution Mass (HRMS) spectra were obtained using Bruker ESI-TOF.
The ee values determination was carried out using HPLC (Agilent Technologies 1200 Series) 

with Daicel Chiralcel columns at 23-25 oC. Optical rotation was measured using an Autopol IV 
Polarimeter equipped with a sodium vapor lamp at 589 nm. The absolute configuration of 7a was 
determined by the combination of single crystal diffraction, chiral HPLC and the optical rotation 
analysis. Hence, 7b-7t were assigned by analogy, assuming the same reaction pathway and the 
same analysis.

Rare earth metal analysis was performed by EDTA titration with a xylenol orange indicator 
and a hexamine buffer. Carbon, hydrogen and nitrogen analyses were performed by direct 
combustion with a Carlo-Erba EA-1110 instrument.

 Suitable single crystals of complex 8 was sealed in a thin-walled glass capillary for 
determining the single-crystal structure. Intensity data were collected with a Rigaku Mercury 
CCD area detector in ω scan mode using Mo-Kα radiation (λ = 0.71075 Å). The diffracted 
intensities were corrected for Lorentz polarization effects and empirical absorption corrections. 
Details of the intensity data collection and crystal data are given in Table 1. All the non-hydrogen 
atoms were refined anisotropically. All the H atoms were held stationary and included in the 
structure factor calculation in the final stage of full-matrix least-squares refinement. The 
structures were solved and refined using SHELEXL-97 programs.
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Experimental section:
General Procedure for the Preparation of the Rare-Earth Metal Complex 81:
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Table 1 Crystallographic Data for Complex 8

Compound 8 Compound 8

Formula C84 H87 N2 O4 Sc F(000) 2632

fw 1233.52 max/ 27.50
Crystal system Orthorhombic Collected 44528

Crystal size/mm 0.40 × 0.20 × 0.20 Unique reflns 20922

Space group P 21 21 21 Obsd reflns,[I  2.0(I)] 17160

a/Å 13.546 No. of variables 832

b/Å 24.517 GOF 1.008

c/Å 27.817 R 0.0651

V/Å3 9237.9 wR 0.1600

Z 4 Rint 0.0466

Dcalcd/g cm-3 0.887 Largest diff. peak, hole/e 
Å-3 0.384,-0.281

/mm-1 0.119

X-Ray Structures of Complex 8 and selected bond lengths and bond angles
Crystals of complex 8 suitable for X-ray diffraction were obtained in toluene and hexane at room 
temperature. The definitive structure is shown in Figure 1, and the corresponding selected bond 
lengths and angles are provided in the figure captions.
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Figure 1. Molecular structure of 8 showing 20% probability ellipsoids. Hydrogen atoms are omitted for clarity. 

Selected bond lengths (Å) and bond angles (o): Sc(1)–O(1) 2.0350(16), Sc(1)–O(2) 1.9518(17), Sc(1)–O(3) 

2.0141(16), Sc(1)–O(4) 1.9833(16), Sc(1)–N(2) 2.3539(19), O(2)–Sc(1)–O(4)  108.05(7), O(2)–Sc(1)–O(3)  

115.27(7), O(4)–Sc(1)–O(3)  132.87(7), O(2)–Sc(1)–O(1)  97.92(7), O(4)–Sc(1)–O(1)  99.48(7), O(2)–Sc(1)–

O(1)  92.29(6), O(2)–Sc(1)–N(2)  99.29(7), O(4)–Sc(1)–N(2)  74.83(7), O(3)–Sc(1)–N(2)  80.64(7), O(1)–

Sc(1)–N(2)  162.78(7).

General procedure for the synthesis of the substrates 6a-6t and their characterization data 
To a dichloromethane solution of 16 mmol substituted amine and 16 mmol Et3N, a substituted 
unsaturated acyl chloride was added dropwise, keeping the reaction temperature at 0 oC. The 
mixture was continued to stir for 2 h at room temperature, then aqueous NaHCO3 (25 mL) was 
added. The crude product was extracted with DCM (3 x 50 mL). The combined organic layers 
were washed with 1M HCl (3 x 20 mL) and brine (3 x 20 mL) and dried over Na2SO4. Solvent 
was removed in vacuo. then the crude product was purified by column chromatography (ethyl 
acetate-petroleum ether, 1:10)2.

Cl

O

+ NH

R2

R1 DCM N

O
R2

R1
R3

6a-t

Et3N R3

Characterization data as follows:

N
H

O

N-benzylcinnamamide (6a): White solid. 1H NMR (400 MHz, CDCl3): δ 7.67 (d, J = 13.80 Hz, 
1H, CH=CH), 7.48 (m, 2H, Ph), 7.34 (m, 8H, Ph), 6.46 (d, J = 15.60 Hz, 1H, CH=CH), 5.89 (s, 
1H, NH), 4.57 (d, J = 5.72 Hz, 2H, CH2).

N
H

O

N-butylcinnamamide (6b): White solid. 1H NMR (400 MHz, CDCl3): δ 7.61 (d, J = 15.60 Hz, 
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1H, CH=CH), 7.33 (m, 3H, Ph), 6.38 (d, J = 15.60 Hz, 1H, CH=CH), 5.67 (s, 1H, NH), 3.37 (m, 
2H, CH2), 1.53 (m, 2H, CH2), 1.36 (m, 2H, CH2), 0.92 (t, J = 14.64 Hz, 3H, CH3).

N
H

O

N-isopropylcinnamamide (6c)：White solid. 1H NMR(400 MHz, CDCl3): δ 7.61 (d, J = 15.60 
Hz, 1H, CH=CH), 7.45 (m, 2H, Ph), 7.30 (m, 3H, Ph), 6.41 (d, J = 15.60 Hz, 1H, CH=CH), 5.83 
(d, J = 6.08 Hz, 1H, NH), 4.21 (m, 1H, CH), 1.18 (d, J = 6.56 Hz, 6H, CH3).

N
H

O

N-phenylcinnamamide (6d): White solid. 1H NMR(400 MHz, CDCl3): δ 7.92 (s, 1H, NH), 7.74 
(d, J = 15.52 Hz, 1H, CH=CH), 7.65 (m, 2H, Ph), 7.45 (m, 2H, Ph), 7.32 (m, 5H, Ph), 7.11 (m, 1H, 
Ph), 6.63 (d, J = 15.52 Hz, 1H, CH=CH).

N
H

O

N-(o-tolyl)cinnamamide (6e): White solid. 1H NMR(400 MHz, CDCl3): δ 7.95 (s, 1H, NH), 7.76 
(d, J = 15.52 Hz, 1H, CH=CH), 7.52 (m, 2H, Ph), 7.36 (m, 3H, Ph), 7.19 (m, 2H, Ph), 7.10 (m, 2H, 
Ph), 6.58 (d, J = 15.64 Hz, 1H, CH=CH).

N
H

O

N-(p-tolyl)cinnamamide (6f): White solid. 1H NMR(400 MHz, CDCl3): δ 8.12 (s, 1H, NH), 7.64 
(d, J = 15.56 Hz, 1H, CH=CH), 7.46 (m, 2H, Ph), 7.33 (m, 2H, Ph), 7.20 (m, 3H, Ph), 7.01 (m, 2H, 
Ph), 6.56 (d, J = 15.52 Hz, 1H, CH=CH), 2.19 (s, 1H, CH3).

N
H

O

O

N-(2-methoxyphenyl)cinnamamide (6g): White solid. 1H NMR(400 MHz, CDCl3): δ 8.51 (m, 
1H, Ph), 7.93 (s, 1H, NH), 7.74 (d, J = 15.48 Hz, 1H, CH=CH), 7.55 (m, 2H, Ph), 7.37 (m, 3H, 
Ph), 7.00 (m, 2H, Ph), 6.87 (m, 1H, Ph), 6.59 (d, J = 15.52 Hz, 1H, CH=CH), 3.90 (s, 3H, CH3).

N
H

O O

N-(4-methoxyphenyl)cinnamamide (6h): White solid. 1H NMR(400 MHz, CDCl3): δ 7.78 (s, 1H, 
NH), 7.72 (d, J = 15.48 Hz, 1H, CH=CH), 7.53 (m, 4H, Ph), 7.31 (m, 3H, Ph), 6.82 (m, 2H, Ph), 
6.54 (d, J = 15.52 Hz, 1H, CH=CH), 3.75 (s, 3H, CH3).
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N
H

O

Cl

N-(3-chlorophenyl)cinnamamide (6i): White solid. 1H NMR(400 MHz, CDCl3): δ 7.85 (s, 1H, 
NH), 7.76 (m, 2H, Ph, CH=CH), 7.50 (m, 3H, Ph), 7.34 (m, 3H, Ph), 7.23 (m, 1H, Ph), 7.09 (m, 
1H, Ph), 6.60 (d, J = 15.52 Hz, 1H, CH=CH).

N
H

O F

N-(4-fluorophenyl)cinnamamide (6j): White solid. 1H NMR(400 MHz, CDCl3): δ 7.75 (d, J = 
15.48 Hz, 1H, CH=CH), 7.56 (m, 4H, Ph), 7.37 (m, 3H, Ph), 7.02 (m, 2H, Ph), 6.53 (d, J = 15.52 
Hz, 1H, CH=CH).

N
H

O CF3

N-(4-(trifluoromethyl)phenyl)cinnamamide (6k): White solid. 1H NMR(400 MHz, CDCl3): δ 
7.79 (s, 1H, NH), 7.72 (m, 2H, Ph, CH=CH), 7.59 (m, 2H, Ph), 7.49 (m, 3H, Ph), 7.38 (m, 3H, Ph), 
6.55 (d, J = 15.48 Hz, 1H, CH=CH).

N
H

O
O

(E)-N-(4-methoxyphenyl)but-2-enamide (6l): White solid. 1H NMR(400 MHz, CDCl3): δ 7.55 
(m, 3H, Ph, NH), 6.83 (m, 3H, Ph, CH=CH), 5.96 (d, J = 15.08 Hz, CH=CH, 1H), 3.77(s, 3H, 
CH3), 1.85 (d, J = 5.44 Hz, 3H, CH3).

N
H

O

(E)-N-phenyl-3-(p-tolyl)acrylamide (6m): White solid. 1H NMR(400 MHz, CDCl3): δ 7.73 (m, d, 
J = 15.48 Hz, 1H, CH=CH), 7.61 (m, 2H, Ph), 7.43 (s, 1H, NH), 7.38 (m, 2H, Ph), 7.32 (m, 2H, 
Ph), 7.16 (m, 3H, Ph), 6.52 (d, J = 15.48 Hz, 1H, CH=CH), 2.35 (s, 3H, CH3).

N
H

O

Cl
(E)-3-(3-chlorophenyl)-N-phenylacrylamide (6n): White solid. 1H NMR(400 MHz, CDCl3): δ 
7.68 (m, d, J = 15.48 Hz, 1H, CH=CH), 7.61(m, 2H, NH, Ph), 7.49 (m, 2H, Ph), 7.31 (m, 5H, Ph), 
7.12 (m, 1H, Ph), 6.56 (d, J = 15.48 Hz, 1H, CH=CH).
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N
H

O

F
(E)-3-(2-fluorophenyl)-N-phenylacrylamide (6o): White solid. 1H NMR(400 MHz, CDCl3):δ 
7.82 (m, d, J = 15.48 Hz, 1H, CH=CH), 7.60(m, 2H, NH, Ph), 7.44 (m, 2H, Ph), 7.34 (m, 3H, Ph), 
7.14 (m, 3H, Ph), 6.71 (d, J = 15.72 Hz, 1H, CH=CH).

N
H

O

F
(E)-3-(4-fluorophenyl)-N-phenylacrylamide (6p): White solid. 1H NMR(400 MHz, CDCl3): δ 
7.72 (m, d, J = 15.48 Hz, 1H, CH=CH), 7.60 (m, 2H, NH, Ph), 7.50 (m, 2H, Ph), 7.33 (m, 3H, Ph), 
7.05 (m, 3H, Ph), 6.47 (d, J = 15.48 Hz, 1H, CH=CH).

N

O

N-benzyl-N-methylcinnamamide (6q): White solid. 1H NMR(400 MHz, CDCl3): δ 7.67 (m, d, J 
= 15.32 Hz, 1H, CH=CH), 7.49 (m, 1H, Ph), 7.38 (m, 1H, Ph), 7.25 (m, 8H, Ph), 6.94 (d, J = 
15.36 Hz, 1H, CH=CH), 4.84 (m, 2H, CH2), 2.94 (m, 3H, CH3).  

N

O

(E)-3-phenyl-1-(pyrrolidin-1-yl)prop-2-en-1-one (6r):  White solid. 1H NMR (400 MHz, CDCl3): 
δ 7.70 (d, J = 13.80 Hz, 1H, CH=CH), 7.52 (m, 2H, Ph), 7.35 (m, 3H, Ph), 6.73 (d, J = 15.52 Hz, 
1H, CH=CH), 3.63 (m, 4H, CH2), 1.99 (m, 2H, CH2), 1.88 (m, 2H, CH2).

N

O

(E)-3-phenyl-1-(piperidin-1-yl)prop-2-en-1-one (6s): White solid. 1H NMR (400 MHz, CDCl3): 
δ 7.61 (d, J = 15.48 Hz, 1H, CH=CH), 7.52 (m, 2H, Ph), 7.34 (m, 3H, Ph), 6.91 (d, J = 15.48 Hz, 
1H, CH=CH), 3.66 (m, 4H, CH2), 1.67 (m, 2H, CH2), 1.60 (m, 4H, CH2).

N

O

N-methyl-N-phenylcinnamamide (6t): White solid. 1H NMR (400 MHz, CDCl3): δ 7.72 (d, J = 
15.40 Hz, 1H, CH=CH), 7.23 (m, 10H, Ph), 6.41 (d, J = 15.12 Hz, 1H, CH=CH), 3.38 (s, 3H, 
CH3).
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General procedure for the synthesis of the substrates 7a-7t and their characterization data 
Scandium amide [(Me3Si)2N]3Sc(μ-Cl)Li(THF)3 (0.05mmol, 39.15 mg) was added to a stirred 
solution of H2L2 (0.10 mmol, 59.50 mg) in THF (1 mL) under argon atmosphere. The mixture was 
stirred at room temperature for 1 h. Then, HPO(OEt)2 (1.00 mmol, 129L) was added in the 
above solution and stirred for 10 min. After that, unsaturated amide (0.5 mmol, 118 mg) was 
added to the mixture. The reaction system was stirred for further 12 h at room temperature, 
quenched by water. The crude product was purified by column chromatography (ethyl acetate-
petroleum ether, 1:10) to obtain the final hydrophosphonylation product. The enantiomeric excess 
of hydrophosphonylation was determined by chiral HPLC analysis.

+ 2 HPO(OEt)2

10 mol% [(Me3Si)2N]3Sc(-Cl)Li(THF)3
+ 20 mol% H2L2 N

O
R2

R1R3

P
OO

O

1,4-dioxane, 20 oC
12 h

N

O
R2

R1R3

7a-t

Characterization data as follows:

N
H

OP
OO

O

(S)-diethyl (3-(benzylamino)-3-oxo-1-phenylpropyl)phosphonate (7a): A white powder: yield 
99%; [α]D

24 = 12o (c 0.4, CH3OH); 1H NMR (400 MHz, CDCl3): δ 7.71 (m, 1H, NH), 7.34 (m, 2H, 
Ph), 7.18 (m, 3H, Ph), 7.02 (m, 3H, Ph), 6.78 (m, 2H, Ph), 4.28 (m, 1H, CH), 4.03 (m, 1H, CH), 
3.84 (m, 2H, CH2), 3.75 (m, 2H, CH2), 3.62 (m, 1H, CH), 3.44 (m, 1H, CH), 3.06 (m, 2H, CH2), 
1.11 (t, J = 14.00 Hz, 3H, CH3), 0.85 (t, J = 15.30 Hz, 3H, CH3); 13C NMR (100 MHz, CDCl3): δ 
169.65, 137.96, 134.75, 128.99, 127.97, 127.73, 126.85, 126.29, 62.63, 61.55, 42.62, 40.54, 35.97, 
15.86; 31P NMR (162 MHz, CDCl3): δ 28.03; 85% ee, HPLC: IA, 90% hexanes, 10% iPrOH, 1.0 
mL/min, 12.1 min (major), 17.7 min (minor); HRMS (ESI, positive) m/z calcd. for C20H26NO4P 
[M+H]+ 376.1678; found 376.1670.

N
H

OP
OO

O

(S)-diethyl (3-(butylamino)-3-oxo-1-phenylpropyl)phosphonate (7b): Colorless oil: yield 90%; 
[α]D

24 = 15o (c 0.5, CH3OH); 1H NMR (400 MHz, CDCl3): δ 7.40 (m, 2H, Ph), 7.29 (m, 3H, Ph), 
4.06 (m, 2H, CH2), 3.79 (m, 2H, CH2), 3.62 (m, 1H, CH), 3.13 (m, 1H, CH), 3.01 (m, 3H, CH2), 
1.31 (t, J = 13.84 Hz, 3H, CH3), 1.25 (m, 2H, CH2), 1.10 (m, 2H, CH2), 1.03 (t, J = 13.80 Hz, 3H, 
CH3), 0.77 (t, J = 14.28 Hz, 3H, CH3); 13C NMR (100 MHz, CDCl3): δ 169.33, 134.99, 134.92, 
128.80, 127.94, 126.81, 62.45, 61.49, 40.58, 38.61, 36.44, 30.87, 19.29, 15.63, 13.15; 31P NMR 
(162 MHz, CDCl3): δ 28.50; 75% ee, HPLC: IA, 90% hexanes, 10% iPrOH, 1.0 mL/min, 7.9 min 
(major), 8.6 min (minor); HRMS (ESI, positive) m/z calcd. for C17H28NO4P [M+H]+ 342.1834; 
found 342.1847.

N
H

OP
OO

O
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(S)-diethyl (3-(isopropylamino)-3-oxo-1-phenylpropyl)phosphonate (7c): Colorless oil : yield 
83%; [α]D

24 = 17o (c 0.5, CH3OH); 1H NMR (400 MHz, CDCl3): δ 7.36 (m, 2H, Ph), 7.27 (m, 2H, 
Ph), 7.21 (m, 1H, Ph), 5.54 (d, J = 7.00 Hz, 1H, NH), 4.07 (m, 2H, CH2), 3.88 (m, 2H, CH2), 3.69 
(m, 2H, CH2), 2.92 (m, 1H, CH), 2.69 (m, 1H, CH), 1.28 (d, J = 14.00 Hz, 3H, CH3), 1.04 (m, 6H, 
CH3), 0.80 (d, J = 6.5 Hz, 3H, CH3); 13C NMR (100 MHz, CDCl3): δ 168.99, 135.36, 129.37, 
128.31, 127.21, 63.00, 61.97, 41.15, 39.76, 36.87, 22.30, 16.39; 31P NMR (162 MHz, CDCl3): δ 
28.35; 64% ee, HPLC: IA, 90% hexanes, 10% iPrOH, 1.0 mL/min, 8.3 min (major), 10.3 min 
(minor); HRMS (ESI, positive) m/z calcd. for C16H26NO4P [M+H]+ 328.1678; found 328.1669.

N
H

OP
OO

O

(S)-diethyl (3-oxo-1-phenyl-3-(phenylamino)propyl)phosphonate (7d): A white powder: yield 
98%; [α]D

24 = 21o (c 0.2, CH3OH); 1H NMR (400 MHz, CDCl3): δ 9.68 (s, 1H, NH), 7.51 (m, 4H, 
Ph), 7.24 (m, 5H, Ph), 7.00 (m, 1H, Ph), 4.07 (m, 2H, CH2), 3.96 (m, 2H, CH2), 3.63 (m, 1H, CH), 
3.30 (m, 2H, CH2), 1.28 (t, J = 14.16 Hz, 3H, CH3), 1.01 (t, J = 14.12 Hz, 3H, CH3); 13C NMR 
(100 MHz, CDCl3): δ 167.98, 138.39, 134.86, 134.79, 128.79, 128.12, 127.02, 123.06, 119.10, 
62.98, 61.77, 40.09, 36.86, 15.84; 31P NMR (162 MHz, CDCl3): δ 28.16; 85% ee, HPLC: IA, 90% 
hexanes, 10% iPrOH, 1.0 mL/min, 11.2 min (major), 14.1 min (minor); HRMS (ESI, positive) m/z 
calcd. for C19H24NO4P [M+H]+ 362.1521; found 362.1527.

N
H

OP
OO

O

(S)-diethyl (3-oxo-1-phenyl-3-(o-tolylamino)propyl)phosphonate (7e): A white solid: yield 
99%; [α]D

24 = -22o (c 0.3, CH3OH); 1H NMR (400 MHz, CDCl3): δ 7.77 (s, 1H, NH), 7.46 (m, 3H, 
Ph), 7.31 (m, 4H, Ph), 7.08 (m, 3H, Ph), 4.07 (m, 2H, CH2), 3.81 (m, 2H, CH2), 3.62 (m, 1H, CH), 
3.19 (m, 2H, CH2), 1.94 (S, 3H, CH3), 1.27 (d, J = 14.10 Hz, 3H, CH3), 0.99 (t, J = 14.00 Hz, 3H, 
CH3); 13C NMR (100 MHz, CDCl3): δ 168.81, 135.70, 135.16, 131.41, 130.23, 129.36, 128.44, 
127.38, 126.02, 125.40, 124.73, 63.12, 62.08, 41.15, 36.97, 17.55, 16.35; 31P NMR (162 MHz, 
CDCl3): δ 27.68; 81% ee, HPLC: IA, 90% hexanes, 10% iPrOH, 1.0 mL/min, 13.4 min (major), 
17.3 min (minor); HRMS (ESI, positive) m/z calcd. for C20H26NO4P [M+H]+ 376.1678; found 
376.1684.

N
H

OP
OO

O

(S)-diethyl (3-oxo-1-phenyl-3-(p-tolylamino)propyl)phosphonate (7f): A white solid: yield 
99%; [α]D

24 = 28o (c 0.4, CH3OH); 1H NMR (400 MHz, CDCl3): δ 8.96 (s, 1H, NH), 7.46 (m, 2H, 
Ph), 7.33 (m, 4H, Ph), 7.22 (m,1H, Ph), 7.00 (m,2H, Ph), 4.11 (m, 2H, CH2), 3.89 (m, 2H, CH2), 
3.63 (m, 1H, CH), 3.20 (m, 1H, CH), 2.23 (S, 3H, CH3), 1.27 (d, J = 14.10 Hz, 3H, CH3), 1.01 (t, 
J = 14.10 Hz, 3H, CH3); 13C NMR (100 MHz, CDCl3): δ 167.71, 135.79, 134.94, 132.55, 128.86, 
128.62, 128.11, 127.01, 119.08, 62.96, 61.68, 40.16, 36.92, 20.31, 15.94, 15.63; 31P NMR (162 
MHz, CDCl3): δ 28.59; 84% ee, HPLC: IA, 90% hexanes, 10% iPrOH, 1.0 mL/min, 11.1 min 
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(major), 15.1 min (minor); HRMS (ESI, positive) m/z calcd. for C20H26NO4P [M+H]+ 376.1678; 
found 376.1689.

N
H

OP
OO

O

O

(S)-diethyl (3-((2-methoxyphenyl)amino)-3-oxo-1-phenylpropyl)phosphonate (7g): A white 
solid: yield 99%; [α]D

24 = -42o (c 0.2, CH3OH); 1H NMR (400 MHz, CDCl3): δ 7.76 (s, 1H, NH), 
7.35 (m, 2H, Ph), 7.23 (m, 4H, Ph), 6.91 (m, 3H, Ph), 3.99 (m, 2H, CH2), 3.79 (m, 2H, CH2), 3.71 
(s, 3H, CH3), 3.62 (m, 1H, CH), 3.13 (m, 1H, CH), 2.94 (m, 1H, CH), 1.19 (t, J = 13.84 Hz, 3H, 
CH3), 0.99 (t, J = 13.80 Hz, 3H, CH3); 13C NMR (100 MHz, CDCl3): δ 167.28, 147.27, 134.97, 
128.69, 128.63, 128.13, 126.92, 123.23, 120.38, 119.32, 109.39, 62.44, 61.57, 55.08, 40.55, 38.06, 
15.79; 31P NMR (162 MHz, CDCl3): δ 27.85; 84% ee, HPLC: IA, 90% hexanes, 10% iPrOH, 1.0 
mL/min, 14.8 min (major), 16.6 min (minor); HRMS (ESI, positive) m/z calcd. for C20H26NO5P 
[M+H]+ 392.1627; found 392.1633.

N
H

OP
OO

O
O

(S)-diethyl (3-((4-methoxyphenyl)amino)-3-oxo-1-phenylpropyl)phosphonate (7h): A white 
solid: yield 99%; [α]D

24 = 32o (c 0.4, CH3OH); 1H NMR (400 MHz, CDCl3): δ 9.44 (s, 1H, NH), 
7.41 (m, 2H, Ph), 7.30 (m, 2H, Ph), 7.15 (m, 3H, Ph), 6.65 (m, 2H, Ph), 3.99 (m, 2H, CH2), 3.87 
(m, 2H, CH2), 3.62 (s, 3H, CH3), 3.54 (m, 1H, CH), 3.19 (m, 2H, CH2), 1.21 (t, J = 14.00 Hz, 3H, 
CH3), 0.941 (t, J = 13.80 Hz, 3H, CH3); 13C NMR (100 MHz, CDCl3): δ 167.61, 138.08, 130.24, 
128.24, 123.27, 119.08, 115.18, 114.97, 63.00, 61.84, 39.39, 37.99, 37.17, 15.91, 15.72; 31P NMR 
(162 MHz, CDCl3): δ 28.61; 89% ee, HPLC: IA, 90% hexanes, 10% iPrOH, 1.0 mL/min, 16.5 min 
(major), 21.5 min (minor); HRMS (ESI, positive) m/z calcd. for C20H26NO5P [M+H]+ 392.1627; 
found 392.1625.

N
H

OP
OO

O
Cl

(S)-diethyl (3-((3-chlorophenyl)amino)-3-oxo-1-phenylpropyl)phosphonate (7i): A white solid: 
yield 99%; [α]D

24 = 55o (c 0.3, CH3OH); 1H NMR (400 MHz, CDCl3): δ 10.00 (s, 1H, NH), 7.45 
(m, 4H, Ph), 7.22 (m, 3H, Ph), 7.01 (t, J = 14.08 Hz, 1H, Ph), 6.86 (d, J = 8.00 Hz, Ph), 4.04 (m, 
2H, CH2), 3.92 (m, 1H, CH), 3.74 (m, 1H, CH), 3.55 (m, 1H, CH), 3.25 (m, 1H, CH), 1.24 (t, J = 
14.12 Hz, 3H, CH3), 0.96 (t, J = 14.12 Hz, 3H, CH3); 13C NMR (100 MHz, CDCl3): δ 168.09, 
136.68, 134.54, 133.62, 129.20, 128.76, 128.70, 128.20, 128.17, 127.15, 63.27, 61.80, 39.88, 
38.48, 36.70, 15.93; 31P NMR (162 MHz, CDCl3): δ 28.40; 81% ee HPLC: IA, 90% hexanes, 10% 

iPrOH, 1.0 mL/min, 14.3 min (major), 18.0 min (minor); HRMS (ESI, positive) m/z calcd. for 
C19H23ClNO4P [M+H]+ 396.1131; found 396.1144.
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N
H

OP
OO

O
F

(S)-diethyl (3-((4-fluorophenyl)amino)-3-oxo-1-phenylpropyl)phosphonate (7j): A white solid: 
yield 98%; [α]D

24 = 36o (c 0.4, CH3OH); 1H NMR (400 MHz, CDCl3): δ 9.30 (s, 1H, NH), 7.46 (m, 
4H, Ph), 7.31 (m, 3H, Ph), 6.87 (t, J = 17.40 Hz, 2H, Ph), 4.07 (m, 2H, CH2), 3.91 (m, 2H, CH2), 
3.63 (m, 1H, CH), 3.19 (m, 2H, CH), 1.27 (t, J = 14.12 Hz, 3H, CH3), 1.01 (t, J = 14.12 Hz, 3H, 
CH3); 13C NMR (100 MHz, CDCl3): δ 167.81, 159.58, 157.17, 134.73, 134.49, 128.82, 128.14, 
127.10, 120.70, 114.74, 114.52, 63.04, 61.78, 39.97, 36.71, 15.90, 0.53; 31P NMR (162 MHz, 
CDCl3): δ 27.98; 19F NMR (376 MHz, CDCl3): δ -118.83; 83% ee, HPLC: IA, 90% hexanes, 10% 
iPrOH, 1.0 mL/min, 12.8 min (major), 16.1 min (minor); HRMS (ESI, positive) m/z calcd. for 
C19H23FNO4P [M+H]+ 380.1427; found 380.1426.

N
H

OP
OO

O
CF3

(S)-diethyl (3-oxo-1-phenyl-3-((4-(trifluoromethyl)phenyl)amino)propyl)phosphonate (7k): A 
white solid: yield 92%; [α]D

24 = 34o (c 0.4, CH3OH); 1H NMR (400 MHz, CDCl3): δ 9.96 (s, 1H, 
NH), 7.60 (m, 2H, Ph), 7.41 (m, 4H, Ph), 7.31 (m, 3H, Ph), 4.11 (m, 2H, CH2), 3.97 (m, 2H, CH2), 
3.63 (m, 1H, CH), 3.26 (m, 2H, CH), 1.29 (t, J = 14.12 Hz, 3H, CH3), 1.02 (t, J = 14.12 Hz, 3H, 
CH3); 13C NMR (100 MHz, CDCl3): δ 167.49, 138.13, 137.04, 133.92, 129.33, 128.75, 128.23, 
127.28, 127.09, 123.29, 119.10, 63.04, 62.01, 39.90, 38.51, 36.65, 15.85; 31P NMR (162 MHz, 
CDCl3): δ 28.46; 19F NMR (376 MHz, CDCl3): δ -62.12; 77% ee, HPLC: IA, 90% hexanes, 10% 
iPrOH, 1.0 mL/min, 14.8 min (major), 17.8 min (minor); HRMS (ESI, positive) m/z calcd. for 
C20H23F3NO4P [M+H]+ 430.1395; found 430.1396 .

N
H

OP
OO

O
O

(S)-diethyl (4-((4-methoxyphenyl)amino)-4-oxobutan-2-yl)phosphonate (7l): A white solid: 
yield 98%; [α]D

24 = 21o (c 0.3, CH3OH); 1H NMR (400 MHz, CDCl3): δ 9.28 (s, 1H, NH), 7.53 (m, 
2H, Ph), 6.81 (m, 2H, Ph), 4.08 (m, 4H, CH2), 3.75 s, 3H, CH3), 2.79 (m, 1H, CH), 2.51 (m, 2H, 
CH2), 1.27 (m, 12H, CH3) ; 13C NMR (100 MHz, CDCl3): δ 168.17, 155.48, 131.48, 120.81, 
113.42, 61.76, 61.68, 54.95, 37.05, 27.48, 26.05, 15.92, 13.03; 31P NMR (162 MHz, CDCl3): δ 
34.17; 61% ee, HPLC: IA, 95% hexanes, 5% iPrOH, 1.0 mL/min, 32.3 min (major), 35.3 min 
(minor); HRMS (ESI, positive) m/z calcd. for C15H24NO5P [M+H]+ 330.1470; found 330.1478.

N
H

OP
OO

O

(S)-diethyl (3-oxo-3-(phenylamino)-1-(p-tolyl)propyl)phosphonate (7m): A white solid: yield 98%; 
[α]D

24 = 21o (c 0.3, CH3OH); 1H NMR (400 MHz, CDCl3): δ 7.71 (s, 1H, NH), 7.47 (m, 3H, Ph), 
7.31 (m, 3H, Ph), 7.10 (m, 3H, Ph), 4.07 (m, 2H, CH2), 3.85 (m, 3H, CH), 3.62 (m, 1H, CH), 3.20 
(m, 2H, CH2), 1.94 (s, 3H, CH3), 1.27 (t, J = 14.12 Hz, 3H, CH3), 1.00 (t, J = 14.08 Hz, 3H, CH3) ; 
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13C NMR (100 MHz, CDCl3): δ 167.82, 138.31, 136.62, 131.70, 128.85, 128.62, 128.14, 123.07, 
119.07, 62.88, 61.67, 39.71, 37.14, 20.61, 15.89; 31P NMR (162 MHz, CDCl3): δ 28.04; 83% ee, 
HPLC: IA, 90% hexanes, 10% iPrOH, 1.0 mL/min, 8.4 min (major), 17.8 min (minor); HRMS 
(ESI, positive) m/z calcd. for C20H23NO4P [M+H]+ 376.1677; found 376.1676.

N
H

OP
OO

O

Cl

(S)-diethyl (1-(3-chlorophenyl)-3-oxo-3-(phenylamino)propyl)phosphonate (7n): A white 
solid: yield 98%; [α]D

24 = 29o (c 0.3, CH3OH); 1H NMR (400 MHz, CDCl3): δ 10.01 (s, 1H, NH), 
7.55 (m, 2H, Ph), 7.41 (m, 2H, Ph), 7.37 (m, 2H, Ph), 7.23 (m, 3H, Ph), 4.05 (m, 2H, CH2), 3.90 
(m, 1H, CH), 3.76 (m, 1H, CH), 3.57 (m, 1H, CH), 3.25 (m, 2H, CH2), 1.24 (t, J = 14.00 Hz, 3H, 
CH3), 0.97 (t, J = 14.00 Hz, 3H, CH3) ; 13C NMR (100 MHz, CDCl3): δ 168.29, 141.52, 134.63, 
134.56, 128.76, 128.69, 128.21, 127.25, 125.38, 125.34, 118.58, 63.19, 61.79, 39.84, 36.93, 15.85; 
31P NMR (162 MHz, CDCl3): δ 27.76; 81% ee, HPLC: IA, 90% hexanes, 10% iPrOH, 1.0 mL/min, 
10.5 min (major), 11.8 min (minor); HRMS (ESI, positive) m/z calcd. for C19H23ClNO4P [M+H]+ 
396.1131; found 396.1143.

N
H

OP
OO

O

F

(S)-diethyl (1-(2-fluorophenyl)-3-oxo-3-(phenylamino)propyl)phosphonate (7o): A white solid: 
yield 98%; [α]D

24 = 29o (c 0.3, CH3OH); 1H NMR (400 MHz, CDCl3): δ 9.14 (s, 1H, NH), 7.46 (m, 
3H, Ph), 7.19 (m, 3H, Ph), 7.09 (m, 3H, Ph), 4.27 (m, 13H, CH), 4.11 (m, 2H, CH2), 3.90 (m, 1H, 
CH), 3.75 (m, 1H, CH), 3.24 (m, 2H, CH2), 1.28 (t, J = 14.12 Hz, 3H, CH3), 1,06 (t, J = 14.08 Hz, 
3H, CH3) ; 13C NMR (100 MHz, CDCl3): δ 167.64, 138.25, 129.25, 128.64, 128.17, 123.75, 
123.14, 122.33, 119.07, 115.29, 62.84, 62.03, 35.88, 30.86, 15.87; 31P NMR (162 MHz, CDCl3): δ 
27.53; 19F NMR ( MHz, CDCl3): δ -115.75; 73% ee, HPLC: IA, 90% hexanes, 10% iPrOH, 1.0 
mL/min, 13.1 min (major), 15.1 min (minor); HRMS (ESI, positive) m/z calcd. for C19H23ClNO4P 
[M+H]+ 380.1427; found 380.1424.

N
H

OP
OO

O

F

(S)-diethyl (1-(4-fluorophenyl)-3-oxo-3-(phenylamino)propyl)phosphonate (7p): A white solid: 
yield 96%; [α]D

24 = 29o (c 0.3, CH3OH); 1H NMR (400 MHz, CDCl3): δ 9.23 (s, 1H, NH), 7.44 (m, 
4H, Ph), 7.19 (m, 2H, Ph), 6.99 (m, 3H, Ph), 4.08 (m, 2H, CH2), 3.84 (m, 2H, CH), 3.64 (m, 1H, 
CH), 3.16 (m, 2H, CH2), 1.28 (t, J = 13.88 Hz, 3H, CH3), 1.04 (t, J = 13.84 Hz, 3H, CH3) ; 13C 
NMR (100 MHz, CDCl3): δ 167.61, 138.04, 130.31, 130.24, 128.24, 123.33, 119.08, 115.19, 
114.97, 63.00, 61.85, 39.39, 37.17, 15.91; 31P NMR (162 MHz, CDCl3): δ 27.87; 19F NMR (MHz, 
CDCl3): δ -114.65; 87% ee, HPLC: IA, 90% hexanes, 10% iPrOH, 1.0 mL/min, 8.6 min (major), 
17.9 min (minor); HRMS (ESI, positive) m/z calcd. for C19H23FNO4P [M+H]+ 380.1427; found 
380.1426.
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N

OP
OO

O

(S)-diethyl (3-(benzyl(methyl)amino)-3-oxo-1-phenylpropyl)phosphonate (7q): A white 
powder: yield 99%; [α]D

24 = 12o (c 0.4, CH3OH); 1H NMR (400 MHz, CDCl3): δ 7.45 (m, 5H, Ph), 
7.18 (m, 2H, Ph), 7.01 (m, 1H, Ph), 6.91 (m, 1H, Ph), 4.63 (m, 1H, CH), 4.33 (m, 1H, CH), 4.02 
(m, 2H, CH2), 3.85 (m, 2H, CH2), 3.65 (m, 1H, CH), 3.06 (m, 2H, CH2), 2.87 (m, 3H, CH3), 1.29 
(m, 3H, CH3), 1.04 (m, 3H, CH3); 13C NMR (100 MHz, CDCl3): δ 169.64, 136.39, 135.73, 135.57, 
128.90, 128.84, 128.36, 127.98, 127.16, 126.68, 125.73, 62.39, 61.39, 52.59, 50.47, 34.45, 33.29, 
15.71. 31P NMR (162 MHz, CDCl3): δ 28.71; 82% ee, HPLC: IA, 90% hexanes, 10% iPrOH, 1.0 
mL/min, 17.5 min (major), 26.0 min (minor); HRMS (ESI, positive) m/z calcd. for C21H28NO4P 
[M+H]+ 390.1834; found 390.1836.

N

OP
OO

O

(S)-diethyl (3-oxo-1-phenyl-3-(pyrrolidin-1-yl)propyl)phosphonate (7r): Colorless oil: yield 
98%; [α]D

24 = -12o (c 0.5, CH3OH); 1H NMR (400 MHz, CDCl3): δ 7.41 (m, 2H, Ph), 7.21 (m, 2H, 
Ph), 7.20 (m, 2H, Ph), 4.06 (m, 2H, CH2), 3.90 (m, 2H, CH2), 3.71 (m, 1H, CH2), 3.46 (m, 2H, 
CH2), 3.29 (m, 2H, CH2), 2.93 (m, 2H, CH2), 1.77 (m, 4H, CH2), 1.27 (t, J = 14.00 Hz, 3H, CH3), 
1.02 (t, J = 12.00 Hz, 3H, CH3); 13C NMR (100 MHz, CDCl3): δ 167.71, 135.14, 128.77, 127.83, 
126.58, 62.11, 61.23, 45.99, 45.09, 40.47, 39.92, 34.94, 25.40, 23.70, 15.84; 31P NMR (162 MHz, 
CDCl3): δ 28.57; 83% ee, HPLC: IB, 90% hexanes, 10% iPrOH, 1.0 mL/min, 14.3 min (major), 
20.2 min (minor); HRMS (ESI, positive) m/z calcd. for C17H26NO4P [M+H]+ 340.1677; found 
340.1670.

N

OP
OO

O

(S)-diethyl (3-oxo-1-phenyl-3-(piperidin-1-yl)propyl)phosphonate (7s): Colorless oil: yield 
95%; [α]D

24 = -11o(c 0.3, CH3OH); 1H NMR (400 MHz, CDCl3): δ 7.40 (m, 2H, Ph), 7.29 (m, 2H, 
Ph), 7.22 (m, 1H, Ph), 4.20 (m, 1H, CH), 4.07 (m, 2H, CH2), 3.85 (m, 2H, CH2), 3.64 (m, 1H, CH), 
3.37 (m, 4H, CH2), 3.03 (m, 2H, CH2), 1.54 (m, 4H, CH2), 1.36 (m, 1H, CH), 1.30 (t, J = 14.16 Hz, 
3H, CH3), 1.05 (t, J = 14.16 Hz, 3H, CH3); 13C NMR (100 MHz, CDCl3): δ 167.53, 135.64, 
128.73, 127.89, 126.65, 62.38, 61.40, 46.09, 42.52, 40.47, 32.98, 25.08, 24.93, 23.89, 15.88;  31P 
NMR (162 MHz, CDCl3): δ 28.52; 81% ee, HPLC: IA, 90% hexanes, 10% iPrOH, 1.0 mL/min, 
12.1 min (major), 17.7 min (minor); HRMS (ESI, positive) m/z calcd. for C20H26NO4P [M+H]+ 
354.1834.1834; found 354.1832.

N

OP
OO

O

(S)-diethyl (3-(methyl(phenyl)amino)-3-oxo-1-phenylpropyl)phosphonate (7t): A white 
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powder: yield 99%; [α]D
24 = 13o (c 0.3, CH3OH); 1H NMR (400 MHz, CDCl3): δ 7.39 (m, 3H, Ph), 

7.26 (m, 5H, Ph), 6.98 (m, 2H, Ph), 3.99 (m, 2H, CH2), 3.85 (m, 2H, CH2), 3.62 (m, 1H, CH), 3.13 
(s, 3H, CH3), 2.74 (m, 2H, CH2), 1.24 (t, J = 11.80, 3H, CH3), 1.00 (t, J = 12.64 Hz, 3H, CH3); 13C 
NMR (100 MHz, CDCl3): δ 169.40, 142.88, 135.27, 129.34, 128.80, 127.84, 127.52, 126.81, 
126.70, 62.22, 61.28, 40.76, 39.36, 34.08, 15.62;  31P NMR (162 MHz, CDCl3): δ 28.22; 80% ee, 
HPLC: IA, 90% hexanes, 10% iPrOH, 1.0 mL/min, 12.2 min (major), 13.5 min (minor); HRMS 
(ESI, positive) m/z calcd. for C20H26NO4P [M+H]+ 376.1678; found 376.1691.
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The 1H, 13C, 31P NMR spectra and HPLC spectrum of compound 7a
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The 1H, 13C, 31P NMR spectra and HPLC spectrum of compound 7b



18



19

The 1H, 13C, 31P NMR spectra and HPLC spectrum of compound 7c 
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The 1H, 13C, 31P NMR spectra and HPLC spectrum of compound 7d 
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The 1H, 13C, 31P NMR spectra and HPLC spectrum of compound 7e 
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The 1H, 13C, 31P NMR spectra and HPLC spectrum of compound 7f 
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The 1H, 13C, 31P NMR spectra and HPLC spectrum of compound 7g 
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The 1H, 13C, 31P NMR spectra and HPLC spectrum of compound 7h 
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The 1H, 13C, 31P NMR spectra and HPLC spectrum of compound 7i 
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The 1H, 13C, 31P, 19F NMR spectra and HPLC spectrum of compound 7j 



34



35

The 1H, 13C, 31P, 19F NMR spectra and HPLC spectrum of compound 7k
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The 1H, 13C, 31P NMR spectra and HPLC spectrum of compound 7l 
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39

The 1H, 13C, 31P NMR spectra and HPLC spectrum of compound 7m 
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The 1H, 13C, 31P NMR spectra and HPLC spectrum of compound 7n 
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The 1H, 13C, 31P, 19F NMR spectra and HPLC spectrum of compound 7o 



44



45

The 1H, 13C, 31P, 19F NMR spectra and HPLC spectrum of compound 7p 



46



47

The 1H, 13C, 31P NMR spectra and HPLC spectrum of compound 7q
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The 1H, 13C, 31P NMR spectra and HPLC spectrum of compound 7r 
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The 1H, 13C, 31P NMR spectra and HPLC spectrum of compound 7s 
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The 1H, 13C, 31P NMR spectra and HPLC spectrum of compound 7t 
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The HPLC spectrum of compound 7a after recrystallization  

The HPLC spectrum of single crystal of 7a 



55

The 1H, 13C spectra of compound Complex 8 
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