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ⅠGeneral Information 

Commercially available materials purchased from Innochem and J&K were used as 

received. THF was distilled from Na and used directly. Unless otherwise specified, all 

reactions were carried out under an atmosphere of argon in 10 mL Schlenk tube. 

NMR spectra were measured either on a Bruker ASCEND 400 (400 MHz) or on a 

JEOL-ECX-500 (500 MHz) spectrometer. The chemical shift δ values were corrected 

to 7.26 ppm (1H NMR) and 77.16 ppm (13C NMR) for CHCl3. 
1H NMR splitting 

patterns are designated as singlet (s), double (d), triplet (t), quartet (q), dd (doublet of 

doublets), m (multiplets), and etc. All first-order splitting patterns were assigned on 

the base of the appearance of the multiplet. Splitting patterns that could not be easily 

interpreted are designated as multiplet (m) or broad (br). High resolution mass 

spectrometer analysis (HRMS) was performed on Thermo Fisher Q Exactive mass 

spectrometer. HPLC analyses were measured on Waters systems with Empower3 

system controller, Alliance column heater, and 2998 Diode Array Waters 2489 UV/Vis 

detector. Chiralcel brand chiral columns from Daicel Chemical Industries were used 

with models AD-H, or IB in 4.6 x 250 mm size.  Absolute configuration of the 

products was determined by X-ray crystallography. The racemic products used to 

determine the er values were synthesized using racemic catalyst. Optical rotations 

were measured on a Insmark IP-digi Polarimeter in a 1 dm cuvette at 20˚C. The 

concentration (c) is given in g/100 mL. Analytical thin-layer chromatography (TLC) 

was carried out on pre-coated silica gel plate (0.2 mm thickness). Melting Point (MP): 

Melting points were measured on a Beijing Tech XT-4 micro melting point apparatus 

and are uncorrected. Visualization was performed with short wave UV light. 
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Ⅱ General procedure 

a) Condition optimization 

Table S1. Screening of NHCs and bases for the reaction of 1a and 2a. 

 

entry catalyst base additive yield 3a (%)[b] er 3a[c] 

1 SA Cs2CO3 - 36 - 

2 SB Cs2CO3 - 11 - 

3 SC Cs2CO3 - 31 - 

4 SD Cs2CO3 - 52 80:20 

5 SE Cs2CO3 - 61 86:14 

6 SD Cs2CO3 LiCl 82 93:7 

7d SD Cs2CO3 Sc(OTf)3 <5% - 

8 SD Cs2CO3 Mg(OTf)2 42 85:15 

9 SE Cs2CO3 LiCl 85 90:10 

10 SD K2CO3 LiCl 80 92:8 

11 SD KOAc LiCl 74 94:6 

12 SD DIEA LiCl 42 94:6 

13 SD Et3N LiCl 51 89:11 

14 SD DABCO LiCl 39 92:8 

15 SD DMAP LiCl 89 94:6 

16 SD DBU LiCl 55 93:7 
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17 SD - LiCl 81 93:7 

18e SD DMAP LiCl 25 88:12 

19f SD DMAP LiCl 56 91:9 

20g SD DMAP LiCl 90 97:3 

[a] 1.5 Equiv. 1a, 1 equiv. 2a (0.1 mmol), 20 mol% NHC, 20 mol% base, 1 eq of additive, 1.5 eq of 4, 2 mL THF, RT, 18 h. [b] 

Yields were isolated yields after column chromatography. [c]
 e.r. was determined via HPLC using a chiral stationary phase. [d] 0.2 

0.2 Equiv. of additive was used. [e] With DCM instead of THF. [f] With 1,4 dioxane instead of THF. [g] The reactions were 

performed at 0 ℃. 

b) General procedure for the catalytic reactions of aldehydes (1) with 

1,3-dicarbony compounds (2) to synthesize product 3: 

 

To a dry Schlenk tube equipped with a magnetic stir bar, was added aldehydes 1 

(0.15 mmol), 1,3-dicarbonyl compounds 2 (0.10 mmol), triazolium salt SD (0.02 

mmol), and DMAP (0.02 mmol). The tube was closed with a septum, evacuated, and 

refilled with nitrogen. Freshly distilled THF (2 mL) was added and the reaction 

mixture was then stirred at 0 ℃ till 2 was completely consumed (monitored by TLC). 

The mixture was concentrated under reduced pressure. The resulting crude residue 

was purified via column chromatography on silica gel (6:1 petroleum ether/EtOAc) to 

afford the desired product 3, which was confirmed by 1H NMR, 13C NMR spectrum, 

and enantio ratio was determined by chiral HPLC. 

Note: NHC F was prepared according to literature procedure.[1] 

c) Stereochemistry determination 3a via X-ray crystallographic analysis 

Product 3a was crystallized as a colorless crystal via vaporization of a petrollium 
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ether/ethyl acetate solution, and its absolute configuration was determined by x-ray 

structure analysis. CCDC 1559727 contains the supplementary crystallographic data 

that can be obtained free of charge from The Cambridge Crystallographic Data Centre 

via www.ccdc.cam.ac.uk/data request/cif. 
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d) Proposed reaction mechanism for chirality control. 
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The formation of the acylazolium intermediate has been well demonstrated in 

literatures.[2] LiCl has good affinities for carbonyl oxygens and carboxylates. It is 

likely involved in multisite coordination to activate the -ketoester electrophile 

through formation of a cyclic enolate intermediate and bring the electrophile to close 

proximity with the acylium intermediate. After enantioselective Re face attack and 

intramolecular lacton formation, the desired product could be afforded and the 

catalyst was released for another catalytic cycle. 

e) Synthetic transformations of catalytic reaction products 3a 
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To a solution of 1a (28.6 mg, 0.1 mmol) in CH2Cl2 (1.5 mL) was added m-CPBA 

(55%, 221.0 mg, 0.7 mmol). After 48 h of stirring at 70 oC, the solution was cooled 

down to room temperature. A known quantity (12.8 mg) of 1,3,5-trimethoxybenzene 

was added as an internal standard, and a part of the mixture was analyzed by 1H NMR 

spectroscopy in CDCl3.  

 

III. Characterizations of substrates and products, reference 

a) Preparations and characterizations of substrates 

 

To a stirred suspension of substituted phenyl acetonitrile S1 (20 mmol, 1.0 eq) and 

glyoxal dimethyl acetal S2 (2.51 g, 3.62 mL, 24.0 mmol, 1.20 eq, 60% aq. soln) in 

MeOH (50 mL), K2CO3(4.15 g, 30.0 mmol, 1.50 eq) was added at rt. The mixture was 

heated to reflux for 2 h. Cooling to rt and poured water (70 mL) into the mixture. The 

mixture was extracted with EA (3× 60 mL), the combined organic layers were washed 

with brine and dried over Na2SO4.The residual solvents were removed under reduced 

pressure to afford the product (Z)-4,4-dimethoxy-2-phenylbut-2-enenitrile as colorless 

liquid without further purification. 

To a stirred suspension of (Z)-4,4-dimethoxy-2-phenylbut-2-enenitrile in THF (50 

mL) was added 1N HCl (50 mL). The mixture was stirred at rt for 1h until material 

completion as judged by TLC. The mixture was extracted with EA (3× 50 mL). The 

organic layers were washed with brine and treated with anhydrous Na2SO4. The 
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solvent was evaporated and the product (Z)-4-oxo-2-phenylbut-2-enenitrile were 

purified by flash chromatography (Petroleum ether /EtOAc, 20:1) to afford the 

substrate as solid. 

 (Z)-4-oxo-2-phenylbut-2-enenitrile (1a) 

 

Light yellow solid, yield: 1.41 g (45%). 1H NMR (400 MHz, CDCl3): δ=10.25 (d, J = 

7.6 Hz, 1H), 7.79 – 7.76 (m, 2H), 7.60 – 7.50 (m, 3H), 7.06 (d, J = 7.6 Hz, 1H); 13C 

NMR (100 MHz, CDCl3): δ=190.11, 135.99, 132.77, 131.60, 130.69, 129.64, 127.11, 

114.09. 

(Z)-2-(4-fluorophenyl)-4-oxobut-2-enenitrile (1b) 

 

Yellow solid, yield:1.56 g (44%). 1H NMR (400 MHz, CDCl3): δ=10.23 (d, J = 7.6 

Hz, 1H), 7.79 (dd, J = 9.0, 5.0 Hz, 2H), 7.26 – 7.20 (m, 2H), 7.00 (d, J = 7.6 Hz, 1H); 

13C NMR (100 MHz, CDCl3): δ=189.93, 165.31 (d, J = 256.3 Hz), 135.71 (d, J = 2.4 

Hz), 130.37, 126.91 (d, J = 3.4 Hz), 117.17, 116.94, 113.96. 

(Z)-2-(4-bromophenyl)-4-oxobut-2-enenitrile (1c) 

 

Yellow solid, yield:2.23 g (47%). 1H NMR (500 MHz, CDCl3): δ=10.24 (d, J = 7.5 

Hz, 1H), 7.65 (dd, J = 21.3, 8.2 Hz, 4H), 7.05 (d, J = 7.5 Hz, 1H); 13C NMR (125 
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MHz, CDCl3): δ=189.93, 136.19, 133.05, 130.50, 129.66, 128.49, 127.81, 113.82. 

(Z)-4-oxo-2-(p-tolyl)but-2-enenitrile (1d) 

 

Yellow solid, yield: 1.80 g (52%). 1H NMR (400 MHz, CDCl3): δ=10.22 (d, J = 7.7 

Hz, 1H), 7.66 (d, J = 8.3 Hz, 2H), 7.32 (d, J = 8.1 Hz, 2H), 7.02 (d, J = 7.7 Hz, 1H), 

2.44 (s, 3H); 13C NMR (100 MHz, CDCl3): δ=190.27, 143.92, 134.86, 131.62, 130.37, 

127.95, 127.10, 114.21, 21.64. 

(Z)-2-(4-(tert-butyl)phenyl)-4-oxobut-2-enenitrile (1e) 

 

Brown solid, 2.5 g (48%). 1H NMR (400 MHz, CDCl3): δ=10.24 (d, J = 7.7 Hz, 1H), 

7.71 (d, J = 8.8 Hz, 2H), 7.54 (d, J = 8.7 Hz, 2H), 7.04 (d, J = 7.7 Hz, 1H), 1.36 (s, 

9H); 13C NMR (100 MHz, CDCl3): δ=190.31, 156.96, 134.97, 131.57, 127.89, 127.03, 

126.68, 114.20, 35.23, 31.03. 

(Z)-2-(4-methoxyphenyl)-4-oxobut-2-enenitrile (1f) 

 

Yellow solid, yield: 3.15 g (84%). 1H NMR (500 MHz, CDCl3): δ=10.20 (d, J = 7.9 

Hz, 1H), 7.77 – 7.69 (m, 2H), 7.06 – 6.97 (m, 2H), 6.94 (d, J = 7.8 Hz, 1H), 3.90 (s, 

3H); 13C NMR (125 MHz, CDCl3): δ=190.33, 163.49, 133.45, 131.28, 129.13, 123.21, 

115.17, 114.35, 55.78. 
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(Z)-2-(3-fluorophenyl)-4-oxobut-2-enenitrile (1g) 

 

Yellow solid, 0.82 g (23%). 1H NMR (500 MHz, CDCl3): δ=10.25 (d, J = 7.5 Hz, 1H), 

7.60 – 7.57 (m, 1H), 7.53 (td, J = 8.0, 5.6 Hz, 1H), 7.48 – 7.43 (m, 1H), 7.29 (dd, J = 

8.1, 2.5 Hz, 1H), 7.05 (d, J = 7.5 Hz, 1H); 13C NMR (125 MHz, CDCl3): δ=189.87, 

164.16, 162.17, 136.96, 132.78, 131.49, 130.34, 123.07, 119.89, 113.97. 

(Z)-2-(3-chlorophenyl)-4-oxobut-2-enenitrile (1h) 

 

Brown solid, 1.10 g (28%). 1H NMR (400 MHz, CDCl3): δ=10.25 (d, J = 7.5 Hz, 1H), 

7.74 (t, J = 1.8 Hz, 1H), 7.66 (ddd, J = 7.7, 1.8, 1.1 Hz, 1H), 7.55 (ddd, J = 8.0, 1.9, 

1.1 Hz, 1H), 7.48 (t, J = 7.9 Hz, 1H), 7.05 (d, J = 7.5 Hz, 1H); 13C NMR (100 MHz, 

CDCl3): δ=189.67, 136.95, 135.94, 132.65, 132.41, 130.87, 130.05, 127.00, 125.25, 

113.69 . 

(Z)-2-(3-methoxyphenyl)-4-oxobut-2-enenitrile (1i) 

 

Yellow solid, yield:0.50 g (13%). 1H NMR (500 MHz, CDCl3): δ=10.25 (d, J = 6.3 

Hz, 1H), 7.47 – 7.34 (m, 2H), 7.26 – 7.23 (m, 1H), 7.11 (d, J = 8.2 Hz, 1H), 7.04 (d, J 

= 6.1 Hz, 1H), 3.88 (s, 3H); 13C NMR (125 MHz,CDCl3): δ=190.26, 160.38, 136.23, 

132.02, 131.59, 130.78, 119.66, 118.66, 114.19, 112.24, 55.65. 
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(Z)-2-(naphthalen-2-yl)-4-oxobut-2-enenitrile (1j) 

 

The title compound was prepared according to the general procedure on 10 mmol 

scale. Yellow solid, yield: 1.15 g( 55%). 1H NMR (400 MHz, CDCl3): δ=10.29 (d, J = 

7.6 Hz, 1H), 8.33 (s, 1H), 8.00 – 7.86 (m, 3H), 7.70 (dd, J = 8.7, 1.8 Hz, 1H), 7.62 (m, 

2H), 7.14 (d, J = 7.6 Hz, 1H); 13C NMR (100 MHz, CDCl3): δ=190.15, 135.65, 

135.03, 132.91, 131.52, 129.71, 129.57, 129.33, 129.00, 127.95, 127.72, 121.70, 

114.19. 

(Z)-2-(2-fluorophenyl)-4-oxobut-2-enenitrile (1k) 

 

Light yellow solid, 0.56 g (16%). 1H NMR (500 MHz, CDCl3): δ=10.28 (dd, J = 7.6, 

0.8 Hz, 1H), 7.78 (t, J = 7.8 Hz, 1H), 7.57 – 7.52 (m, 1H), 7.34 (t, J = 7.7 Hz, 1H), 

7.26 – 7.21 (m, 2H); 13C NMR (125 MHz, CDCl3): δ=190.52, 160.72 (d, J = 257.0 

Hz), 140.57 (d, J = 13.4 Hz), 134.00 (d, J = 9.4 Hz), 130.48, 126.40, 125.31 (d, J = 

3.6 Hz), 119.24 (d, J = 9.8 Hz), 117.24 (d, J = 22.1 Hz), 113.71. 

(Z)-2-(2-methoxyphenyl)-4-oxobut-2-enenitrile (1l) 

 

Yellow solid, yield: 1.05 g (28%). 1H NMR (400 MHz, CDCl3): δ=10.27 (d, J = 7.9 

Hz, 1H), 7.69 (dd, J = 7.8, 1.6 Hz, 1H), 7.50 (ddd, J = 8.9, 7.5, 1.6 Hz, 1H), 7.38 (d, J 

= 7.9 Hz, 1H), 7.09 (td, J = 7.7, 1.0 Hz, 1H), 7.03 (d, J = 8.4 Hz, 1H), 3.95 (s, 3H); 
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13C NMR (100 MHz, CDCl3): δ=191.66, 158.39, 139.84, 133.54, 130.79, 129.12, 

121.33, 120.05, 114.50, 111.95, 55.82. 

(E)-4-oxo-2-(thiophen-2-yl)but-2-enenitrile (1m) 

 

Brown solid, yield: 1.35 g (38%). 1H NMR (400 MHz, CDCl3): δ=10.14 (d, J = 7.6 

Hz, 1H), 7.71 (dd, J = 3.8, 0.9 Hz, 1H), 7.62 (dd, J = 5.1, 1.0 Hz, 1H), 7.20 (dd, J = 

5.1, 3.8 Hz, 1H), 6.81 (d, J = 7.6 Hz, 1H); 13C NMR (100 MHz, CDCl3): δ=189.38, 

136.19, 132.85 (d, J = 3.8 Hz), 132.22, 129.22, 125.08, 113.20. 

b) Characterizations of products 

(R)-ethyl-4-cyano-6-methyl-2-oxo-4-phenyl-3,4-dihydro-2H-pyran-5-carboxylate 

(3a)  

 

White solid, yield: 25.8 mg (90%); mp: 90-91 ℃; [𝛼]
D
20=26.5 (c 1.0, CHCl3); 

1H 

NMR (500 MHz, CDCl3): δ=7.44 – 7.35 (m, 5H), 4.08 – 3.98 (m, 2H), 3.31 (d, J = 

15.9 Hz, 1H), 3.09 (d, J = 15.9 Hz, 1H), 2.48 (s, 3H), 0.96 (t, J = 7.1 Hz, 3H); 13C 

NMR (125 MHz, CDCl3): δ=163.99, 162.22, 161.35, 137.02, 129.58, 128.98, 124.82, 

119.03, 107.81, 61.51, 43.00, 42.79, 18.86, 13.48; HRMS (ESI) calcd for 

C16H16NO4(M+H)+: 286.1073, Found: 286.1070; 97:3 er as determined by HPLC 

(Daicel Chralcel IB, 90:10 hexanes/ i-PrOH, 1 mL/min), λ=254nm, tr (minor) = 16.98 

min, tr (major) = 22.76min. 
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(R)-ethyl-4-cyano-4-(4-fluorophenyl)-6-methyl-2-oxo-3,4-dihydro-2H-pyran-5-ca

rboxylate (3b) 

 

White solid, yield: 26.4 mg (87%); mp: 85-86 ℃; [𝛼]
D
20=38.3 (c 0.5, CHCl3); 

1H 

NMR (500 MHz, CDCl3): δ=7.39 (dd, J = 8.8, 4.8 Hz, 2H), 7.11 (t, J = 8.5 Hz, 2H), 

4.24 – 3.88 (m, 2H), 3.32 (d, J = 15.8 Hz, 1H), 3.08 (d, J = 15.9 Hz, 1H), 2.48 (s, 3H), 

1.03 (t, J = 7.1 Hz, 3H).; 13C NMR (125 MHz, CDCl3): δ=163.83, 163.73, 162.36, 

161.15, 132.71, 126.88 (d, J = 8.4 Hz), 118.94, 116.62 (d, J = 22.3 Hz), 107.58, 61.65, 

42.77, 42.49, 18.93, 13.60; HRMS (ESI) calcd for C16H15FNO4 (M+H)+: 304.0979, 

Found: 304.0978; 96:4 er as determined by HPLC (Daicel Chralcel IB, 90:10 

hexanes/ i-PrOH, 1 mL/min), λ=254nm, tr (minor) = 15.25 min, tr (major) = 

20.59min. 

(R)-ethyl-4-(4-bromophenyl)-4-cyano-6-methyl-2-oxo-3,4-dihydro-2H-pyran-5-ca

rboxylate (3c) 

 

Yellow solid, yield: 23.1 mg (63%); mp: 51-52 ℃; [𝛼]
D
20= 46.7 (c 0.5, CHCl3); 

1H 

NMR (500 MHz, CDCl3): δ=7.55 (d, J = 8.8 Hz, 2H), 7.28 (d, J = 8.8 Hz, 2H), 4.28 – 

3.76 (m, 2H), 3.31 (d, J = 15.9 Hz, 1H), 3.06 (d, J = 15.9 Hz, 1H), 2.48 (s, 3H), 1.04 

(t, J = 7.1 Hz, 3H); 13C NMR (125 MHz, CDCl3): δ=163.83, 162.72, 161.10, 136.19, 
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132.85, 126.72, 123.29, 118.77, 107.36, 61.81, 42.81, 42.57, 19.06, 13.71; HRMS 

(ESI) calcd for C16H15BrNO4 (M+H)+: 364.0184, Found: 364.0181; 96:4 er as 

determined by HPLC (Daicel Chralcel IB, 80:20 hexanes/ i-PrOH, 1 mL/min), 

λ=254nm, tr (minor) = 12.40 min, tr (major) = 26.82 min. 

(R)-ethyl-4-cyano-6-methyl-2-oxo-4-(p-tolyl)-3,4-dihydro-2H-pyran-5-carboxylat

e (3d) 

 

White solid, yield: 23.3 mg (78%); mp: 84-85℃; [𝛼]
D
20= 28.5 (c 1.0, CHCl3); 

1H 

NMR (500 MHz, CDCl3): δ=7.27 (d, J = 8.4 Hz, 2H), 7.21 (d, J = 8.5 Hz, 2H), 4.32 – 

3.78 (m, 2H), 3.29 (d, J = 15.8 Hz, 1H), 3.07 (d, J = 15.9 Hz, 1H), 2.47 (s, 3H), 2.35 

(s, 3H), 1.00 (t, J = 7.1 Hz, 3H); 13C NMR (125 MHz, CDCl3): δ=164.07, 161.95, 

161.54, 138.98, 133.85, 130.17, 124.73, 119.21, 107.92, 61.52, 42.84, 42.68, 21.01, 

18.85, 13.55; HRMS (ESI) calcd for C17H18NO4 (M+H)+: 300.1230, Found: 300.1232; 

97:3 er as determined by HPLC (Daicel Chralcel IB, 80:20 hexanes/ i-PrOH, 1 

mL/min), λ=254nm, tr (minor) = 10.33 min, tr (major) = 24.09min. 

(R)-ethyl-4-(4-(tert-butyl)phenyl)-4-cyano-6-methyl-2-oxo-3,4-dihydro-2H-pyran

-5-carboxylate (3e) 

 

White solid, yield: 34.1 mg (88%); mp: 104-105 ℃; [𝛼]
D
20= 32.4 (c 1.0, CHCl3); 

1H 
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NMR (500 MHz, CDCl3): δ=7.41 (d, J = 8.4 Hz, 2H), 7.31 (d, J = 8.5 Hz, 2H), 4.14 – 

3.94 (m, 2H), 3.30 (d, J = 15.9 Hz, 1H), 3.10 (d, J = 15.9 Hz, 1H), 2.46 (s, 3H), 1.30 

(s, 9H), 0.94 (t, J = 7.1 Hz, 3H); 13C NMR (125 MHz, CDCl3): δ=164.10, 161.88, 

161.61, 152.16, 133.74, 126.45, 124.58, 119.17, 108.07, 61.43, 42.72, 42.56, 34.61, 

31.17, 18.85, 13.43; HRMS (ESI) calcd for C20H24NO4 (M+H)+: 342.1699, Found: 

342.1698; 99:1 er as determined by HPLC (Daicel Chralcel IB, 90:10 hexanes/ 

i-PrOH, 1 mL/min), λ=254 nm, tr (minor) = 8.65 min, tr (major) = 12.81 min. 

(R)-ethyl-4-cyano-4-(4-methoxyphenyl)-6-methyl-2-oxo-3,4-dihydro-2H-pyran-5-

carboxylate (3f) 

3f

O

NC
CO2Et

O

OMe  

White solid, yield: 25.2 mg (80%); mp: 40-41 ℃; [𝛼]
D
20= 29.5 (c 1.0, CHCl3); 

1H 

NMR (500 MHz, CDCl3): δ=7.30 (d, J = 8.9 Hz, 2H), 6.92 (d, J = 8.9 Hz, 2H), 4.13 – 

4.03 (m, 2H), 3.81 (s, 1H), 3.09 (d, J = 15.8 Hz, 1H), 2.46 (s, 3H), 1.04 (t, J = 7.1 Hz, 

3H); 13C NMR (125 MHz, CDCl3): δ=164.20, 161.91, 161.70, 159.99, 128.60, 126.32, 

119.40, 114.90, 108.10, 61.65, 55.51, 43.02, 42.44, 18.95, 13.73; HRMS (ESI) calcd 

for C17H18NO5 (M+H)+: 316.1179, Found: 316.1173; 95:5 er as determined by HPLC 

(Daicel Chralcel IB, 70:30 hexanes/ i-PrOH, 0.8 mL/min), λ=254nm, tr (minor) = 

11.22 min, tr (major) = 25.33 min.  

(R)-ethyl-4-cyano-4-(3-fluorophenyl)-6-methyl-2-oxo-3,4-dihydro-2H-pyran-5-ca

rboxylate (3g) 
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White solid, yield: 19.4 mg (60%); mp: 60-61 ℃; [𝛼]
D
20= 42.8 (c 1.0, CHCl3); 

1H 

NMR (500 MHz, CDCl3): δ=7.41 (dd, J = 13.9, 8.0 Hz, 1H), 7.22 – 7.17 (m, 1H), 

7.15 – 7.05 (m, 2H), 4.14 – 4.04 (m, 2H), 3.33 (d, J = 15.9 Hz, 1H), 3.08 (d, J = 15.9 

Hz, 1H), 2.49 (s, 3H), 1.02 (t, J = 7.1 Hz, 3H); 13C NMR (125 MHz, CDCl3): 

δ=163.72, 163.12 (d, J = 249.1 Hz), 162.74, 139.49 (d, J = 7.1 Hz), 131.40 (d, J = 8.4 

Hz), 120.57, 118.66, 116.16 (d, J = 21.1 Hz), 112.51 (d, J = 24.0 Hz), 107.21, 61.66, 

42.79, 42.47, 18.96, 13.56; HRMS (ESI) calcd for C16H15FNO4 (M+H)+: 304.0979, 

Found: 304.0988; >99:1 er as determined by HPLC (Daicel Chralcel AD-H, 95:5 

hexanes/ i-PrOH, 1 mL/min), λ=254nm, tr (minor) = 13.65 min, tr (major) = 

15.31min. 

(R)-ethyl-4-(3-chlorophenyl)-4-cyano-6-methyl-2-oxo-3,4-dihydro-2H-pyran-5-ca

rboxylate (3h) 

 

White solid, yield: 25.2 mg (79%); mp: 47-48 ℃; [𝛼]
D
20= 20.5 (c 0.5, CHCl3); 

1H 

NMR (500 MHz, CDCl3): δ=7.42 – 7.35 (m, 3H), 7.31 – 7.27 (m, 1H), 4.27 – 3.55 (m, 

2H), 3.33 (d, J = 16.0 Hz, 1H), 3.08 (d, J = 15.8 Hz, 1H), 2.50 (s, 3H), 1.02 (t, J = 7.1 

Hz, 3H); 13C NMR (125 MHz, CDCl3): δ=163.67, 162.80, 160.95, 139.01, 135.62, 

130.90, 129.34, 125.30, 123.02, 118.57, 107.13, 61.68, 42.73, 42.44, 18.98, 13.56; 

HRMS (ESI) calcd for C16H15ClNO4 (M+H)+: 337.0949, Found: 337.0946; 95:5 er as 
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determined by HPLC (Daicel Chralcel AD-H, 90:10 hexanes/ i-PrOH, 0.8 mL/min), 

λ=254nm, tr (minor) = 11.46 min, tr (major) = 13.81min. 

(R)-ethyl-4-cyano-4-(3-methoxyphenyl)-6-methyl-2-oxo-3,4-dihydro-2H-pyran-5-

carboxylate (3i) 

 

White solid, yield: 18.7 mg (59%); mp: 57-58 ℃; [𝛼]
D
20=28.3 (c 1.0, CHCl3); 

1H 

NMR (500 MHz, CDCl3): δ=7.33 (t, J = 7.9 Hz, 1H), 6.99 – 6.82 (m, 3H), 4.16 – 3.97 

(m, 2H), 3.82 (s, 3H), 3.31 (d, J = 15.8 Hz, 1H), 3.09 (d, J = 15.8 Hz, 1H), 2.48 (s, 

3H), 1.00 (t, J = 7.1 Hz, 3H); 13C NMR (125 MHz, CDCl3): δ=164.00, 162.21, 

161.39, 160.36, 138.48, 130.73, 119.02, 116.86, 113.94, 111.14, 107.70, 61.53, 55.43, 

42.95, 42.6, 18.87,13.54; HRMS (ESI) calcd for C17H18NO5 (M+H)+: 316.1179, 

Found: 316.1176; 91:9 er as determined by HPLC (Daicel Chralcel IB, 90:10 

hexanes/ i-PrOH, 0.8 mL/min), λ=254nm, tr (minor) = 21.85 min, tr (major) = 31.78 

min. 

(R)-ethyl-4-cyano-6-methyl-4-(naphthalen-2-yl)-2-oxo-3,4-dihydro-2H-pyran-5-c

arboxylate (3j) 

 

Yellow, yield: 27.5 mg (77%); mp: 77-78 ℃; [𝛼]
D
20= 59.3 (c 0.5, CHCl3); 

1H NMR 

(500 MHz, CDCl3): δ=7.93 – 7.89 (m, 2H), 7.88 – 7.84 (m, 2H), 7.61 – 7.50 (m, 2H), 
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7.42 (dd, J = 8.6, 2.1 Hz, 1H), 4.09 – 3.90 (m, 2H), 3.37 (d, J = 16.0 Hz, 1H), 3.19 (d, 

J = 16.0 Hz, 1H), 2.53 (s, 3H), 0.87 (t, J = 7.1 Hz, 3H); 13C NMR (125 MHz, CDCl3): 

δ=164.03, 162.37, 161.36, 134.01, 133.09, 132.99, 129.92, 128.18, 127.70, 127.18 (d, 

J = 6.9 Hz), 124.62, 121.61, 119.12, 107.72, 61.52, 43.12, 42.64, 18.95, 13.47; 

HRMS (ESI) calcd for C20H18NO4 (M+H)+: 336.1230, Found: 336.1229; 97:3 er as 

determined by HPLC (Daicel Chralcel IB, 75:25 hexanes/ i-PrOH, 1 mL/min), 

λ=254nm, tr (minor) = 17.30 min, tr (major) = 35.22min. 

(S)-ethyl-4-cyano-4-(2-fluorophenyl)-6-methyl-2-oxo-3,4-dihydro-2H-pyran-5-car

boxylate (3k) 

 

White solid, yield: 14.3 mg (47%); mp: 71-72 ℃; [𝛼]
D
20= 20.1 (c 0.5, CHCl3); 

1H 

NMR (500 MHz, CDCl3): δ=7.54 (t, J = 8.1 Hz, 1H), 7.44 – 7.35 (m, 1H), 7.22 (t, J = 

7.7 Hz, 1H), 7.13 (dd, J = 11.9, 8.2 Hz, 1H), 4.09 (q, J = 7.1 Hz, 2H), 3.40 (d, J = 

16.2 Hz, 1H), 3.29 (d, J = 16.1 Hz, 1H), 2.47 (s, 3H), 1.02 (t, J = 7.1 Hz, 3H); 13C 

NMR (125 MHz, CDCl3): δ=163.80, 161.85, 161.50, 159.45 (d, J = 248.6 Hz), 

131.26 (d, J = 8.5 Hz), 128.69, 124.87 (d, J = 3.2 Hz), 123.33 (d, J = 9.9 Hz), 118.24, 

117.09 (d, J = 21.6 Hz), 106.55, 61.50, 40.51, 39.45, 19.11, 13.59; HRMS (ESI) calcd 

for C16H15FNO4 (M+H)+: 304.0979, Found: 304.0991; 95:5 er as determined by 

HPLC (Daicel Chralcel AD-H, 90:10 hexanes/ i-PrOH, 0.8 mL/min), λ=254nm, tr 

(minor) = 11.99 min, tr (major) = 13.78min. 

(R)-ethyl-4-cyano-4-(2-methoxyphenyl)-6-methyl-2-oxo-3,4-dihydro-2H-pyran-5-

carboxylate (3l) 
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White solid, yield: 23.2 mg (74%); mp: 104-105 ℃; [𝛼]
D
20=87.3 (c 1.0, CHCl3); 

1H 

NMR (500 MHz, CDCl3): δ=7.60 (d, J = 7.8 Hz, 1H), 7.35 (t, J = 7.9 Hz, 1H), 7.01 (t, 

J = 7.7 Hz, 1H), 6.92 (d, J = 8.0 Hz, 1H), 4.13 – 4.04 (m, 2H), 3.79 (s, 3H), 3.44 (d, J 

= 16.3 Hz, 1H), 3.25 (d, J = 16.6 Hz, 1H), 2.44 (s, 3H), 1.08 (t, J = 7.2 Hz, 3H); 13C 

NMR (125 MHz, CDCl3): δ=164.36, 162.24, 161.10, 155.87, 130.50, 128.89, 124.00, 

120.93, 119.89, 111.68, 105.85, 61.28, 54.84, 41.92, 38.87, 19.42, 13.71; HRMS (ESI) 

calcd for C17H18NO5 (M+H)+: 316.1179, Found: 316.1183; 95:5 er as determined by 

HPLC (Daicel Chralcel AD-H, 90:10 hexanes/ i-PrOH, 0.8 mL/min), λ=254nm, tr 

(minor) = 12.08 min, tr (major) = 16.36min. 

(R)-ethyl-4-cyano-6-methyl-2-oxo-4-(thiophen-2-yl)-3,4-dihydro-2H-pyran-5-car

boxylate (3m) 

 

Yellow solid, yield: 19.6 mg (67%); mp: 45-46 ℃; [𝛼]
D
20= 30.7 (c 1.0, CHCl3); 

1H 

NMR (500 MHz, CDCl3): δ=7.30 (d, J = 5.1 Hz, 1H), 7.16 – 7.12 (m, 1H), 7.02 – 

6.96 (m, 1H), 4.30 – 4.13 (m, 2H), 3.39 (d, J = 15.9 Hz, 1H), 3.33 (d, J = 15.9 Hz, 

1H), 2.45 (s, 3H), 1.21 (t, J = 7.1 Hz, 3H); 13C NMR (125 MHz, CDCl3): δ=163.75, 

162.24, 161.33, 140.04, 127.59, 126.58, 126.12, 118.72, 108.43, 61.95, 43.07, 39.45, 

19.16, 13.83; HRMS (ESI) calcd for C14H14SNO4 (M+H)+: 292.0638, Found: 

292.0608; 98:2 er as determined by HPLC (Daicel Chralcel AD-H, 90:10 hexanes/ 
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i-PrOH, 0.8 mL/min), λ=254nm, tr (minor) = 19.58 min, tr (major) = 27.24min. 

(R)-ethyl-4-cyano-6-ethyl-2-oxo-4-phenyl-3,4-dihydro-2H-pyran-5-carboxylate 

(3n) 

 

White solid, yield: 28.0 mg (93%); mp: 101-102 ℃; [𝛼]
D
20= 36.1 (c 1.0, CHCl3); 

1H 

NMR (500 MHz, CDCl3): δ=7.45 – 7.35 (m, 5H), 4.09 – 3.99 (m, 2H), 3.31 (d, J = 

15.9 Hz, 1H), 3.08 (d, J = 15.9 Hz, 1H), 2.90 – 2.75 (m, 2H), 1.31 (t, J = 7.5 Hz, 3H), 

0.96 (t, J = 7.1 Hz, 3H); 13C NMR (125 MHz, CDCl3): δ=166.45, 163.89, 161.66, 

136.89, 129.59, 128.98, 124.83, 119.09, 107.18, 61.52, 42.94, 42.76, 25.52, 13.46, 

11.64; HRMS (ESI) calcd for C17H18NO4 (M+H)+: 300.1230, Found: 300.1232; 96:4 

er as determined by HPLC (Daicel Chralcel IB, 90:10 hexanes/ i-PrOH, 1 mL/min), 

λ=254nm, tr (minor) = 10.73 min, tr (major) = 14.89min. 

(R)-methyl-4-cyano-6-methyl-2-oxo-4-phenyl-3,4-dihydro-2H-pyran-5-carboxyla

te (3o) 

 

White solid, yield: 21.6 mg (80%); mp: 78-79 ℃; [𝛼]
D
20= 50.5 (c 1.0, CHCl3); 

1H 

NMR (400 MHz, CDCl3): δ=7.51 – 7.33 (m, 5H), 3.58 (s, 3H), 3.33 (d, J = 15.8 Hz, 

1H), 3.11 (d, J = 15.8 Hz, 1H), 2.49 (s, 3H); 13C NMR (100 MHz, CDCl3): δ=164.56, 

162.47, 161.36, 136.58, 129.68, 129.10, 124.81, 119.13, 107.66, 52.13, 43.00, 42.75, 

19.00;  HRMS (ESI) calcd for C15H14NO4 (M+H)+: 272.0917, Found: 272.0918; 
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97:3 er as determined by HPLC (Daicel Chralcel IB, 90:10 hexanes/ i-PrOH, 1 

mL/min), λ=254nm, tr (minor) = 15.45 min, tr (major) = 18.89min. 

(R)-isopropyl-4-cyano-6-methyl-2-oxo-4-phenyl-3,4-dihydro-2H-pyran-5-carboxy

late (3p) 

 

White solid, yield: 24.9 mg (83%); mp: 91-92 ℃; [𝛼]
D
20= 13.8 (c 0.5, CHCl3); 

1H 

NMR (500 MHz, CDCl3): δ=7.43 – 7.34 (m, 5H), 4.87 (m, J = 12.5, 6.2 Hz, 1H), 3.30 

(d, J = 16.0 Hz, 1H), 3.06 (d, J = 16.0 Hz, 1H), 2.47 (s, 3H), 1.17 (d, J = 6.3 Hz, 3H), 

0.72 (d, J = 6.2 Hz, 3H); 13C NMR (125 MHz, CDCl3): δ=163.45, 161.97, 161.42, 

137.35, 129.54, 128.89, 124.84, 118.96, 107.98, 69.65, 42.95, 42.81, 21.41, 20.77, 

18.76; HRMS (ESI) calcd for C17H18NO4 (M+H)+:300.1230, Found: 300.1228; 93:7 

er as determined by HPLC (Daicel Chralcel IB, 90:10 hexanes/ i-PrOH, 1 mL/min), 

λ=254nm, tr (minor) = 14.21min, tr (major) = 21.08min. 

(R)-tert-butyl-4-cyano-6-methyl-2-oxo-4-phenyl-3,4-dihydro-2H-pyran-5-carbox

ylate (3q) 

 

White solid, yield: 33.12 mg (87%); mp: 77-78 ℃; [𝛼]
D
20= 28.6 (c 0.5, CHCl3); 

1H 

NMR (500 MHz, CDCl3): δ=7.50 – 7.30 (m, 5H), 3.27 (d, J = 16.0 Hz, 1H), 3.03 (d, J 

= 16.0 Hz, 1H), 2.43 (s, 3H), 1.18 (s, 9H); 13C NMR (125 MHz, CDCl3): δ=163.02, 

161.56, 161.11, 137.45, 129.50, 128.87, 124.97, 118.99, 108.95, 83.21, 43.07, 42.83, 
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27.49, 18.45; HRMS (ESI) calcd for C18H20NO4 (M+H)+: 314.1386, Found: 314.1381; 

98:2 er as determined by HPLC (Daicel Chralcel IB, 90:10 hexanes/ i-PrOH, 1 

mL/min), λ=254nm, tr (minor) = 10.66 min, tr (major) = 16.58min. 

 

(1R,5S,6S)-ethyl 

5-cyano-1-methyl-3-oxo-5-phenyl-2,7-dioxabicyclo[4.1.0]heptane-6-carboxylate 

(5a) 

 
1H NMR (400 MHz, CDCl3): δ=7.44 (dd, J = 13.5, 5.5 Hz, 5H), 4.33 – 4.00 (m, 2H), 

3.37 (d, J = 16.0 Hz, 1H), 2.92 (d, J = 16.0 Hz, 1H), 2.00 (s, 3H), 1.09 (t, J = 7.1 Hz, 

3H); 13C NMR (100 MHz, CDCl3): δ=163.48, 162.87, 161.88, 161.19, 134.98, 133.49, 

129.87, 129.51, 129.51, 125.55, 125.08, 117.74, 86.92, 63.32, 41.89, 17.08, 13.57. 
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Ⅳ 1H, 13C NMR spectra  

 
1H NMR spectrum of 1a (400 MHz, CDCl3) 

 
13C NMR spectrum of 1a (100 MHz, CDCl3) 
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1H NMR spectrum of 1b (400 MHz, CDCl3) 

 

 
13C NMR spectrum of 1b (100 MHz, CDCl3) 
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1H NMR spectrum of 1c (500 MHz, CDCl3) 

 
13C NMR spectrum of 1c (125 MHz, CDCl3) 

 



S24 

 

 
1H NMR spectrum of 1d (400 MHz, CDCl3) 

 

 
13C NMR spectrum of 1d (100 MHz, CDCl3) 
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1H NMR spectrum of 1e (400 MHz, CDCl3) 

 

 
13C NMR spectrum of 1e (100 MHz, CDCl3) 
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   1H NMR spectrum of 1f (500 MHz, CDCl3) 

 

 
13C NMR spectrum of 1f (125 MHz, CDCl3) 
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1H NMR spectrum of 1g (500 MHz, CDCl3) 

 

 
13C NMR spectrum of 1g (125 MHz, CDCl3) 
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1H NMR spectrum of 1h (400 MHz, CDCl3) 

 

 
13C NMR spectrum of 1h (100 MHz, CDCl3) 
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1H NMR spectrum of 1i (500 MHz, CDCl3) 

 

 
13C NMR spectrum of 1i (125 MHz, CDCl3) 
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1H NMR spectrum of 1j (400 MHz, CDCl3) 

 

 
13C NMR spectrum of 1j (100 MHz, CDCl3) 
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1H NMR spectrum of 1k (500 MHz, CDCl3) 

 

 
13C NMR spectrum of 1k (125 MHz, CDCl3) 
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1H NMR spectrum of 1l (400 MHz, CDCl3) 

 

 
13C NMR spectrum of 1l (100 MHz, CDCl3) 
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1H NMR spectrum of 1m (400 MHz, CDCl3) 

 

 
13C NMR spectrum of 1m (100 MHz, CDCl3) 
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1H NMR spectrum of 3a (500 MHz, CDCl3) 

 

 
13C NMR spectrum of 3a (125 MHz, CDCl3) 
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 1H NMR spectrum of 3b (500 MHz, CDCl3) 

 

 
13C NMR spectrum of 3b (125 MHz, CDCl3) 
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1H NMR spectrum of 3c (500 MHz, CDCl3) 

 

 
13C NMR spectrum of 3c (125 MHz, CDCl3) 
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1H NMR spectrum of 3d (500 MHz, CDCl3) 

 

 
13C NMR spectrum of 3d (125 MHz, CDCl3) 

 



S38 

 

 
1H NMR spectrum of 3e (500 MHz, CDCl3) 

 

 
13C NMR spectrum of 3e (125 MHz, CDCl3) 
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1H NMR spectrum of 3f (500 MHz, CDCl3) 

 

 
1H NMR spectrum of 3f (125 MHz, CDCl3) 
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1H NMR spectrum of 3g (500 MHz, CDCl3) 

 

 
13C NMR spectrum of 3g (125 MHz, CDCl3) 
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1H NMR spectrum of 3h (500 MHz, CDCl3) 

 

 
13C NMR spectrum of 3h (125 MHz, CDCl3) 
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1H NMR spectrum of 3i (500 MHz, CDCl3) 

 

 
13C NMR spectrum of 3i (125 MHz, CDCl3) 
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1H NMR spectrum of 3j (500 MHz, CDCl3) 

 

 
13C NMR spectrum of 3j (125 MHz, CDCl3) 
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1H NMR spectrum of 3k (500 MHz, CDCl3) 

 

 
13C NMR spectrum of 3k (125 MHz, CDCl3) 
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1H NMR spectrum of 3l (500 MHz, CDCl3) 

 

 
13C NMR spectrum of 3l (125 MHz, CDCl3) 
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1H NMR spectrum of 3m (500 MHz, CDCl3) 

 

 
13C NMR spectrum of 3m (125 MHz, CDCl3) 
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1H NMR spectrum of 3n (500 MHz, CDCl3) 

 

 
13C NMR spectrum of 3n (125 MHz, CDCl3) 
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1H NMR spectrum of 3o (400 MHz, CDCl3) 

 

 
13C NMR spectrum of 3o (100 MHz, CDCl3) 
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1H NMR spectrum of 3p (500 MHz, CDCl3) 

 

 
13C NMR spectrum of 3p (125 MHz, CDCl3) 
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1H NMR spectrum of 3q (500 MHz, CDCl3) 

 

 
13C NMR spectrum of 3q (125 MHz, CDCl3) 
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5a 

 
1H NMR spectrum of 5a (400 MHz, CDCl3) 

 

 
13C NMR spectrum of 5a (100 MHz, CDCl3) 
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HPLC spectra of products 
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