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I: General Information: 

All reactions were performed under argon atmosphere in oven-dried glasswares. The enals 1b to 1o were 
prepared according to literature known methods1. The β-phosphorylenones 2a to 2aa were prepared by 
using literature known procedure2. Solvents were dried and distilled following the standard procedures, 
TLC was carried out on pre-coated plates (Merck silica gel 60, f254), and the spots were visualized with UV 
light or by charring the plates dipped in phosphomolybdic acid (PMA) charring solution. Flash 
chromatography was performed using silica gel (100-200 mess) with distilled solvents. Enantiomeric 
excess (ee) of the products were determined by high performance liquid chromatography (HPLC) analysis 
using a chiral stationary phase. 1H, 13C and 31P NMR for compounds were recorded at 400 MHz,  100 MHz 
and 162 MHz instrument respectively using CDCl3 as the solvent. 98% PPh3 as an external standard for 31P 
NMR. Chemical shifts were recorded in parts per million (ppm, δ) relative to tetramethylsilane (δ 0.00). 1H 
NMR splitting patterns are designated as singlet (s), doublet (d), triplet (t), quartet (q), dd (doublet of 
doublets) and dt (doublet of triplets); m (multiplets), etc. High-resolution mass spectral analysis (HRMS) 
was performed on Q-TOF Premier mass spectrometer. Optical rotation of compounds measured on an 
Autopol III, serial number 30700 polarimeter at wavelength 589 nm.

II: General procedure for the NHC-catalyzed synthesis of products 3
To an oven dried Schlenk tube equipped with a magnetic stir bar was added aldehyde 1 (0.2 mmol, 2.0 
equiv.), β-phosphoryl enones 2 (0.1 mmol, 1.0 equiv.) and catalyst C (8.4 mg, 0.02 mmol). The Schlenk 
tube evacuated and backfilled with argon, after the addition of CHCl3 (1.0 mL) and CsCO3 (13.0 mg, 0.04 
mmol) and the reaction chamber was closed. After stirring at rt for 16 h, the reaction was monitored by 
TLC, solvent was removed under reduced pressure and reaction mixture purified by silica gel column 
chromatography with EtOAc/Hexane (8:2) to obtain the desired product 3.

IV: Preparation of compounds 4 & 5

Compound 4: To a dry Schlenk tube equipped with magnetic stir bar lactone 3a (40.0 mg, 0.1 mmol) was 
and MeOH 1.0 mL was added and reaction mixture cooled to 0 oC and DBU (3.0 µL, 0.02) was added. 
After stirring the reaction mixture at 0 oC for 2 h, the reaction was monitored by TLC and solvent was 
removed under reduced pressure through rotavapor, followed by column chromatography on silica-gel with 
EtOAc produced the desired product 4 in (43 mg) 99% yield.

Compound 5: To a dry Schlenk tube equipped with magnetic stir bar lactone 3a (40.0 mg, 0.1 mmol), 
toluene 1.0 mL and benzyl amine (28.0 µL, 0.30 mmol) was added and the reaction stirred at rt for 16 h. 
The reaction was monitored by TLC and solvent was evaporated under reduced pressure through rotavapor, 
followed by column chromatography on silica-gel with EtOAc afforded the desired product 5 in (50 mg) 
98% yield.

VII. X-ray crystallography of compound 3a. 
The absolute stereochemistry of compound 3a was determined by SC-XRD. Good quality crystal of 3a 
(colorless crystal) was obtained by slow evaporation of a solution (few drops EtOAc in CH2Cl2) of 
compound 3a. CCDC 1936122 contains the supplementary crystallographic data for this paper. These data 
can be obtained free of charge from The Cambridge Crystallographic Data Centre via 
https://www.ccdc.cam.ac.uk/.

https://www.ccdc.cam.ac.uk/
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                                               CCDC 1936122

V: Characterization of the products: 
Diethyl ((3R,4S)-3-benzyl-2-oxo-6-phenyl-3,4-dihydro-2H-pyran-4-yl)phosphonate (3a): 95% yield 

(38 mg), pale yellow gummy liquid, eluent: EtOAc/Hexane (8:2). [α]D
28 = +121.60 (c 0.1, 

CHCl3 ); 1H NMR (400 MHz, CDCl3): δ 1.20-1.30 (6H, m), 2.84-3.18 (3H, m), 3.36-3.52 
(1H, m), 3.97-4.16 (4H, m), 5.72 (1H, dd, J = 6.8, 4.8 Hz), 7.11-7.19 (1H, m), 7.20-7.35 
(7H, m), 7.47-7.60 (2H, m); 13C{1H} NMR (100 MHz, CDCl3): δ 16.3 (d, JC-P = 6.0 Hz), 
32.5 (d, JC-P = 1.0 Hz), 33.8 (d, JC-P = 140.0 Hz), 42.8 (d, JC-P = 4.0 Hz), 62.7 (q, JC-P = 7.0 

Hz), 98.3 (d, JC-P = 11.0 Hz), 124.6 (d, JC-P = 1.0 Hz), 126.5, 128.4, 129.0, 129.3, 131.8 (d, JC-P = 4.0 Hz), 
138.9, 151.6 (d, JC-P = 11.0 Hz), 168.6 (d, JC-P = 5.0 Hz); 31P{1H} NMR (162 MHz, CDCl3): δ 23.1; HRMS 
(ESI-TOF) m/z: Mass calcd. for C22H25O5PNa+ [M+Na]+: 423.1332, found: 423.1327; HPLC analysis: 
(Chiralcel IC; hexane/i-PrOH 70:30, flow rate 0.5 mL/min, UV 254 nm), Rt1 (minor) = 34.9 min, Rt2 
(major) = 38.4 min; >99% ee.

Diethyl ((3R,4S)-3-(2-methoxybenzyl)-2-oxo-6-phenyl-3,4-dihydro-2H-pyran-4-yl)phosphonate (3b): 
96% yield (42 mg), pale yellow gummy liquid, eluent: EtOAc/Hexane (8:2). [α]D

25 = 
+84.80 (c 0.1, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.28-1.40 (6H, m), 2.96-3.18 (2H, 
m), 3.21-3.42 (1H, m), 3.51 (1H, dd, J = 14.0, 5.6 Hz), 3.79 (3H, s), 4.09-4.24 (4H, m), 
5.82 (1H, t, J = 5.6 Hz), 6.84 (1H, d, J = 8.4 Hz), 6.91 (1H, t, J = 7.6 Hz), 7.21 (1H, t, J 
= 8.0 Hz), 7.36 (3H, t, J = 5.6 Hz), 7.51 (1H, d, J = 7.6 Hz), 7.62 (2H, t, J = 5.6 Hz); 

13C{1H} NMR (100 MHz, CDCl3): δ 16.3 (d, JC-P = 5.0 Hz), 28.3, 34.4 (d, JC-P = 140.0 Hz), 40.3 (d, JC-P = 
5.0 Hz), 55.1, 62.6 (q, JC-P = 8.0 Hz), 98.4 (d, JC-P = 11.0 Hz), 110.0, 120.3, 124.6, 124.7, 127.0, 128.4, 
129.2, 131.8, 131.9 (d, JC-P = 4.0 Hz), 151.5 (d, JC-P = 11.0 Hz), 157.4, 168.9 (d, JC-P = 5.0 Hz); 31P{1H} 
NMR (162 MHz, CDCl3): δ 23.6; HRMS (ESI-TOF) m/z: Mass calcd. for C23H27O6PNa+ [M+Na]+: 
453.1438, found: 453.1459; HPLC analysis: (Chiralcel IC; hexane/i-PrOH 60:40, flow rate 0.5 mL/min, 
UV 254 nm), Rt1 (minor) = 26.5 min, Rt2 (major) = 33.4 min; >99% ee.

Diethyl ((3R,4S)-3-(3-methoxybenzyl)-2-oxo-6-phenyl-3,4-dihydro-2H-pyran-4-yl)phosphonate (3c): 
95% yield (41 mg), pale yellow gummy liquid, eluent: EtOAc/Hexane (8:2). [α]D
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+67.40 (c 0.1, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.20-1.30 (6H, m), 2.87-3.17 (3H, m), 3.42 (1H, dd, 
J = 14.0, 3.6 Hz), 3.71 (3H, s), 4.0-4.14 (4H, m), 5.73 (1H, dd, J = 6.8, 4.4 Hz), 6.66-6.73 (1H, m), 6.82-
6.91 (2H, m), 7.13 (1H, t, J = 8.0 Hz), 7.25-7.33 (3H, m), 7.49-7.57 (2H, m); 13C{1H} NMR (100 MHz, 
CDCl3): δ 16.3 (d, JC-P = 6.0 Hz), 32.4, 33.7 (d, JC-P = 140.0 Hz), 42.8 (d, JC-P = 4.0 Hz), 55.0, 62.7 (q, JC-P 
= 8.0 Hz), 98.3 (d, JC-P = 10.0 Hz), 111.9, 114.7, 121.2, 124.6 (d, JC-P = 2.0 Hz), 128.4, 129.3, 129.4, 131.8 
(d, JC-P = 5.0 Hz), 140.4, 151.5 (d, JC-P = 11.0 Hz), 159.6, 168.8 (d, JC-P = 5.0 Hz); 31P{1H} NMR (162 MHz, 
CDCl3): δ 23.1; HRMS (ESI-TOF) m/z: Mass calcd. for C23H28O6P+ [M+H]+: 431.1619, found: 431.1608; 
HPLC analysis: (Chiralcel IC; hexane/i-PrOH 60:40, flow rate 0.5 mL/min, UV 254 nm), Rt1 (minor) = 
24.5 min, Rt2 (major) = 26.8 min; >99% ee.

Diethyl ((3R,4S)-3-(4-methoxybenzyl)-2-oxo-6-phenyl-3,4-dihydro-2H-pyran-4-yl)phosphonate (3d): 
90% yield (39 mg), pale yellow gummy liquid, eluent: EtOAc/Hexane (8:2). [α]D

25 = 
+72.60 (c 0.1, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.28-1.39 (6H, m), 2.91-3.22 (3H, 
m), 3.46 (1H, d, J = 10.0 Hz), 3.79 (3H, s), 4.06-4.24 (4H, m), 5.80 (1H, t, J = 4.0 Hz), 
6.85 (2H, d, J = 8.4 Hz), 7.27 (2H, d, J = 6.8 Hz), 7.36 (3H, d, J = 5.2 Hz), 7.61 (2H, t, J 
= 4.8 Hz); 13C{1H} NMR (100 MHz, CDCl3): δ 16.3 (d, JC-P = 5.0 Hz), 31.6, 33.8 (d, JC-P 
= 139.0 Hz), 43.2 (d, JC-P = 4.0 Hz), 55.2, 62.7 (q, JC-P = 7.0 Hz), 98.3 (d, JC-P = 11.0 Hz), 

113.9, 124.7 (d, JC-P = 2.0 Hz), 128.5, 129.3, 130.0, 130.9, 131.8 (d, JC-P = 4.0 Hz), 151.6 (d, JC-P = 11.0 
Hz), 158.2, 168.7 (d, JC-P = 5.0 Hz); 31P{1H} NMR (162 MHz, CDCl3): δ 23.3; HRMS (ESI-TOF) m/z: 
Mass calcd. for C23H28O6P+ [M+H]+: 431.1619, found: 431.1602; HPLC analysis: (Chiralcel IC; hexane/i-
PrOH 60:40, flow rate 0.5 mL/min, 254 nm), Rt1 (minor) = 25.4 min, Rt2 (major) = 30.1 min; >98% ee.

Diethyl ((3R,4S)-3-(4-methylbenzyl)-2-oxo-6-phenyl-3,4-dihydro-2H-pyran-4-yl)phosphonate (3e): 
93% yield (39 mg), pale yellow gummy liquid, eluent: EtOAc/Hexane (8:2). [α]D

28 = 
+59.80 (c 0.1, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.19-1.31 (6H, m), 2.24 (3H, s), 
2.86-3.16 (3H, m), 3.38 (1H, t, J = 3.6 Hz), 3.99-4.15 (4H, m), 5.72 (1H, dd, J = 4.8 Hz), 
7.04 (2H, d, J = 7.6 Hz), 7.17 (2H, d, J = 8.0 Hz), 7.24-7.33 (3H, m), 7.48-7.57 (2H, m); 
13C{1H} NMR (100 MHz, CDCl3): δ 16.3 (d, JC-P = 6.0 Hz), 32.0, 33.7 (d, JC-P = 139.0 
Hz), 42.9 (d, JC-P = 4.0 Hz), 55.2, 62.7 (q, JC-P = 8.0 Hz), 98.3 (d, JC-P = 10.0 Hz), 124.6 (d, 

JC-P = 2.0 Hz), 128.4, 128.8, 129.1, 129.3, 131.8 (d, JC-P = 4.0 Hz), 135.7, 136.0, 151.6 (d, JC-P = 12.0 Hz), 
168.6 (d, JC-P = 5.0 Hz); 31P{1H} NMR (162 MHz, CDCl3): δ 23.2; HRMS (ESI-TOF) m/z: Mass calcd. for 
C23H28O5P+ [M+H]+: 415.1669, found: 415.1665; HPLC analysis: (Chiralcel IC; hexane/i-PrOH 60:40, flow 
rate 0.5 mL/min, 254 nm), Rt1 (minor) = 28.1 min, Rt2 (major) = 42.1 min; >99% ee.

Diethyl ((3R,4S)-3-(2-nitrobenzyl)-2-oxo-6-phenyl-3,4-dihydro-2H-pyran-4-yl)phosphonate (3f): 
98% yield (44 mg), pale yellow gummy liquid, eluent: EtOAc/Hexane (8:2). [α]D

27 = 
+214.2 (c 0.1, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.22-1.31 (6H, m), 3.13-3.31 (2H, 
m), 3.36 (1H, dd, J = 14.0, 4.0 Hz), 3.55 (1H, dd, J = 14.0, 8.0 Hz), 4.02-4.18 (4H, m), 
5.79 (1H, dd, J = 6.8, 4.4 Hz), 7.23-7.37 (4H, m), 7.45-7.57 (3H, m), 7.85 (1H, dd, J = 
7.6, 1.2 Hz), 7.92 (1H, dd, J = 8.4, 1.2 Hz); 13C{1H} NMR (100 MHz, CDCl3): δ 16.3 (d, 

JC-P = 6.0 Hz), 31.5, 35.6 (d, JC-P = 139.0 Hz), 41.9 (d, JC-P = 5.0 Hz), 62.8 (q, JC-P = 7.0 Hz), 98.0 (d, JC-P = 
10.0 Hz), 124.6 (d, JC-P = 1.0 Hz), 124.9, 127.9, 128.4, 129.3, 131.6 (d, JC-P = 4.0 Hz), 133.3, 134.2, 135.0, 
148.7, 151.5 (d, JC-P = 11.0 Hz), 168.4 (d, JC-P = 4.0 Hz); 31P{1H} NMR (162 MHz, CDCl3): δ 23.0; HRMS 
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(ESI-TOF) m/z: Mass calcd. for C22H24NO7PNa+ [M+Na]+: 468.1183, found: 468.1152; HPLC analysis: 
(Chiralcel IC; hexane/i-PrOH 30:70, flow rate 0.5 mL/min, 254 nm), Rt1 (major) = 23.9 min, Rt2 (minor) = 
27.3 min; >99% ee.

Diethyl ((3R,4S)-3-(3-nitrobenzyl)-2-oxo-6-phenyl-3,4-dihydro-2H-pyran-4-yl)phosphonate (3g): 
85% yield (38 mg), pale yellow gummy liquid, eluent: EtOAc/Hexane (8:2). [α]D

26 = 
+79.20 (c 0.1, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.23-1.32 (6H, m), 2.85-2.99 (1H, 
m), 3.03-3.28 (2H, m), 3.54 (1H, dd, J = 14.0, 5.2 Hz), 4.03-4.17 (4H, m), 5.75 (1H, dd, 
J = 6.8, 4.4 Hz), 7.25-7.34 (3H, m), 7.41 (1H, t, J = 7.6 Hz), 7.48-7.57 (2H, m), 7.69 (1H, 
d, J = 8.0 Hz), 7.98-8.05 (1H, m), 8.17 (1H, t, J = 1.6 Hz); 13C{1H} NMR (100 MHz, 

CDCl3): δ 16.3 (d, JC-P = 5.0 Hz), 32.6, 34.2 (d, JC-P = 140.0 Hz), 42.4 (d, JC-P = 4.0 Hz), 62.9 (q, JC-P = 7.0 
Hz), 97.8 (d, JC-P = 11.0 Hz), 121.7, 123.9, 124.6 (d, JC-P = 2.0 Hz), 128.5, 129.4, 129.5, 131.6 (d, JC-P = 5.0 
Hz), 135.6, 141.0, 148.3, 151.7 (d, JC-P = 11.0 Hz), 168.0 (d, JC-P = 5.0 Hz); 31P{1H} NMR (162 MHz, 
CDCl3): δ 22.5; HRMS (ESI-TOF) m/z: Mass calcd. for C22H24NO7PNa+ [M+Na]+: 468.1183, found: 
468.1208; HPLC analysis: (Chiralcel ODH; hexane/i-PrOH 60:40, flow rate 0.5 mL/min, 254 nm), Rt1 
(minor) = 21.3 min, Rt2 (major) = 36.9 min; >96% ee.

Diethyl ((3R,4S)-3-(4-nitrobenzyl)-2-oxo-6-phenyl-3,4-dihydro-2H-pyran-4-yl)phosphonate (3h): 
90% yield (41 mg), pale yellow gummy liquid, eluent: EtOAc/Hexane (8:2). [α]D

25 = 
+68.40 (c 0.1, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.21-1.32 (6H, m), 2.89 (1H, dt, J 
= 21.2, 6.8 Hz), 3.01-3.19 (1H, m), 3.23 (1H, dd, J = 14.4, 8.4), 3.53 (1H, dd, J = 14.4, 6.0 
Hz), 4.01-4.17 (4H, m), 5.74 (1H, dd, J = 6.8, 4.4 Hz), 7.25-7.33 (3H, m), 7.46-7.57 (4H, 
m), 8.09 (2H, dd, J = 6.8, 4.0 Hz); 13C{1H} NMR (100 MHz, CDCl3): δ 16.3 (d, JC-P = 6.0 
Hz), 32.8, 34.2 (d, JC-P = 140.0 Hz), 42.3 (d, JC-P = 4.0 Hz), 62.9 (q, JC-P = 7.0 Hz), 97.8 (d, 

JC-P = 11.0 Hz), 123.6, 124.6 (d, JC-P = 2.0 Hz), 128.5, 129.5, 130.0, 131.5 (d, JC-P = 4.0 Hz), 146.7, 146.8, 
151.7 (d, JC-P = 11.0 Hz), 167.9 (d, JC-P = 5.0 Hz); 31P{1H} NMR (162 MHz, CDCl3): δ 22.4; HRMS (ESI-
TOF) m/z: Mass calcd. for C22H24NO7PNa+ [M+Na]+: 468.1183, found: 468.1180; HPLC analysis: 
(Chiralcel IC; hexane/i-PrOH 30:70, flow rate 0.5 mL/min, 254 nm), Rt1 (major) = 24.6 min, Rt2 (minor) = 
33.7 min; >94% ee.

Diethyl ((3R,4S)-3-(4-bromobenzyl)-2-oxo-6-phenyl-3,4-dihydro-2H-pyran-4-yl)phosphonate (3i): 
98% yield (47 mg), pale yellow gummy liquid, eluent: EtOAc/Hexane (8:2). [α]D

28 = 
+15.80 (c 0.1, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.19-1.30 (6H, m), 2.81-3.16 (3H, 
m), 3.31-3.46 (1H, m), 3.97-4.16 (4H, m), 5.72 (1H, dd, J = 6.4, 4.4 Hz), 7.18 (2H, d, J = 
8.4 Hz), 7.24-7.31 (3H, m), 7.34 (2H, d, J = 8.4 Hz), 7.52 (2H, d, J = 4.4 Hz); 13C{1H} 
NMR (100 MHz, CDCl3): δ 16.3 (t, JC-P = 6.0 Hz), 32.0, 33.8 (d, JC-P = 140.0 Hz), 42.6 (d, 
JC-P = 4.0 Hz), 62.7 (q, JC-P = 7.0 Hz), 98.1 (d, JC-P = 11.0 Hz), 120.3, 124.6 (d, JC-P = 2.0 

Hz), 128.4, 129.3, 130.8, 131.5, 131.7 (d, JC-P = 5.0 Hz), 137.9, 151.6 (d, JC-P = 11.0 Hz), 168.3 (d, JC-P = 
5.0 Hz); 31P{1H} NMR (162 MHz, CDCl3): δ 22.8; HRMS (ESI-TOF) m/z: Mass calcd. for 
C22H24BrO5PNa+ [M+Na]+: 501.0437, found: 501.0426; HPLC analysis: (Chiralcel IC; hexane/i-PrOH 
60:40, flow rate 0.5 mL/min, 254 nm), Rt1 (minor) = 14.7 min, Rt2 (major) = 20.9 min; >99% ee.

Diethyl ((3R,4S)-3-(4-fluorobenzyl)-2-oxo-6-phenyl-3,4-dihydro-2H-pyran-4-yl)phosphonate (3j): 
96% yield (40 mg), pale yellow gummy liquid, eluent: EtOAc/Hexane (8:2). [α]D
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+89.00 (c 0.1, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.20-1.30 (6H, m), 2.82-3.15 (3H, m), 3.32-3.48 
(1H, m), 3.99-4.15 (4H, m), 5.73 (1H, dd, J = 6.4, 4.4 Hz), 6.86-6.96 (2H, m), 7.22-7.34 (5H, m), 7.48-7.58 
(2H, m); 13C{1H} NMR (100 MHz, CDCl3): δ 16.3 (t, JC-P = 6.0 Hz), 31.8, 33.8 (d, JC-P = 140.0 Hz), 42.9 
(d, JC-P = 4.0 Hz), 62.7 (q, JC-P = 7.0 Hz), 98.1 (d, JC-P = 10.0 Hz), 115.2 (d, JC-F = 8.4 Hz), 124.6 (d, JC-P = 
2.0 Hz), 128.4, 129.3, 130.6 (d, JC-F = 8.0 Hz), 131.7 (d, JC-P = 4.0 Hz), 134.6 (d, JC-P = 4.0 Hz), 151.6 (d, 
JC-P = 11.0 Hz), 161.6 (d, JC-F = 243.0 Hz), 168.4 (d, JC-P = 5.0 Hz); 31P{1H} NMR (162 MHz, CDCl3): δ 
22.9; HRMS (ESI-TOF) m/z: Mass calcd. for C22H24FO5PNa+ [M+Na]+: 441.1238, found: 441.1232; HPLC 
analysis: (Chiralcel IC; hexane/i-PrOH 60:40, flow rate 0.5 mL/min, 254 nm), Rt1 (major) = 19.9 min, Rt2 
(minor) = 22.9 min; >99% ee.

Diethyl ((3R,4S)-3-(4-chlorobenzyl)-2-oxo-6-phenyl-3,4-dihydro-2H-pyran-4-yl)phosphonate (3k): 
97% yield (43 mg), pale yellow gummy liquid, eluent: EtOAc/Hexane (8:2). [α]D

28 = 
+18.40 (c 0.1, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.20-1.30 (6H, m), 2.81-3.15 (3H, 
m), 3.32-3.47 (1H, m), 3.98-4.15 (4H, m), 5.73 (1H, dd, J = 6.8, 4.8 Hz), 7.16-7.35 (7H, 
m), 7.52 (2H, t, J = 4.0 Hz); 13C{1H} NMR (100 MHz, CDCl3): δ 16.3 (t, JC-P = 5.0 Hz), 
32.0, 33.9 (d, JC-P = 140.0 Hz), 42.7 (d, JC-P = 4.0 Hz), 62.7 (q, JC-P = 7.0 Hz), 98.1 (d, JC-P 
= 10.0 Hz), 124.6 (d, JC-P = 2.0 Hz), 128.4, 128.5, 129.4, 130.4, 131.7 (d, JC-P = 4.0 Hz), 

132.3, 137.4, 151.6 (d, JC-P = 11.0 Hz), 168.3 (d, JC-P = 5.0 Hz); 31P{1H} NMR (162 MHz, CDCl3): δ 22.9; 
HRMS (ESI-TOF) m/z: Mass calcd. for C22H24ClO5PNa+ [M+Na]+: 457.0943, found: 457.0907; HPLC 
analysis: (Chiralcel IC; hexane/i-PrOH 60:40, flow rate 0.5 mL/min, 254 nm), Rt1 (major) = 20.2 min, Rt2 
(minor) = 22.1 min; >99% ee.

Diethyl ((3R,4S)-3-(4-formylbenzyl)-2-oxo-6-phenyl-3,4-dihydro-2H-pyran-4-yl)phosphonate (3l): 
95% yield (41 mg), pale yellow gummy liquid, eluent: EtOAc/Hexane (8:2). [α]D

27 = 
+91.80 (c 0.1, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.30-1.40 (6H, m), 2.91-3.08 (1H, 
m), 3.10-3.73 (2H, m), 3.61 (1H, dd, J = 13.6, 4.8 Hz), 4.09-4.25 (4H, m), 5.82 (1H, dd, J 
= 6.4, 4.8 Hz), 7.38 (3H, d, J = 4.0 Hz), 7.53-7.68 (4H, m), 7.85 (2H, d, J = 8.0 Hz), 9.99 
(1H, s); 13C{1H} NMR (100 MHz, CDCl3): δ 16.3 (t, JC-P = 5.0 Hz), 33.0, 34.2 (d, JC-P = 
140.0 Hz), 42.3 (d, JC-P = 4.0 Hz), 62.8 (q, JC-P = 8.0 Hz), 97.9 (d, JC-P = 11.0 Hz), 124.6 

(d, JC-P = 2.0 Hz), 128.4, 128.5, 128.8, 129.4, 129.8, 129.9, 131.6 (d, JC-P = 4.0 Hz), 135.0, 146.3, 151.7 (d, 
JC-P = 11.0 Hz), 168.1 (d, JC-P = 5.0 Hz), 191.7; 31P{1H} NMR (162 MHz, CDCl3): δ 22.6; HRMS (ESI-
TOF) m/z: Mass calcd. for C23H26O6P+ [M+H]+: 429.1462, found: 429.1460; HPLC analysis: (Chiralcel IC; 
hexane/i-PrOH 40:60, flow rate 0.5 mL/min, 254 nm), Rt1 (major) = 36.1 min, Rt2 (minor) = 45.2 min; 
>99% ee.

Diethyl ((3R,4S)-3-(naphthalen-1-ylmethyl)-2-oxo-6-phenyl-3,4-dihydro-2H-pyran-4-yl)phosphon-
ate (3m): 97% yield (44 mg), pale yellow gummy liquid, eluent: EtOAc/Hexane (8:2). [α]D

27 = +125.80 (c 
0.1, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.20-1.30 (6H, m), 2.97 (1H, dt, J = 21.6, 6.8 
Hz), 3.09-3.31 (1H, m), 3.55 (1H, dd, J = 14.8, 8.4 Hz), 3.93-4.22 (5H, m), 5.68 (1H, dd, 
J = 7.2, 4.8 Hz), 7.20-7.29 (3H, m), 7.30-7.45 (3H, m), 7.45-7.53 (2H, m), 7.63( 2H, dd, 
J = 6.8 Hz), 7.75 (1H, d, J = 2.8 Hz), 7.88 (1H, d, J = 8.0 Hz); 13C{1H} NMR (100 MHz, 
CDCl3): δ 16.2 (d, JC-P = 5.0 Hz), 29.1, 34.1 (d, JC-P = 139.0 Hz), 41.5 (d, JC-P = 4.0 Hz), 

62.8 (q, JC-P = 7.0 Hz), 98.2 (d, JC-P = 11.0 Hz), 123.0, 124.6 (d, JC-P = 2.0 Hz), 125.4, 125.5, 126.2, 127.3, 
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127.5, 128.4, 129.0, 129.3, 131.3, 131.7 (d, JC-P = 4.0 Hz), 133.9, 134.6, 151.5 (d, JC-P = 11.0 Hz), 168.6 (d, 
JC-P = 5.0 Hz); 31P{1H} NMR (162 MHz, CDCl3): δ 23.3; HRMS (ESI-TOF) m/z: Mass calcd. for 
C26H28O5P+ [M+H]+: 451.1669, found: 451.1666; HPLC analysis: (Chiralcel IC; hexane/i-PrOH 60:40, flow 
rate 0.5 mL/min, 254 nm), Rt1 (minor) = 25.4 min, Rt2 (major) = 38.7 min; >99% ee.

Diethyl ((3R,4S)-2-oxo-6-phenyl-3-(thiophen-2-ylmethyl)-3,4-dihydro-2H-pyran-4-yl)phosphonate 
(3n): 70% yield (29 mg), pale yellow gummy liquid, eluent: EtOAc/Hexane (8:2). [α]D

27 = 
+129.60 (c 0.1, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.20-1.31 (6H, m), 2.90-3.20 (2H, 
m), 3.35 (1H, dd, J = 15.2, 9.2 Hz), 3.64 (1H, dd, J = 15.2, 4.8 Hz), 3.98-4.17 (4H, m), 
5.77 (1H, dd, J = 7.2, 4.8 Hz), 6.88 (1H, dd, J = 5.2, 3.6 Hz), 6.94 (1H, d, J = 7.0 Hz), 7.08 
(1H, q, J = 0.8 Hz), 7.24-7.37 (3H, m), 7.50-7.58 (2H, m); 13C{1H} NMR (100 MHz, 

CDCl3): δ 16.3 (t, JC-P = 2.0 Hz), 27.2, 33.7 (d, JC-P = 140.0 Hz), 43.2 (d, JC-P = 4.0 Hz), 62.7 (q, JC-P = 7.0 
Hz), 98.06 (d, JC-P = 11.0 Hz), 123.9, 124.6 (d, JC-P = 2.0 Hz), 126.3, 126.9, 128.4, 129.4, 131.7 (d, JC-P = 
4.0 Hz), 140.9, 151.7 (d, JC-P = 11.0 Hz), 168.1 (d, JC-P = 5.0 Hz); 31P{1H} NMR (162 MHz, CDCl3): δ 22.8; 
HRMS (ESI-TOF) m/z: Mass calcd. for C20H24O5PS+ [M+H]+: 407.1077, found: 407.1076; HPLC analysis: 
(Chiralcel IC; hexane/i-PrOH 70:30, flow rate 0.5 mL/min, 254 nm), Rt1 (minor) = 37.7 min, Rt2 (major) = 
41.4 min; >98% ee.

Diethyl ((3R,4S)-3-(furan-2-ylmethyl)-2-oxo-6-phenyl-3,4-dihydro-2H-pyran-4-yl)phosphonate (3o): 
80% yield (32 mg), pale yellow gummy liquid, eluent: EtOAc/Hexane (8:2). [α]D

28 = 
+132.80 (c 0.1, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.22 (6H, q, J = 7.2 Hz), 2.98 (1H, 
dt, J = 22.4, 7.2 Hz), 3.10-3.33 (2H, m), 3.37-3.52 (1H, m), 3.97-4.14 (4H, m), 5.78 (1H, 
dd, J = 6.8, 4.4 Hz), 6.14 (1H, d, J = 2.8 Hz), 6.23 (1H, s), 7.24 (1H, s), 7.29 (3H, d, J = 
5.2 Hz), 7.54 (2H, q, J = 4.4 Hz); 13C{1H} NMR (100 MHz, CDCl3): δ 16.2 (t, JC-P = 5.0 

Hz), 25.7, 33.8 (d, JC-P = 139.0 Hz), 39.6 (d, JC-P = 5.0 Hz), 62.6 (q, JC-P = 8.0 Hz), 98.0 (d, JC-P = 10.0 Hz), 
107.2, 110.3, 124.6 (d, JC-P = 2.0 Hz), 128.4, 129.3, 131.7 (d, JC-P = 4.0 Hz), 141.2, 151.6 (d, JC-P = 11.0 
Hz), 152.2, 168.1 (d, JC-P = 5.0 Hz); 31P{1H} NMR (162 MHz, CDCl3): δ 22.9; HRMS (ESI-TOF) m/z: 
Mass calcd. for C20H23O6PNa+ [M+Na]+: 413.1125, found: 413.1117; HPLC analysis: (Chiralcel IC; 
hexane/i-PrOH 70:30, flow rate 0.5 mL/min, 254 nm), Rt1 (major) = 37.3 min, Rt2 (minor) = 41.5 min; 
>99% ee.

Diethyl ((3R,4S)-3-benzyl-6-(2-methoxyphenyl)-2-oxo-3,4-dihydro-2H-pyran-4-yl)phosphonate (3p): 
95% yield (41 mg), pale yellow gummy liquid, eluent: EtOAc/Hexane (8:2). [α]D

26 = 
+83.80 (c 0.1, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.17-1.39 (6H, m), 3.01 (1H, dt, 
J = 21.6, 6.8 Hz), 3.08-3.26 (2H, m), 3.52 (1H, t, J = 3.6 Hz), 3.85 (3H, s), 4.09-4.23 
(4H, m), 6.19 (1H, dd, J = 6.8, 5.2 Hz), 6.93 (1H, d, J = 8.0 Hz), 6.97 (1H, t, J = 7.6 

Hz), 7.22 (1H, t, J = 7.2 Hz), 7.30 (3H, t, J = 7.6 Hz), 7.38 (2H, d, J = 7.6 Hz), 7.65 (1H, d, J = 7.6 Hz); 
13C{1H} NMR (100 MHz, CDCl3): δ 16.3 (q, JC-P = 1.0 Hz), 32.4 (d, JC-P = 1.0 Hz), 34.1 (d, JC-P = 139.0 
Hz), 42.8 (d, JC-P = 4.0 Hz), 55.4, 62.6 (q, JC-P = 8.0 Hz), 103.5 (d, JC-P = 10.0 Hz), 111.1, 120.4, 120.7 (d, 
JC-P = 5.0 Hz), 126.4, 128.0 (d, JC-P = 2.0 Hz), 128.4, 129.1, 130.1, 139.1, 148.4 (d, JC-P = 11.0 Hz), 157.0 
(d, JC-P = 1.0 Hz), 168.9 (d, JC-P = 5.0 Hz); 31P{1H} NMR (162 MHz, CDCl3): δ 23.4; HRMS (ESI-TOF) 
m/z: Mass calcd. for C23H27O6PNa+ [M+Na]+: 453.1438, found: 453.1450; HPLC analysis: (Chiralcel IC; 
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hexane/i-PrOH 60:40, flow rate 0.5 mL/min, 254 nm), Rt1 (minor) = 38.2 min, Rt2 (major) = 55.8 min; 
>99% ee.

Diethyl ((3R,4S)-3-(3-methoxybenzyl)-2-oxo-6-phenyl-3,4-dihydro-2H-pyran-4-yl)phosphonate (3q): 
96% yield (42 mg), pale yellow gummy liquid, eluent: EtOAc/Hexane (8:2). [α]D

27 = 
+17.40 (c 0.1, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.29-1.38 (6H, m), 2.93-3.26 
(3H, m), 3.52 (1H, dd, J = 13.6, 4.0 Hz), 3.82 (3H, s), 4.09-4.21 (4H, m), 5.82 (1H, dd, 
J = 6.4, 4.8 Hz), 6.91 (1H, d, J = 8.0 Hz), 7.14 (1H, s), 7.16-7.41 (7H, m); 13C{1H} 
NMR (100 MHz, CDCl3): δ 16.3 (d, JC-P = 5.0 Hz), 32.5, 33.8 (d, JC-P = 140.0 Hz), 42.8 

(d, JC-P = 4.0 Hz), 55.3, 62.8 (q, JC-P = 7.0 Hz), 98.6 (d, JC-P = 11.0 Hz), 110.0 (d, JC-P = 1.0 Hz), 115.2, 
117.1 (d, JC-P = 2.0 Hz), 126.5, 128.5, 129.0, 129.5, 133.2 (d, JC-P = 4.0 Hz), 138.9, 151.4 (d, JC-P = 11.0 
Hz), 159.7, 168.6 (d, JC-P = 5.0 Hz); 31P{1H} NMR (162 MHz, CDCl3): δ 23.1; HRMS (ESI-TOF) m/z: 
Mass calcd. for C23H27O6PNa+ [M+Na]+: 453.1438, found: 453.1436; HPLC analysis: (Chiralcel ODH; 
hexane/i-PrOH 70:30, flow rate 0.5 mL/min, 254 nm), Rt1 (major) = 15.3 min, Rt2 (minor) = 20.3 min; 
>99% ee.

Diethyl ((3R,4S)-3-(4-methoxybenzyl)-2-oxo-6-phenyl-3,4-dihydro-2H-pyran-4-yl)phosphonate (3r): 
95% yield (41 mg), pale yellow gummy liquid, eluent: EtOAc/Hexane (8:2). [α]D

29 
= +68.80 (c 0.05, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.28-1.39 (6H, m), 2.91-
3.25 (3H, m), 3.52 (1H, dd, J = 13.6, 3.6 Hz), 3.81 (3H, s), 4.07-4.22 (4H, m), 5.68 
(1H, dd, J = 6.4, 4.8 Hz), 6.88 (2H, d, J = 8.8 Hz), 7.22 (1H, t, J = 6.8 Hz), 7.28-

7.40 (4H, m), 7.54 (2H, d, J = 8.8 Hz); 13C{1H} NMR (100 MHz, CDCl3): δ 16.3 (d, JC-P = 6.0 Hz), 32.5, 
33.7 (d, JC-P = 140.0 Hz), 42.9 (d, JC-P = 4.0 Hz), 55.2, 62.6 (q, JC-P = 7.0 Hz), 96.2 (d, JC-P = 10.0 Hz), 
113.8, 124.4 (d, JC-P = 4.0 Hz), 126.1 (d, JC-P = 2.0 Hz), 126.5, 128.4, 129.0, 139.0, 151.4 (d, JC-P = 11.0 
Hz), 160.4, 168.7 (d, JC-P = 5.0 Hz); 31P{1H} NMR (162 MHz, CDCl3): δ 23.5; HRMS (ESI-TOF) m/z: 
Mass calcd. for C23H27O6PNa+ [M+Na]+: 453.1438, found: 453.1450; HPLC analysis: (Chiralcel ODH; 
hexane/i-PrOH 70:30, flow rate 0.5 mL/min, 254 nm), Rt1 (major) = 15.0 min, Rt2 (minor) = 20.8 min; 
>99% ee.

Diethyl ((3R,4S)-3-(4-methylbenzyl)-2-oxo-6-phenyl-3,4-dihydro-2H-pyran-4-yl)phosphonate (3s): 
90% yield (37 mg), pale yellow gummy liquid, eluent: EtOAc/Hexane (8:2). [α]D

27 
= +59.60 (c 0.1, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.19-1.30 (6H, m), 2.27 
(3H, s), 2.85-3.18 (3H, m), 3.43 (1H, dd, J = 13.2, 4.0 Hz), 3.98-4.14 (4H, m), 5.68 
(1H, dd, J = 6.8, 4.8 Hz), 7.09 (2H, d, J = 8.0 Hz), 7.13 (1H, t, J = 7.2 Hz), 7.22 (2H, 

t, J = 7.6 Hz), 7.28 (2H, d, J = 7.6 Hz), 7.42 (2H, t, J = 8.0 Hz); 13C{1H} NMR (100 MHz, CDCl3): δ 16.3 
(d, JC-P = 5.0 Hz), 21.1, 32.4, 33.7 (d, JC-P = 140.0 Hz), 42.8 (d, JC-P = 4.0 Hz), 62.7 (q, JC-P = 7.0 Hz), 97.2 
(d, JC-P = 10.0 Hz), 124.5 (d, JC-P = 2.0 Hz), 126.4, 128.4, 129.0, 129.1, 138.9, 139.4, 151.6, 151.7, 168.7 
(d, JC-P = 5.0 Hz); 31P{1H} NMR (162 MHz, CDCl3): δ 23.3; HRMS (ESI-TOF) m/z: Mass calcd. for 
C23H28O5P+ [M+H]+: 415.1669, found: 415.1668; HPLC analysis: (Chiralcel IC; hexane/i-PrOH 70:30, flow 
rate 0.5 mL/min, 254 nm), Rt1 (minor) = 29.3 min, Rt2 (major) = 42.2 min; >99% ee.

Diethyl ((3R,4S)-3-benzyl-6-(2-chlorophenyl)-2-oxo-3,4-dihydro-2H-pyran-4-yl)phosphonate (3t): 
93% yield (40 mg), pale yellow gummy liquid, eluent: EtOAc/Hexane (8:2). [α]D
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+108.00 (c 0.1, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.31-1.40 (6H, m), 3.01 (1H, dt, J = 21.6, 6.4 Hz), 
3.10-3.31 (2H, m), 3.54 (1H, dd, J = 13.2, 3.6 Hz), 4.10-4.26 (4H, m), 5.70 (1H, dd, J = 6.8, 4.4 Hz), 7.21-
7.37 (5H, m), 7.40 (3H, d, J = 8.0 Hz), 7.47 (1H, t, J = 1.6 Hz); 13C{1H} NMR (100 MHz, CDCl3): δ 16.3 
(d, JC-P = 5.0 Hz), 32.4, 33.8 (d, JC-P = 140.0 Hz), 42.7 (d, JC-P = 5.0 Hz), 62.7 (q, JC-P = 7.0 Hz), 104.4 (d, 
JC-P = 10.0 Hz), 126.5, 126.7, 128.5, 129.1, 130.2, 130.3 (d, JC-P = 2.0 Hz), 130.4, 131.7 (d, JC-P = 3.0 Hz), 
132.6 (d, JC-P = 3.0 Hz), 138.8, 150.0 (d, JC-P = 11.0 Hz), 168.5 (d, JC-P = 5.0 Hz); 31P{1H} NMR (162 MHz, 
CDCl3): δ 23.0; HRMS (ESI-TOF) m/z: Mass calcd. for C22H24ClO5PNa+ [M+Na]+: 457.0943, found: 
457.0935; HPLC analysis: (Chiralcel IC; hexane/i-PrOH 70:30, flow rate 0.5 mL/min, 254 nm), Rt1 (minor) 
= 36.6 min, Rt2 (major) = 39.6 min; >98% ee.

Diethyl ((3R,4S)-3-benzyl-6-(3-chlorophenyl)-2-oxo-3,4-dihydro-2H-pyran-4-yl)phosphonate (3u): 
81% yield (35 mg), pale yellow gummy liquid, eluent: EtOAc/Hexane (8:2). [α]D

27 = 
+53.20 (c 0.1, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.29-1.39 (6H, m), 2.92-3.26 
(3H, m), 3.44-3.60 (1H, m), 4.08-4.23 (4H, m), 5.84 (1H, dd, J = 6.4, 4.4 Hz), 7.20-7.40 
(7H, m), 7.48 (1H, d, J = 6.8 Hz), 7.60 (1H, s); 13C{1H} NMR (100 MHz, CDCl3): δ 
16.3 (q, JC-P = 2.0 Hz), 32.4, 33.8 (d, JC-P = 139.0 Hz), 42.8 (d, JC-P = 4.0 Hz), 62.8 (q, 

JC-P = 6.0 Hz), 99.6 (d, JC-P = 10.0 Hz), 122.8 (d, JC-P = 2.0 Hz), 124.8 (d, JC-P = 2.0 Hz), 126.6, 128.5, 129.0, 
129.3, 129.7, 133.6 (d, JC-P = 5.0 Hz), 137.7, 138.8, 151.3 (d, JC-P = 11.0 Hz), 168.2 (d, JC-P = 4.0 Hz); 
31P{1H} NMR (162 MHz, CDCl3): δ 22.9; HRMS (ESI-TOF) m/z: Mass calcd. for C22H25ClO5P+ [M+H]+: 
435.1123, found: 435.1119; HPLC analysis: (Chiralcel IC; hexane/i-PrOH 70:30, flow rate 0.5 mL/min, 
254 nm), Rt1 (minor) = 27.6 min, Rt2 (major) = 37.6 min; >99% ee.

Diethyl ((3R,4S)-3-benzyl-6-(4-chlorophenyl)-2-oxo-3,4-dihydro-2H-pyran-4-yl)phosphonate (3v): 
90% yield (39 mg), pale yellow gummy liquid, eluent: EtOAc/Hexane (8:2). [α]D

29 = 
+52.57 (c 0.035, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.28-1.39 (6H, m), 2.93-
3.25 (3H, m), 3.46-3.58 (1H, m), 4.07-4.22 (4H, m), 5.80 (1H, dd, J = 6.4, 4.8 Hz), 
7.22 (1H, t, J = 6.8 Hz), 7.28-7.40 (6H, m), 7.54 (2H, d, J = 8.4 Hz); 13C{1H} NMR 

(100 MHz, CDCl3): δ 16.3 (d, JC-P = 5.0 Hz), 32.4, 33.8 (d, JC-P = 140.0 Hz), 42.8 (d, JC-P = 4.0 Hz), 62.8 
(q, JC-P = 8.0 Hz), 98.8 (d, JC-P = 11.0 Hz), 125.9 (d, JC-P = 2.0 Hz), 126.5, 128.5, 128.7, 129.0, 130.3 (d, 
JC-P = 4.0 Hz), 135.3, 138.8, 150.6 (d, JC-P = 11.0 Hz), 168.3 (d, JC-P = 5.0 Hz); 31P{1H} NMR (162 MHz, 
CDCl3): δ 23.0; HRMS (ESI-TOF) m/z: Mass calcd. for C22H24ClO5PNa+ [M+Na]+: 457.0943, found: 
457.0915; HPLC analysis: (Chiralcel IC; hexane/i-PrOH 70:30, flow rate 0.5 mL/min, 254 nm), Rt1 (minor) 
= 34.7 min, Rt2 (major) = 39.5 min; >99% ee.

Diethyl ((3R,4S)-3-benzyl-6-(4-fluorophenyl)-2-oxo-3,4-dihydro-2H-pyran-4-yl)phosphonate (3w): 
98% yield (42 mg), pale yellow gummy liquid, eluent: EtOAc/Hexane (8:2). [α]D

27 = 
+105.40 (c 0.1, CHCl3 ); 1H NMR (400 MHz, CDCl3): δ 1.29-1.39 (6H, m), 2.92-3.28 
(3H, m), 3.52 (1H, dd, J = 13.2, 3.6 Hz), 4.07-4.22 (4H, m), 5.75 (1H, dd, J = 6.4, 4.8 
Hz), 7.04 (2H, t, J = 8.4 Hz), 7.22 (1H, t, J = 7.2 Hz), 7.28-7.41 (4H, m), 7.59 (2H, 

dd, J = 8.4, 5.2 Hz); 13C{1H} NMR (100 MHz, CDCl3): δ 16.4 (d, JC-P = 5.0 Hz), 32.5, 33.9 (d, JC-P = 140.0 
Hz), 42.8 (d, JC-P = 5.0 Hz), 62.8 (q, JC-P = 7.0 Hz), 98.1 (d, JC-P = 9.0 Hz), 115.6 (d, JC-F = 22.0 Hz), 126.6, 
126.6 (d, JC-P = 2.0 Hz), 126.7 (d, JC-F = 1.0 Hz), 128.1 (d, JC-P = 7.0 Hz), 128.2 (d, JC-F = 27.0 Hz), 128.5, 
129.0, 138.9, 150.8 (d, JC-P = 11.0 Hz), 163.4 (d, JC-F = 249.0 Hz), 168.5 (d, JC-P = 5.0 Hz); 31P{1H} NMR 
(162 MHz, CDCl3): δ 23.1; HRMS (ESI-TOF) m/z: Mass calcd. for C22H25FO5P+ [M+H]+: 419.1419, found: 
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419.1417; HPLC analysis: (Chiralcel IC; hexane/i-PrOH 70:30, flow rate 0.5 mL/min, 254 nm), Rt1 (minor) 
= 34.3 min, Rt2 (major) = 39.4 min; >99% ee.

Diethyl ((3R,4S)-3-benzyl-6-(4-bromophenyl)-2-oxo-3,4-dihydro-2H-pyran-4-yl)phosphonate (3x): 
90% yield (44 mg), pale yellow gummy liquid, eluent: EtOAc/Hexane (8:2). [α]D

27 = 
+19.00 (c 0.1, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.27-1.38 (6H, m), 2.91-3.27 
(3H, m), 3.45-3.59 (1H, m), 4.06-4.22 (4H, m), 5.82 (1H, dd, J = 6.4, 4.8 Hz), 7.22 
(1H, t, J = 6.8 Hz), 7.28-7.40 (4H, m), 7.42-7.55 (4H, m); 13C{1H} NMR (100 MHz, 

CDCl3): δ 16.3 (t, JC-P = 6.0 Hz), 32.5, 33.9 (d, JC-P = 139.0 Hz), 42.8 (d, JC-P = 4.0 Hz), 62.8 (q, JC-P = 8.0 
Hz), 98.9 (d, JC-P = 11.0 Hz), 123.6, 126.2 (d, JC-P = 2.0 Hz), 126.6, 128.5, 129.0, 130.7 (d, JC-P = 4.0 Hz), 
131.7, 138.8, 150.7 (d, JC-P = 11.0 Hz), 168.3 (d, JC-P = 5.0 Hz); 31P{1H} NMR (162 MHz, CDCl3): δ 22.8; 
HRMS (ESI-TOF) m/z: Mass calcd. for C22H25BrO5P+ [M+H]+: 479.0618, found: 479.0614; HPLC 
analysis: (Chiralcel IC; hexane/i-PrOH 70:30, flow rate 0.5 mL/min, 254 nm), Rt1 (minor) = 36.3 min, Rt2 
(major) = 40.4 min; >99% ee.

Diethyl ((3R,4S)-3-benzyl-6-(naphthalen-2-yl)-2-oxo-3,4-dihydro-2H-pyran-4-yl)phosphonate (3y): 
96% yield (44 mg), pale yellow gummy liquid, eluent: EtOAc/Hexane (8:2). [α]D

26 
= +61.60 (c 0.1, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.29-1.39 (6H, m), 2.97-
3.32 (3H, m), 3.56 (1H, dd, J = 13.2, 3.2 Hz), 4.08-4.24 (4H, m), 5.96 (1H, dd, J = 
6.4, 4.8 Hz), 7.23 (1H, t, J = 7.2 Hz), 7.31 (2H, t, J = 7.6 Hz), 7.38 (2H, d, J = 7.6 

Hz), 7.46-7.54 ( 2H, m), 7.63 (1H, d, J = 8.4 Hz), 7.81 (2H, d, J = 8.8 Hz), 7.86 (1H, t, J = 5.6 Hz), 8.16 
(1H, s); 13C{1H} NMR (100 MHz, CDCl3): δ 16.3 (d, JC-P = 6.0 Hz), 32.5, 33.9 (d, JC-P = 140.0 Hz), 42.9 
(d, JC-P = 4.0 Hz), 62.7 (q, JC-P = 7.0 Hz), 98.8 (d, JC-P = 10.0 Hz), 121.8, 124.2 (d, JC-P = 3.0 Hz), 126.5, 
126.6, 126.8, 127.5, 128.2, 128.5, 128.6, 128.8 (d, JC-P = 4.0 Hz), 129.0, 132.9, 133.5, 138.9, 151.5 (d, JC-P 
= 11.0 Hz), 168.7 (d, JC-P = 5.0 Hz); 31P{1H} NMR (162 MHz, CDCl3): δ 23.1; HRMS (ESI-TOF) m/z: 
Mass calcd. for C26H27O5PNa+ [M+Na]+: 473.1489, found: 473.1484; HPLC analysis: (Chiralcel IC; 
hexane/i-PrOH 70:30, flow rate 0.5 mL/min, 254 nm), Rt1 (minor) = 42.8 min, Rt2 (major) = 50.3 min; 
>99% ee.

Diethyl ((3R,4S)-3-benzyl-6-(furan-2-yl)-2-oxo-3,4-dihydro-2H-pyran-4-yl)phosphonate (3z): 97% 
yield (38 mg), pale yellow gummy liquid, eluent: EtOAc/Hexane (8:2). [α]D

26 = +6.00 
(c 0.1, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.21-1.31 (6H, m), 2.82-3.19 (3H, m), 
3.35-3.51 (1H, m), 3.99-4.17 (4H, m), 5.67 (1H, dd, J = 6.8, 4.8 Hz), 6.34 (1H, t, J = 3.2 
Hz), 6.53 (1H, d, J = 2.0 Hz), 7.14 (1H, t, J = 6.8 Hz), 7.19-7.35 (5H, m); 13C{1H} NMR 

(100 MHz, CDCl3): δ 16.2 (q, JC-P = 3.0 Hz), 32.5, 33.6 (d, JC-P = 140.0 Hz), 43.1 (d, JC-P = 4.0 Hz), 62.8 
(q, JC-P = 3.0 Hz), 96.6 (d, JC-P = 11.0 Hz), 108.2 (d, JC-P = 3.0 Hz), 111.4, 126.5, 128.4, 129.0, 138.8, 143.3, 
131.6 (d, JC-P = 11.0 Hz), 146.5 (d, JC-P = 6.0 Hz), 168.1 (d, JC-P = 5.0 Hz); 31P{1H} NMR (162 MHz, 
CDCl3): δ 22.9; HRMS (ESI-TOF) m/z: Mass calcd. for C20H23O6PNa+ [M+Na]+: 413.1125, found: 
413.1114; HPLC analysis: (Chiralcel IC; hexane/i-PrOH 70:30, flow rate 0.5 mL/min, 254 nm), Rt1 (minor) 
= 41.4 min, Rt2 (major) = 57.6 min; >98% ee.

Diethyl ((3R,4S)-3-benzyl-2-oxo-6-(thiophen-2-yl)-3,4-dihydro-2H-pyran-4-
yl)phosphonate (3aa): 95% yield (38 mg), pale yellow gummy liquid, eluent: 
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EtOAc/Hexane (8:2). [α]D
27 = +86.40 (c 0.1, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.31-1.40 (6H, m), 

2.98 (1H, dt, J = 21.6, 6.4 Hz), 3.08-3.30 (2H, m), 3.53 (1H, dd, J = 13.2, 3.6 Hz), 4.08-4.25 (4H, m), 5.69 
(1H, dd, J = 7.2, 4.8 Hz), 7.02 (1H, t, J = 4.4 Hz), 7.20-7.43 (7H, m); 13C{1H} NMR (100 MHz, CDCl3): δ 
16.3 (d, JC-P = 6.0 Hz), 32.5, 33.8 (d, JC-P = 140.0 Hz), 43.0 (d, JC-P = 4.0 Hz), 62.8 (q, JC-P = 7.0 Hz), 97.2 
(d, JC-P = 11.0 Hz), 125.0 (d, JC-P = 2.0 Hz), 126.1, 126.5, 127.5, 128.5, 129.0, 135.3 (d, JC-P = 5.0 Hz), 
138.8, 147.5 (d, JC-P = 12.0 Hz), 168.1 (d, JC-P = 5.0 Hz); 31P{1H} NMR (162 MHz, CDCl3): δ 22.9; HRMS 
(ESI-TOF) m/z: Mass calcd. for C20H24O5PS+ [M+H]+: 407.1077, found: 407.1076; HPLC analysis: 
(Chiralcel IC; hexane/i-PrOH 60:40, flow rate 0.5 mL/min, 254 nm), Rt1 (minor) = 25.6 min, Rt2 (major) = 
27.9 min; >99% ee.

Methyl (2R,3S)-2-benzyl-3-(diethoxyphosphoryl)-5-oxo-5-phenylpentanoate (4): 
99% yield (43 mg), pale yellow gummy liquid, eluent: EtOAc/Hexane (8:2). [α]D

28 = -
20.80 (c 0.1, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.15-1.30 (6H, m), 2.87-3.18 (3H, 
m), 3.19-3.32 (1H, m), 3.33-3.43 (2H, m), 3.46 (3H, s), 3.97-4.15 (4H, m), 7.04-7.24 
(5H, m), 7.40 (2H, t, J = 7.6 Hz), 7.50 (1H, t, J = 7.2 Hz), 7.92 (2H, d, J = 7.2 Hz); 

13C{1H} NMR (100 MHz, CDCl3): δ 16.3 (d, JC-P = 4.0 Hz), 33.0 (d, JC-P = 142.0 Hz), 34.4 (d, JC-P = 3.0 
Hz), 46.1 (d, JC-P = 1.0 Hz), 51.8, 62.1 (q, JC-P = 7.0 Hz), 126.3, 128.1, 128.3, 128.6, 128.9, 133.2, 136.5, 
139.2, 173.5 (d, JC-P = 17.0 Hz), 196.7 (d, JC-P = 10.0 Hz); 31P{1H} NMR (162 MHz, CDCl3): δ 30.2; HRMS 
(ESI-TOF) m/z: Mass calcd. for C23H29O6PNa+ [M+Na]+: 455.1594, found: 455.1592; HPLC analysis: 
(Chiralcel IC; hexane/i-PrOH 60:40, flow rate 0.5 mL/min, UV 254 nm), Rt1 (major) = 30.2 min, Rt2 
(minor) = 41.3 min; >99% ee.

Diethyl ((2R,3S)-2-benzyl-1-(benzylamino)-1,5-dioxo-5-phenylpentan-3-yl)phosphonate (5): 98% 
yield (50 mg), pale yellow gummy liquid, eluent: EtOAc/Hexane (8:2). [α]D

28 = -
83.00 (c 0.1, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.25 (6H, t, J = 6.8 Hz), 3.02-
3.19 (3H, m), 3.27-3.56 (2H, m), 3.63-3.80 (1H, m), 3.97-4.20 (5H, m), 4.37 (1H, dd, 
J = 6.4 Hz), 6.42 (1H, t, J = 5.6), 6.92 (2H, t, J = 3.6 Hz), 7.16-7.31 (8H, m), 7.48 

(2H, t, J = 7.6 Hz), 7.57 (1H, t, J = 7.2 Hz), 8.01 (2H, d, J = 7.2 Hz); 13C{1H} NMR (100 MHz, CDCl3): δ 
16.2 (t, JC-P = 6.0 Hz), 33.3 (d, JC-P = 140.0 Hz), 34.5 (d, JC-P = 3.0 Hz), 34.7 (d, JC-P = 4.0 Hz), 43.1, 47.3 
(d, JC-P = 2.0 Hz), 61.7 (q, JC-P = 7.0 Hz), 126.2, 126.9, 127.3, 128.0, 128.3, 128.4, 128.5, 129.0, 133.0, 
136.7, 137.9, 139.3, 172.3 (d, JC-P = 15.0 Hz), 196.9 (d, JC-P = 6.0 Hz); 31P{1H} NMR (162 MHz, CDCl3): 
δ 30.9; HRMS (ESI-TOF) m/z: Mass calcd. for C29H35NO5P+ [M+H]+: 508.2248, found: 508.2248; HPLC 
analysis: (Chiralcel IC; hexane/i-PrOH 40:60, flow rate 0.5 mL/min, UV 254 nm), Rt1 (minor) = 15.8 min, 
Rt2 (major) = 18.6 min; >96% ee.
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VI: 1H, 13C{1H} & 31P{1H} NMR spectra of the products
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1H NMR spectrum of compound 3a (400 MHz/CDCl3) 
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13C NMR spectrum of compound 3a (100 MHz/CDCl3) 
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31P NMR spectrum of compound 3a (100 MHz/CDCl3) 
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1H NMR spectrum of compound 3b (400 MHz/CDCl3) 
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13C NMR spectrum of compound 3b (100 MHz/CDCl3) 
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31P NMR spectrum of compound 3b (100 MHz/CDCl3) 
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1H NMR spectrum of compound 3c (400 MHz/CDCl3) 
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13C NMR spectrum of compound 3c (100 MHz/CDCl3) 
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31P NMR spectrum of compound 3c (100 MHz/CDCl3) 
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1H NMR spectrum of compound 3d (400 MHz/CDCl3) 
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13C NMR spectrum of compound 3d (100 MHz/CDCl3) 
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31P NMR spectrum of compound 3d (150 MHz/CDCl3) 
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1H NMR spectrum of compound 3e (400 MHz/CDCl3) 
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13C NMR spectrum of compound 3e (100 MHz/CDCl3) 

31P NMR spectrum of compound 3e (150 MHz/CDCl3) 
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1H NMR spectrum of compound 3f (400 MHz/CDCl3) 
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13C NMR spectrum of compound 3f (150 MHz/CDCl3) 
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31P NMR spectrum of compound 3f (150 MHz/CDCl3) 



S31

1H NMR spectrum of compound 3g (400 MHz/CDCl3) 
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13C NMR spectrum of compound 3g (150 MHz/CDCl3) 
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31P NMR spectrum of compound 3g (150 MHz/CDCl3) 
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1H NMR spectrum of compound 3h (400 MHz/CDCl3) 
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13C NMR spectrum of compound 3h (150 MHz/CDCl3) 
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31P NMR spectrum of compound 3h (150 MHz/CDCl3) 

1H NMR spectrum of compound 3i (400 MHz/CDCl3) 
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13C NMR spectrum of compound 3i (150 MHz/CDCl3) 
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31P NMR spectrum of compound 3i (150 MHz/CDCl3) 
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1H NMR spectrum of compound 3j (400 MHz/CDCl3) 
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13C NMR spectrum of compound 3j (150 MHz/CDCl3) 
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31P NMR spectrum of compound 3j (150 MHz/CDCl3) 
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1H NMR spectrum of compound 3k (400 MHz/CDCl3) 
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13C NMR spectrum of compound 3k (150 MHz/CDCl3) 



S45

31P NMR spectrum of compound 3k (400 MHz/CDCl3) 
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1H NMR spectrum of compound 3l (600 MHz/CDCl3) 
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13C NMR spectrum of compound 3l (150 MHz/CDCl3
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31P NMR spectrum of compound 3l (150 MHz/CDCl3
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 13C NMR spectrum of compound 3l (150 MHz/CDCl3
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1H NMR spectrum of compound 3m (400 MHz/CDCl3) 
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13C NMR spectrum of compound 3m (150 MHz/CDCl3) 
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31P NMR spectrum of compound 3m (150 MHz/CDCl3) 
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1H NMR spectrum of compound 3n (400 MHz/CDCl3) 
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13C NMR spectrum of compound 3n (150 MHz/CDCl3) 
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31P NMR spectrum of compound 3n (150 MHz/CDCl3) 
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1H NMR spectrum of compound 3o (400 MHz/CDCl3) 
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13C NMR spectrum of compound 3o (100 MHz/CDCl3) 
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31P NMR spectrum of compound 3o (400 MHz/CDCl3) 
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13C NMR spectrum of compound 3p (100 MHz/CDCl3) 



S61

31P NMR spectrum of compound 3p (100 MHz/CDCl3) 
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1H NMR spectrum of compound 3q (400 MHz/CDCl3) 
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13C NMR spectrum of compound 3q (100 MHz/CDCl3) 
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31P NMR spectrum of compound 3q (400 MHz/CDCl3) 
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1H NMR spectrum of compound 3r (400 MHz/CDCl3) 
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13C NMR spectrum of compound 3r (400 MHz/CDCl3) 
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31P NMR spectrum of compound 3r (400 MHz/CDCl3) 
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1H NMR spectrum of compound 3s (400 MHz/CDCl3) 
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13C NMR spectrum of compound 3s (100 MHz/CDCl3) 
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31P NMR spectrum of compound 3s (400 MHz/CDCl3) 
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1H NMR spectrum of compound 3t (400 MHz/CDCl3) 
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13C NMR spectrum of compound 3t (100 MHz/CDCl3) 
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31P NMR spectrum of compound 3t (100 MHz/CDCl3) 
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1H NMR spectrum of compound 3u (400 MHz/CDCl3) 
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13C NMR spectrum of compound 3u (100 MHz/CDCl3) 

31P NMR spectrum of compound 3u (400 MHz/CDCl3) 
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1H NMR spectrum of compound 3v (400 MHz/CDCl3) 
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13C NMR spectrum of compound 3v (400 MHz/CDCl3) 
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31P NMR spectrum of compound 3v (400 MHz/CDCl3) 
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1H NMR spectrum of compound 3w (400 MHz/CDCl3) 
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13C NMR spectrum of compound 3w (100 MHz/CDCl3) 
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31P NMR spectrum of compound 3w (100 MHz/CDCl3) 
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1H NMR spectrum of compound 3x (400 MHz/CDCl3) 
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13C NMR spectrum of compound 3x (100 MHz/CDCl3) 
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31P NMR spectrum of compound 3x (100 MHz/CDCl3) 
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1H NMR spectrum of compound 3y (400 MHz/CDCl3) 
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31P NMR spectrum of compound 3y (100 MHz/CDCl3) 
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1H NMR spectrum of compound 3z (400 MHz/CDCl3) 
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13C NMR spectrum of compound 3z (100 MHz/CDCl3) 



S91

31P NMR spectrum of compound 3z (100 MHz/CDCl3) 
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1H NMR spectrum of compound 3aa (400 MHz/CDCl3) 
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13C NMR spectrum of compound 3aa (100 MHz/CDCl3) 
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31P NMR spectrum of compound 3aa (100 MHz/CDCl3) 
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1H NMR spectrum of compound 4 (400 MHz/CDCl3) 

13C NMR spectrum of compound 4 (100 MHz/CDCl3) 
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31P NMR spectrum of compound 4 (100 MHz/CDCl3) 
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1H NMR spectrum of compound 5 (400 MHz/CDCl3) 
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13C NMR spectrum of compound 5 (100 MHz/CDCl3) 
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31P NMR spectrum of compound 5 (100 MHz/CDCl3) 
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HPLC Spectra:
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