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1. General and Materials 

General: All reactions were carried out under an atmosphere of nitrogen using the standard 

Schlenk techniques, unless otherwise noted. Solvents were treated prior to use according to the 

standard methods. 
1
H NMR, 

13
C NMR and 

19
F NMR spectra were recorded at room temperature 

in CDCl3 on 400 MHz instrument with TMS as internal standard. Enantiomeric excess was 

determined by HPLC analysis, using chiral column described below in detail. Optical rotations 

were measured by polarimeter. Flash column chromatography was performed on silica gel 

(200-300 mesh).
 
The heat source for all heating reactions is the oil bath. High-resolution mass 

spectrometry (HRMS) was measured on an electrospray ionization (ESI) apparatus using the 

time-of-flight (TOF) mass spectrometry. All reactions were monitored by TLC analysis. 

Materials: Commercially available reagents and solvents were used throughout without further 

purification. 

2. Synthesis of Substrates 

2.1. The Synthesis of Flavonoids 

The flavonoids 1 were synthesized from (substituted) 2'-hydroxyacetophenones and carbonate 

esters through two steps according to the known procedure, in which 1a-h and 1m-s are the 

known compounds.
1-4

 First, the methoxycarbonyl group was introduced to the known 2'-hydroxy- 

acetophenone S1 under the basic condition to afford the intermediate β-keto ester. Then, β-keto 

ester underwent the base-catalyzed domino aldol-oxa-Michael reactions with aldehydes to provide 

the desired flavonoids 1. 

 

General procedure: To a solution of ketone (40 mmol) in THF (80 mL) was slowly added 

sodium hydride (4.800 g, 120 mmol, 60%) at the ambient temperature. Subsequently, the dimethyl 

carbonate (6.8 mL, 80 mmol) was added dropwise to the suspension. The reaction mixture was 

stirred at ambient temperature for about 5 minutes and then heated up to reflux for about 2 hours. 

The reaction was complete as monitored by TLC. After cooling to room temperature, the resulting 

mixture was acidified with aqueous HCl (3.0 M) to pH 4-5. After separation, the aqueous layer 

was extracted with ethyl acetate (50 mL×3). The combined organic layer was dried over 

anhydrous sodium sulfate, filtered and concentrated under the reduced pressure. The combined 

organic layer was dried over sodium sulfate and evaporated under the reduced pressure. The crude 

residue was purified by flash chromatography on silica gel using hexanes/ethyl acetate (20/1-10/1) 

as eluent to give the intermediate ester. 

The ester intermediate (4.0 mmol) thus obtained was dissolved in ethanol (12 mL) followed by 

addition of aldehydes (4.0 mmol, 1.0 equiv.). After that, the piperidine (0.8 mmol, 0.2 equiv.) was 

added to the above ethanol solution. The resulting mixture was stirred at ambient temperature for 

about 12 h. After the completion of the reaction, the volatiles were removed under the reduced 

pressure. The residue was purified by flash chromatography on silica gel using hexanes/ethyl 

acetate (50/1) as eluent to give the flavonoids 1. 
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_______________________________________________________________________________ 

Methyl 2-Benzyl-4-hydroxy-2H-chromene-3-carboxylate (1i): 

0.758 g, 64% yield (last step), white solid, mp 92-93 
o
C, new compound, Rf = 0.48 (hexanes/ethyl 

acetate 20/1). 
1
H NMR (400 MHz, CDCl3) δ 12.07 (brs, 1H), 7.69 (dd, J = 

7.7, 1.6 Hz, 1H), 7.39-7.34 (m, 1H), 7.31-7.26 (m, 2H), 7.24-7.19 (m, 1H), 

7.18-7.12 (m, 2H), 7.01 (t, J = 7.5 Hz, 1H), 6.87 (d, J = 8.2 Hz, 1H), 5.36 (dd, 

J = 8.8, 4.4 Hz, 1H), 3.71 (s, 3H), 3.04 (dd, J = 13.8, 8.9 Hz, 1H), 2.82 (dd, J = 13.8, 4.4 Hz, 1H). 
13

C NMR (100 MHz, CDCl3) δ 170.5, 162.4, 155.6, 137.5, 133.5, 129.6, 128.3, 126.6, 124.7, 

121.4, 117.9, 117.6, 95.6, 75.1, 51.8, 41.3. HRMS Calculated for C18H16NaO4 [M+Na]
+
 319.0941, 

found: 319.0943. 

_______________________________________________________________________________ 

Methyl 4-Oxo-2-(o-tolyl)chromane-3-carboxylate (1k): 

0.730 g, 62% yield (last step), white solid, mp 121-122 
o
C, new compound, Rf = 0.40 (hexanes/ 

ethyl acetate 20/1). 
1
H NMR (400 MHz, CDCl3) δ 7.97 (dd, J = 7.9, 1.6 Hz, 

1H), 7.56-7.47 (m, 2H), 7.32-7.25 (m, 3H), 7.09 (t, J = 7.5 Hz, 1H), 7.01 (d, J 

= 8.4 Hz, 1H), 5.96 (d, J = 12.6 Hz, 1H), 4.29 (d, J = 12.6 Hz, 1H), 3.63 (s, 

3H), 2.48 (s, 3H). 
13

C NMR (100 MHz, CDCl3) δ 188.2, 167.6, 161.3, 137.1, 

136.8, 134.2, 131.2, 129.5, 127.6, 126.8, 126.5, 122.0, 119.9, 118.1, 77.5, 58.3, 52.5, 19.4. HRMS 

Calculated for C18H16KO4 [M+K]
+
 335.0680, found: 335.0683. 

_______________________________________________________________________________ 

Methyl 4-Hydroxy-2-(m-tolyl)-2H-chromene-3-carboxylate (1l): 

0.708 g, 60% yield (last step), white solid, mp 90-91 
o
C, new compound, Rf = 0.40 (hexanes/ethyl 

acetate 20/1). 
1
H NMR (400 MHz, CDCl3) δ 12.29 (brs, 1H), 7.68 (dd, J = 

7.7, 1.5 Hz, 1H), 7.28-7.26 (m 1H), 7.19-7.13 (m, 3H), 7.10-7.04 (m, 1H), 

6.95 (t, J = 7.5 Hz, 1H), 6.79 (d, J = 8.2 Hz, 1H), 6.22 (s, 1H), 3.76 (s, 

3H), 2.30 (s, 3H). 
13

C NMR (100 MHz, CDCl3) δ 170.7, 163.1, 155.8, 

140.0, 138.0, 133.4, 129.3, 128.3, 128.0, 124.5, 124.3, 121.3, 117.8, 117.3, 94.1, 74.7, 51.9, 21.5.
 

HRMS Calculated for C18H17O4 [M+H]
+
 297.1121, found: 297.1119. 

_______________________________________________________________________________ 

2.2. The Synthesis of Allenylic Carbonates 

The allenylic carbonates 2 could be conveniently synthesized from the commercially available 

propargyl alcohol and aldehydes through two steps according to the known procedure, all of 

which are the known compounds except for the 2c.
5
 First, the propargyl alcohol underwent the 

copper-catalyzed reaction with cyclohexanecarbaldehyde to provide the intermediate allenylic 

alcohol. Then, the allenylic carbonate 2c could be prepared from the above allenylic alcohol 

intermediate and ethyl chloroformate under the basic condition. 

 

Procedure: To a dried Schlenk flask were sequentially added copper dibromide (0.894 g, 4.0 
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mmol), diphenyl(2-pyrrolidinyl)methanol (5.067 g, 20 mmol), 1,4-dioxane (40 mL), cyclohexane 

carbaldehyde (3.365 g, 30 mmol), and propargyl alcohol (1.682 g, 30 mmol) under the nitrogen 

atmosphere. The mixture was stirred in an oil bath preheated at 130
 o
C for 12 h. After cooling to 

room temperature, the resulting mixture was diluted with diethyl ether (60 mL), which was 

washed with an aqueous solution of hydrochloric acid (HCl, 3.0 M, 60 mL). After separation, the 

aqueous layer was extracted with diethyl ether (60 mL×3). The combined organic layer was dried 

over anhydrous sodium sulfate, filtered and concentrated under the reduced pressure. The residue 

was purified by flash chromatography on silica gel using hexanes/ethyl acetate (20/1-10/1) as 

eluent to afford the intermediate allenylic alcohol. 

A solution of the above allenylic alcohol (1.046 g, 6.9 mmol) and pyridine (1.67 mL, 20.7 

mmol) in dichloromethane (18 mL) was cooled to 0 °C. The ethyl chloroformate (1.31 mL, 13.8 

mmol) was added dropwise over a period of 5 minutes. The reaction mixture was allowed to warm 

to room temperature. When the reaction was completed as monitored by TLC, the reaction 

mixture was acidified with the hydrogen chloride aqueous solution (HCl, 3.0 M) to pH 5-6 and 

extracted three times with dichloromethane. The combined organic layer was dried over anhy- 

drous sodium sulfate, filtered and concentrated under the reduced pressure. The residue was 

purified by flash chromatography on silica gel using hexanes/ethyl acetate (50/1) as eluent to give 

the desirable allenylic carbonate 2c. 

_______________________________________________________________________________ 

4-Cyclohexylbuta-2,3-dien-1-yl Ethyl Carbonate (2c): 

1.292 g, 29% yield (two steps), yellow liquid, new compound, Rf = 0.66 (hexanes/ethyl acetate 

20/1). 
1
H NMR (400 MHz, CDCl3) δ 5.40-5.21 (m, 2H), 4.64-4.55 (m, 2H), 4.20 (q, J = 7.1 Hz, 

2H), 2.07-1.94 (m, 1H), 1.80-1.67 (m, 4H), 1.67-1.58 (m, 1H), 1.31 (t, J = 7.1 Hz, 3H), 1.29-1.01 

(m, 5H). 
13

C NMR (100 MHz, CDCl3) δ 204.8, 155.2, 99.2, 87.5, 66.4, 64.1, 36.9, 33.0, 26.2, 26.1, 

14.4. HRMS Calculated for C13H21O3 [M+H]
+
 225.1485, found: 225.1484. 

_______________________________________________________________________________ 
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3. Pd-Catalyzed Asymmetric Allenylic Alkylation of Flavonoids 

 

The metal precursor Pd(dba)2 (0.02 mmol, 11.5 mg, 10 mol%), ligand (R)-DTBM-GARPHOS 

(L1) (0.022 mmol, 26.7 mg, 11 mol%) and tetrahydrofuran (1.5 mL) were placed in a dried 

Schlenk tube under nitrogen atmosphere. The mixture was stirred at 30 
o
C for 30 min. Then the 

mixture was cooled to -20 
o
C. Thereafter, the flavonoids 1 (0.20 mmol), 5Å MS (50.0 mg) and 

1,8-diazabicyclo[5,4,0]undec-7-ene (DBU) (35.9 µL, 0.24 mmol) were added, and the reaction 

mixture was stirred at -20 
o
C for 10 min. Sequentially, allenylic carbonates 2 (0.30 mmol) and 

tetrahydrofuran (0.5 mL) were added slowly. The mixture was stirred at -20 
o
C for 72 h. After the 

completion of the reaction, without any treatment, the residue was quickly purified by column 

chromatography on silica gel (hexanes/ethyl acetate/dichloromethane 100/1/2-100/3/6) to give the 

desirable chiral products 3. 

The racemates were prepared by running reactions with an achiral DPPP ligand at 30 
o
C. And 

two diastereoisomers were inseparable. 

_______________________________________________________________________________ 

(-)-Ethyl 4-Oxo-2-phenyl-3-(4-phenylbuta-2,3-dien-1-yl)chromane-3-carboxylate (3aa): 

78.5 mg, 92% yield, pale yellow oil, new compound, Rf = 0.35 (hexanes/ethyl acetate 20/1), 16:1 

dr, 99% ee (major diastereoisomer), [α]
20

D = -228.66 (c 0.98, CHCl3). The major diastereoisomer: 
1
H NMR (400 MHz, CDCl3) δ 8.00 (dd, J = 7.9, 1.5 Hz, 1H), 7.55- 

7.43 (m, 3H), 7.42-7.35 (m, 3H), 7.28-7.15 (m, 5H), 7.13-7.06 (m, 

1H), 7.04-6.99 (m, 1H), 6.24-6.17 (m, 1H), 5.71 (s, 1H), 5.62-5.48 

(m, 1H), 4.11-3.95 (m, 2H), 3.34-3.24 (m, 1H), 2.57-2.40 (m, 1H), 

1.03 (t, J = 7.1 Hz, 3H). 
13

C NMR (100 MHz, CDCl3) δ 207.6, 190.0, 

168.3, 161.6, 136.3, 135.6, 133.9, 129.2, 128.7, 128.4, 127.9, 127.4, 127.2, 126.9, 122.0, 121.2, 

118.1, 95.8, 89.9, 82.5, 61.7, 61.3, 29.5, 13.8. HPLC: Chiralpak AD-3 column, 254 nm, 30 
o
C, 

n-Hexane/i-PrOH = 98/2, flow = 0.8 mL/min, retention time 17.1 min (major) and 18.0 min. 

HRMS Calculated for C28H25O4 [M+H]
+
 425.1747, found: 425.1748. 

_______________________________________________________________________________ 

(-)-Methyl 4-Oxo-2-phenyl-3-(4-phenylbuta-2,3-dien-1-yl)chromane-3-carboxylate (3ba): 

77.7 mg, 95% yield, colorless oil, new compound, Rf = 0.28 (hexanes/ethyl acetate 20/1), 19:1 dr, 

98% ee (major diastereoisomer), [α]
20

D = -273.28 (c 1.03, CHCl3). 

The major diastereoisomer: 
1
H NMR (400 MHz, CDCl3) δ 8.00 (d, J 

= 7.7 Hz, 1H), 7.55-7.49 (m, 1H), 7.47-7.32 (m, 5H), 7.28-7.15 (m, 

5H), 7.10 (t, J = 7.5 Hz, 1H), 7.01 (d, J = 8.3 Hz, 1H), 6.29-6.09 (m, 

1H), 5.72 (s, 1H), 5.64-5.46 (m, 1H), 3.58 (s, 3H), 3.35-3.18 (m, 1H), 

2.58-2.37 (m, 1H). 
13

C NMR (100 MHz, CDCl3) δ 207.6, 189.8, 168.9, 161.5, 136.3, 135.6, 133.8, 
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129.2, 128.7, 128.5, 127.9, 127.2, 126.9, 122.1, 121.2, 118.3, 95.9, 89.8, 82.5, 61.4, 52.6, 29.7. 

HPLC: Chiralpak AD-3 column, 254 nm, 30 
o
C, n-Hexane/i-PrOH = 97/3, flow = 0.8 mL/min, 

retention time 22.8 min (major) and 23.9 min. HRMS Calculated for C27H23O4 [M+H]
+
 411.1591, 

found: 411.1589. 

_______________________________________________________________________________ 

(-)-Isopropyl 4-Oxo-2-phenyl-3-(4-phenylbuta-2,3-dien-1-yl)chromane-3-carboxylate (3ca): 

81.3 mg, 93% yield, colorless oil, new compound, Rf = 0.45 (hexanes/ethyl acetate 20/1), 12:1 dr, 

97% ee (major diastereoisomer), [α]
20

D = -220.58 (c 1.01, CHCl3). 

The major diastereoisomer: 
1
H NMR (400 MHz, CDCl3) δ 8.00 (dd, 

J = 7.8, 0.9 Hz, 1H), 7.62-7.43 (m, 3H), 7.42-7.32 (m, 3H), 7.28-7.18 

(m, 5H), 7.14-7.05 (m, 1H), 7.04-6.99 (m, 1H), 6.32-6.07 (m, 1H), 

5.71 (s, 1H), 5.64-5.49 (m, 1H), 5.04-4.72 (m, 1H), 3.33-3.14 (m, 

1H), 2.54-2.38 (m, 1H), 1.13 (d, J = 6.2 Hz, 3H), 0.94 (d, J = 6.2 Hz, 3H). 
13

C NMR (100 MHz, 

CDCl3) δ 207.5, 190.1, 167.8, 161.6, 136.2, 135.6, 133.9, 129.1, 128.7, 128.3, 127.8, 127.5, 127.2, 

126.9, 121.9, 121.2, 118.0, 95.7, 90.0, 82.5, 69.8, 61.1, 29.4, 21.6, 21.3. HPLC: Chiralcel OD-3 

column, 254 nm, 30 
o
C, n-Hexane/i-PrOH = 97/3, flow = 0.8 mL/min, retention time 9.9 min and 

12.3 min (major). HRMS Calculated for C29H27O4 [M+H]
+
 439.1904, found: 439.1902. 

_______________________________________________________________________________ 

(-)-tert-Butyl 4-Oxo-2-phenyl-3-(4-phenylbuta-2,3-dien-1-yl)chromane-3-carboxylate (3da): 

87.2 mg, 96% yield, colorless oil, new compound, Rf = 0.51 (hexanes/ethyl acetate 20/1), 12:1 dr, 

95% ee (major diastereoisomer), [α]
20

D = -201.54 (c 1.03, CHCl3). The major diastereoisomer: 
1
H 

NMR (400 MHz, CDCl3) δ 8.00 (dd, J = 7.9, 1.4 Hz, 1H), 7.58-7.34 

(m, 6H), 7.27-7.18 (m, 5H), 7.13-6.98 (m, 2H), 6.29-6.10 (m, 1H), 

5.68 (s, 1H), 5.64-5.48 (m, 1H), 3.30-3.11 (m, 1H), 2.45-2.34 (m, 

1H), 1.25 (s, 9H). 
13

C NMR (100 MHz, CDCl3) δ 207.5, 190.3, 167.2, 

161.5, 136.0, 135.6, 134.0, 129.1, 128.6, 128.2, 127.7, 127.6, 127.1, 

126.9, 121.7, 121.3, 117.8, 95.6, 90.1, 83.0, 82.5, 61.6, 29.4, 27.7. HPLC: Chiralpak AD-3 column, 

254 nm, 30 
o
C, n-Hexane/i-PrOH = 99/1, flow = 1.0 mL/min, retention time 16.7 min and 21.0 

min (major). HRMS Calculated for C30H29O4 [M+H]
+
 453.2060, found: 453.2053. 

_______________________________________________________________________________ 

(-)-Cyclohexyl 4-Oxo-2-phenyl-3-(4-phenylbuta-2,3-dien-1-yl)chromane-3-carboxylate (3ea): 

87.6 mg, 92% yield, colorless oil, new compound, Rf = 0.41 (hexanes/ethyl acetate 20/1), 12:1 dr, 

98% ee (major diastereoisomer), [α]
20

D = -175.04 (c 1.03, CHCl3). The major diastereoisomer: 
1
H 

NMR (400 MHz, CDCl3) δ 8.01 (dd, J = 7.8, 1.2 Hz, 1H), 7.57-7.45 

(m, 3H), 7.44-7.33 (m, 3H), 7.28-7.18 (m, 5H), 7.15-7.06 (m, 1H), 

7.06-6.98 (m, 1H), 6.29-6.11 (m, 1H), 5.72 (s, 1H), 5.65-5.46 (m, 

1H), 4.93-4.70 (m, 1H), 3.37-3.14 (m, 1H), 2.52-2.37 (m, 1H), 1.74- 

1.62 (m, 1H), 1.50-1.11 (m, 9H). 
13

C NMR (100 MHz, CDCl3) δ 

207.5, 190.0, 167.6, 161.6, 136.1, 135.5, 133.9, 129.1, 128.6, 128.4, 127.8, 127.5, 127.1, 126.9, 

121.9, 121.4, 118.0, 95.6, 90.0, 82.5, 73.6, 61.2, 31.0, 30.6, 29.3, 25.2, 22.5, 22.3. HPLC: Chiral- 

pak AD-3 column, 254 nm, 30 
o
C, n-Hexane/i-PrOH = 98/2, flow = 1.0 mL/min, retention time 

21.1 min (major) and 23.1 min (minor). HRMS Calculated for C32H31O4 [M+H]
+
 479.2217, found: 

479.2214. 

_______________________________________________________________________________ 
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_______________________________________________________________________________ 

(-)-Benzyl 4-Oxo-2-phenyl-3-(4-phenylbuta-2,3-dien-1-yl)chromane-3-carboxylate (3fa): 

91.8 mg, 94% yield, pale yellow oil, new compound, Rf = 0.34 (hexanes/ethyl acetate 20/1), 16:1 

dr, 99% ee (major diastereoisomer), [α]
20

D = -203.64 (c 1.04, CHCl3). The major diastereoisomer: 
1
H NMR (400 MHz, CDCl3) δ 8.02 (dd, J = 7.9, 1.2 Hz, 1H), 7.58- 

7.49 (m, 1H), 7.34-7.19 (m, 13H), 7.14-7.07 (m, 1H), 7.05-6.97 (m, 

3H), 6.30-6.07 (m, 1H), 5.73 (s, 1H), 5.65-5.48 (m, 1H), 5.14 (d, J = 

12.6 Hz, 1H), 4.93 (d, J = 12.6 Hz, 1H), 3.41-3.14 (m, 1H), 2.56- 

2.41 (m, 1H). 
13

C NMR (100 MHz, CDCl3) δ 207.6, 189.7, 168.1, 

161.6, 136.3, 135.4, 134.9, 133.8, 129.1, 128.7, 128.4, 128.2, 128.0, 127.8, 127.4, 127.2, 126.9, 

122.1, 121.3, 118.2, 95.8, 89.8, 82.6, 67.2, 61.3, 29.4. HPLC: Chiralpak AD-3 column, 254 nm, 30 
o
C, n-Hexane/i-PrOH = 97/3, flow = 1.0 mL/min, retention time 27.0 min (major) and 31.8 min. 

HRMS Calculated for C33H27O4 [M+H]
+
 487.1904, found: 487.1905. 

_______________________________________________________________________________ 

(-)-3-Nitro-2-phenyl-3-(4-phenylbuta-2,3-dien-1-yl)chroman-4-one (3ga): 

The reaction was conducted at -20 
o
C for 96 h. 58.8 mg, 74% yield, pale yellow oil, new com- 

pound, Rf = 0.37 (hexanes/ethyl acetate 20/1), 4:1 dr, 94% ee (major diastereoisomer), [α]
20

D = 

-212.13 (c 0.98, CHCl3). The major diastereoisomer: 
1
H NMR (400 

MHz, CDCl3) δ 8.03 (dd, J = 7.9, 1.5 Hz, 1H), 7.63-7.52 (m, 1H), 

7.49-7.31 (m, 5H), 7.30-7.09 (m, 6H), 7.08-7.02 (m, 1H), 6.32-6.16 

(m, 1H), 5.81 (s, 1H), 5.68-5.44 (m, 1H), 3.52-3.33 (m, 1H), 2.89- 

2.72 (m, 1H). 
13

C NMR (100 MHz, CDCl3) δ 208.2, 183.0, 161.3, 

137.3, 133.0, 133.0, 130.1, 128.9, 128.9, 128.4, 127.7, 127.2, 127.0, 123.1, 120.7, 118.7, 97.0, 

92.9, 88.2, 82.0, 30.3. HPLC: Chiralpak AD-3 column, 254 nm, 30 
o
C, n-Hexane/i-PrOH = 98/2, 

flow = 0.8 mL/min, retention time 15.7 min and 16.8 min (major). The HRMS Calculated for 

C25H19NNaO4 [M+Na]
+
 420.1206, found: 420.1211. 

_______________________________________________________________________________ 

(-)-Methyl 4-Oxo-3-(penta-2,3-dien-1-yl)-2-phenylchromane-3-carboxylate (3bb): 

33.1 mg, 47% yield, pale yellow oil, new compound, Rf = 0.42 (hexanes/ethyl acetate 20/1), 5:1 dr, 

95% ee (major diastereoisomer), [α]
20

D = -189.18 (c 0.62, CHCl3). The major diastereoisomer: 
1
H 

NMR (400 MHz, CDCl3) δ 8.04-7.95 (m, 1H), 7.58-7.49 (m, 1H), 7.45- 

7.36 (m, 5H), 7.10 (t, J = 7.5 Hz, 1H), 7.05 (d, J = 8.3 Hz, 1H), 5.76 (s, 

1H), 5.20-4.95 (m, 2H), 3.59 (s, 3H), 3.18-3.10 (m, 1H), 2.38-2.29 (m, 

1H), 1.57 (dd, J = 7.0, 3.2 Hz, 3H). 
13

C NMR (100 MHz, CDCl3) δ 

207.3, 189.9, 169.0, 161.5, 136.2, 135.7, 129.1, 128.3, 127.8, 127.2, 

122.0, 121.3, 118.2, 87.0, 85.0, 82.3, 61.6, 52.5, 29.7, 14.1. HPLC: Chiralpak IB column, 254 nm, 

30 
o
C, n-Hexane/i-PrOH = 99/1, flow = 1.0 mL/min, retention time 8.8 min and 15.9 min (major). 

HRMS Calculated for C22H21O4 [M+H]
+
 349.1434, found: 349.1433. 

_______________________________________________________________________________ 

(-)-Methyl 3-(4-Cyclohexylbuta-2,3-dien-1-yl)-4-oxo-2-phenylchromane-3-carboxylate (3bc): 

19.1 mg, 23% yield, pale yellow oil, new compound, Rf = 0.46 (hexanes/ethyl acetate 20/1), 10:1 

dr, 87% ee (major diastereoisomer), [α]
20

D = -137.94 (c 0.78, CHCl3). The major diastereoisomer: 
1
H NMR (400 MHz, CDCl3) δ 7.99 (dd, J = 7.9, 1.4 Hz, 1H), 7.57-7.51 (m, 1H), 7.48-7.43 (m, 
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2H), 7.42-7.37 (m, 3H), 7.13-7.04 (m, 2H), 5.77 (s, 1H), 5.24-5.13 (m, 1H), 5.12-5.02 (m, 1H), 

3.59 (s, 3H), 3.20-3.08 (m, 1H), 2.37-2.28 (m, 1H), 2.03-1.88 (m, 

1H), 1.79-1.56 (m, 5H), 1.35-1.03 (m, 5H). 
13

C NMR (100 MHz, 

CDCl3) δ 205.4, 189.8, 169.1, 161.6, 136.2, 135.7, 129.1, 128.3, 

127.9, 127.3, 122.0, 121.3, 118.2, 98.1, 86.3, 82.3, 61.5, 52.4, 37.1, 

33.0, 32.7, 30.0, 26.1, 26.0, 25.9. HPLC: Chiralpak AD-3 column, 

254 nm, 30 
o
C, n-Hexane/i-PrOH = 97/3, flow = 0.8 mL/min, retention time 11.3 min (minor) and 

13.0 min (major). The HRMS Calculated for C27H29O4 [M+H]
+
 417.2060, found: 417.2068. 

_______________________________________________________________________________ 

(-)-Methyl 4-Oxo-2-phenyl-3-(4-(o-tolyl)buta-2,3-dien-1-yl)chromane-3-carboxylate (3bd): 

75.7 mg, 89% yield, colorless oil, new compound, Rf = 0.28 (hexanes/ethyl acetate 20/1), 16:1 dr, 

97% ee (major diastereoisomer), [α]
20

D = -208.12 (c 1.02, CHCl3). The major diastereoisomer: 
1
H 

NMR (400 MHz, CDCl3) δ 8.00 (dd, J = 7.9, 1.5 Hz, 1H), 7.56-7.49 

(m, 1H), 7.48-7.41 (m, 2H), 7.42-7.33 (m, 3H), 7.32-7.28 (m, 1H), 

7.17-7.05 (m, 4H), 7.04-6.99 (m, 1H), 6.50-6.26 (m, 1H), 5.73 (s, 

1H), 5.59-5.45 (m, 1H), 3.58 (s, 3H), 3.34-3.15 (m, 1H), 2.54-2.42 

(m, 1H), 2.25 (s, 3H). 
13

C NMR (100 MHz, CDCl3) δ 208.2, 189.8, 

168.9, 161.5, 136.3, 135.6, 135.1, 132.0, 130.5, 129.2, 128.4, 127.9, 127.4, 127.3, 127.2, 126.2, 

122.1, 121.2, 118.2, 93.2, 88.8, 82.5, 61.4, 52.6, 29.7, 19.8. HPLC: Chiralcel OD-3 column, 254 

nm, 30 
o
C, n-Hexane/i-PrOH = 97/3, flow = 0.8 mL/min, retention time 14.4 min and 29.7 min 

(major). HRMS Calculated for C28H25O4 [M+H]
+
 425.1747, found: 425.1750. 

_______________________________________________________________________________ 

(-)-Methyl 4-Oxo-2-phenyl-3-(4-(m-tolyl)buta-2,3-dien-1-yl)chromane-3-carboxylate (3be): 

76.9 mg, 91% yield, colorless oil, new compound, Rf = 0.28 (hexanes/ethyl acetate 20/1), 24:1 dr, 

99% ee (major diastereoisomer), [α]
20

D = -224.23 (c 0.99, CHCl3). The major diastereoisomer: 
1
H 

NMR (400 MHz, CDCl3) δ 8.00 (dd, J = 7.9, 1.5 Hz, 1H), 7.55-7.49 

(m, 1H), 7.48-7.35 (m, 5H), 7.17-7.07 (m, 2H), 7.05-6.93 (m, 4H), 

6.22-6.10 (m, 1H), 5.72 (s, 1H), 5.61-5.47 (m, 1H), 3.58 (s, 3H), 

3.33-3.24 (m, 1H), 2.51-2.42 (m, 1H), 2.29 (s, 3H). 
13

C NMR (100 

MHz, CDCl3) δ 207.6, 189.8, 168.9, 161.5, 138.2, 136.3, 135.6, 

133.7, 129.2, 128.5, 128.4, 128.0, 127.9, 127.5, 127.2, 124.0, 122.1, 121.2, 118.2, 95.9, 89.6, 82.5, 

61.4, 52.6, 29.7, 21.4. HPLC: Chiralcel OD-3 column, 254 nm, 30 
o
C, n-Hexane/i-PrOH = 97/3, 

flow = 0.8 mL/min, retention time 13.9 min (minor) and 21.4 min (major). HRMS Calculated for 

C28H28NO4 [M+NH4]
+
 442.2013, found: 442.2012. 

_______________________________________________________________________________ 

(-)-Methyl 4-Oxo-2-phenyl-3-(4-(p-tolyl)buta-2,3-dien-1-yl)chromane-3-carboxylate (3bf): 

80.3 mg, 95% yield, colorless oil, new compound, Rf = 0.29 (hexanes/ethyl acetate 20/1), 19:1 dr, 

99% ee (the major diastereoisomer), [α]
20

D = -243.55 (c 1.15, 

CHCl3). The major diastereoisomer: 
1
H NMR (400 MHz, CDCl3) 

δ 8.00 (dd, J = 7.9, 1.5 Hz, 1H), 7.55-7.49 (m, 1H), 7.46-7.35 (m, 

5H), 7.14-6.99 (m, 6H), 6.29-6.10 (m, 1H), 5.72 (s, 1H), 5.60- 

5.46 (m, 1H), 3.58 (s, 3H), 3.33-3.23 (m, 1H), 2.51-2.43 (m, 1H), 

2.30 (s, 3H). 
13

C NMR (100 MHz, CDCl3) δ 207.4, 189.8, 168.9, 161.5, 137.0, 136.3, 135.6, 130.7, 

129.4, 129.2, 128.4, 127.9, 127.2, 126.7, 122.1, 121.2, 118.2, 95.7, 89.7, 82.4, 61.4, 52.5, 29.8, 
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21.2. HPLC: Chiralcel OD-3 column, 254 nm, 30 
o
C, n-Hexane/i-PrOH = 97/3, flow = 0.8 mL/ 

min, retention time 13.4 min and 19.4 min (major). HRMS Calculated for C28H28NO4 [M+NH4]
+
 

442.2013, found: 442.2010. 

_______________________________________________________________________________ 

(-)-Methyl 3-(4-(3-Fluorophenyl)buta-2,3-dien-1-yl)-4-oxo-2-phenylchromane-3-carboxylate 

(3bg): 52.4 mg, 61% yield, pale yellow oil, new compound, Rf = 0.21 (hexanes/ethyl acetate 20/1), 

19:1 dr, 95% ee (major diastereoisomer), [α]
20

D = -203.35 (c 1.01, CHCl3). The major diastereo- 

isomer: 
1
H NMR (400 MHz, CDCl3) δ 8.00 (dd, J = 7.9, 1.3 Hz, 1H), 

7.56-7.51 (m, 1H), 7.45-7.36 (m, 5H), 7.25-7.18 (m, 1H), 7.14-7.08 

(m, 1H), 7.05-6.96 (m, 2H), 6.94-6.82 (m, 2H), 6.21-6.08 (m, 1H), 

5.68 (s, 1H), 5.65-5.54 (m, 1H), 3.60 (s, 3H), 3.32-3.18 (m, 1H), 

2.52-2.42 (m, 1H). 
13

C NMR (100 MHz, CDCl3) δ 207.8, 189.7, 

168.7, 163.1 (d, 
1
JF-C = 244.1 Hz), 161.5, 136.3 (d, 

3
JF-C = 8.7 Hz), 135.5, 130.0 (d, 

3
JF-C = 8.4 Hz), 

129.3, 128.5, 127.9, 127.2, 122.6 (d, 
4
JF-C = 2.7 Hz), 122.1, 121.1, 118.2, 114.0 (d, 

2
JF-C = 21.4 

Hz), 113.4 (d, 
2
JF-C = 22.1 Hz), 95.1 (d, 

4
JF-C = 2.7 Hz), 90.2, 82.6, 61.3, 52.6, 29.6. 

19
F NMR (376 

MHz, CDCl3) δ -113.34. HPLC: Chiralpak IC column, 254 nm, 30 
o
C, n-Hexane/i-PrOH = 98/2, 

flow = 1.0 mL/min, retention time 25.6 min (major) and 32.0 min (minor). HRMS Calculated for 

C27H22FO4 [M+H]
+
 429.1497, found: 429.1498. 

_______________________________________________________________________________ 

(-)-Methyl 3-(4-(3-Chlorophenyl)buta-2,3-dien-1-yl)-4-oxo-2-phenylchromane-3-carboxylate 

(3bh): 58.6 mg, 66% yield, pale yellow oil, new compound, Rf = 0.26 (hexanes/ethyl acetate 20/1), 

19:1 dr, 98% ee (major diastereoisomer), [α]
20

D = -189.99 (c 1.03, CHCl3). The major diastereo- 

isomer: 
1
H NMR (400 MHz, CDCl3) δ 8.00 (dd, J = 7.9, 1.5 Hz, 1H), 

7.57-7.50 (m, 1H), 7.43-7.32 (m, 5H), 7.21-6.99 (m, 6H), 6.21-6.03 

(m, 1H), 5.67 (s, 1H), 5.66-5.54 (m, 1H), 3.60 (s, 3H), 3.36-3.14 (m, 

1H), 2.56-2.37 (m, 1H). 
13

C NMR (100 MHz, CDCl3) δ 207.8, 189.7, 

168.7, 161.5, 136.4, 135.9, 135.5, 134.6, 129.8, 129.3, 128.5, 127.9, 

127.2, 127.2, 126.8, 125.0, 122.2, 121.1, 118.2, 94.9, 90.3, 82.6, 61.3, 52.6, 29.6. HPLC: Chiral- 

pak IC column, 254 nm, 30 
o
C, n-Hexane/i-PrOH = 96.5/3.5, flow = 1.0 mL/min, retention time 

20.3 min (major) and 22.6 min (minor). HRMS Calculated for C27H22ClO4 [M+H]
+
 445.1201 (

35
Cl) 

and 447.1184 (
37

Cl), found: 445.1204 (
35

Cl) and 447.1181 (
37

Cl). 

_______________________________________________________________________________ 

(-)-Methyl 3-(4-(3-Bromophenyl)buta-2,3-dien-1-yl)-4-oxo-2-phenylchromane-3-carboxylate 

(3bi): 55.4 mg, 57% yield, pale yellow oil, new compound, Rf = 0.23 (hexanes/ethyl acetate 20/1), 

19:1 dr, 99% ee (major diastereoisomer), [α]
20

D = -199.54 (c 0.89, CHCl3). The major diastereo- 

isomer: 
1
H NMR (400 MHz, CDCl3) δ 8.01 (dd, J = 7.9, 1.3 Hz, 1H), 

7.57-7.51 (m, 1H), 7.45-7.37 (m, 5H), 7.35-7.28 (m, 2H), 7.16-7.09 

(m, 3H), 7.04-6.99 (m, 1H), 6.17-6.05 (m, 1H), 5.67 (s, 1H), 5.65- 

5.56 (m, 1H), 3.60 (s, 3H), 3.31-3.18 (m, 1H), 2.52-2.42 (m, 1H). 
13

C 

NMR (100 MHz, CDCl3) δ 207.8, 189.7, 168.7, 161.5, 136.4, 136.1, 

135.5, 130.1, 130.1, 129.7, 129.3, 128.5, 127.9, 127.2, 125.4, 122.8, 122.2, 121.1, 118.2, 94.8, 

90.3, 82.6, 61.3, 52.6, 29.6. HPLC: Chiralpak AS-H + Chiralpak AS-H column, 254 nm, 30 
o
C, 

n-Hexane/i-PrOH = 97/3, flow = 0.7 mL/min, retention time 33.6 min (major) and 40.0 min 

(minor). HRMS Calculated for C27H22 BrO4 [M+H]
+
 489.0696 (

79
Br) and 491.0680 (

81
Br), found: 
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489.0699 (
79

Br) and 491.0681 (
81

Br). 

_______________________________________________________________________________ 

(-)-Methyl 3-(4-(3-Methoxyphenyl)buta-2,3-dien-1-yl)-4-oxo-2-phenylchromane-3-carboxy- 

late (3bj): 74.6 mg, 85% yield, colorless oil, new compound, Rf = 0.17 (hexanes/ethyl acetate 

20/1), 19:1 dr, 99% ee (major diastereoisomer), [α]
20

D = -229.98 (c 1.07, CHCl3). The major dia- 

stereoisomer: 
1
H NMR (400 MHz, CDCl3) δ 7.99 (d, J = 7.9 Hz, 

1H), 7.54-7.49 (m, 1H), 7.47-7.34 (m, 5H), 7.17 (t, J = 7.8 Hz, 1H), 

7.10 (t, J = 7.5 Hz, 1H), 7.01 (d, J = 8.3 Hz, 1H), 6.80 (d, J = 7.6 Hz, 

1H), 6.77-6.69 (m, 2H), 6.20-6.11 (m, 1H), 5.71 (s, 1H), 5.61-5.50 

(m, 1H), 3.77 (s, 3H), 3.58 (s, 3H), 3.35-3.16 (m, 1H), 2.56-2.42 (m, 

1H). 
13

C NMR (100 MHz, CDCl3) δ 207.6, 189.8, 168.8, 161.5, 159.9, 136.3, 135.6, 135.2, 129.6, 

129.2, 128.4, 127.9, 127.2, 122.1, 121.2, 119.5, 118.2, 113.2, 111.8, 95.9, 89.9, 82.5, 61.4, 55.2, 

52.6, 29.7. HPLC: Chiralpak IC column, 254 nm, 30 
o
C, n-Hexane/i-PrOH = 90/10, flow = 1.0 mL 

/min, retention time 16.0 min (major) and 17.8 min. HRMS Calculated for C28H25O5 [M+H]
+
 

441.1697, found: 441.1700. 

_______________________________________________________________________________ 

(-)-Methyl 4-Oxo-2-phenyl-3-(4-(thiophen-3-yl)buta-2,3-dien-1-yl)chromane-3-carboxylate 

(3bk): 45.9 mg, 55% yield, colorless oil, new compound, Rf = 0.29 (hexanes/ethyl acetate 20/1), 

19:1 dr, 98% ee (major diastereoisomer), [α]
20

D = -215.09 (c 0.92, CHCl3). The major diastereo- 

isomer: 
1
H NMR (400 MHz, CDCl3) δ 7.99 (dd, J = 7.9, 1.6 Hz, 1H), 

7.56-7.50 (m, 1H), 7.45-7.33 (m, 5H), 7.23-7.17 (m, 1H), 7.14-7.05 

(m, 1H), 7.06-6.95 (m, 3H), 6.43-6.11 (m, 1H), 5.71 (s, 1H), 5.54- 

5.43 (m, 1H), 3.58 (s, 3H), 3.30-3.17 (m, 1H), 2.50-2.41 (m, 1H). 
13

C 

NMR (100 MHz, CDCl3) δ 207.8, 189.8, 168.8, 161.5, 136.3, 135.6, 

135.0, 129.2, 128.4, 127.9, 127.2, 126.3, 126.0, 122.1, 121.2, 121.2, 118.2, 90.4, 89.0, 82.5, 61.4, 

52.6, 29.8. HPLC: Chiralpak AD-3 column, 254 nm, 30 
o
C, n-Hexane/i-PrOH = 94/6, flow = 0.7 

mL/min, retention time 23.7 min (major) and 24.7 min. HRMS Calculated for C25H21O4S [M+H]
+
 

417.1155, found: 417.1151. 

_______________________________________________________________________________ 

(-)-Methyl (2R,3S)-3-((R)-4-(Naphthalen-2-yl)buta-2,3-dien-1-yl)-4-oxo-2-phenylchromane-3- 

carboxylate (3bl): 68.5 mg, 74% yield, white solid, mp 69-70 
o
C, new compound, Rf = 0.24 

(hexanes/ethyl acetate 20/1), 16:1 dr, 97% ee (major diastereoisomer), [α]
20

D = -172.74 (c 0.98, 

CHCl3). The major diastereoisomer: 
1
H NMR (400 MHz, CDCl3) 

δ 8.01 (dd, J = 7.9, 1.5 Hz, 1H), 7.81-7.69 (m, 3H), 7.60-7.54 

(m, 1H), 7.53-7.31 (m, 9H), 7.14-7.06 (m, 1H), 6.99 (d, 1H), 

6.46-6.28 (m, 1H), 5.75 (s, 1H), 5.71-5.57 (m, 1H), 3.58 (s, 3H), 

3.38-3.18 (m, 1H), 2.59-2.44 (m, 1H). 
13

C NMR (100 MHz, 

CDCl3) δ 208.1, 189.8, 168.9, 161.5, 136.3, 135.6, 133.6, 132.7, 131.3, 129.2, 128.5, 128.3, 127.9, 

127.8, 127.7, 127.2, 126.3, 125.8, 124.7, 122.1, 121.2, 118.2, 96.2, 90.0, 82.5, 61.5, 52.6, 29.8. 

HPLC: Chiralpak IC column, 254 nm, 30 
o
C, n-Hexane/i-PrOH = 90/10, flow = 1.0 mL/min, 

retention time 15.7 min (major) and 17.8 min (minor). HRMS Calculated for C31H25O4 [M+H]
+
 

461.1747, found: 461.1746. 

_______________________________________________________________________________ 
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_______________________________________________________________________________ 

(-)-Methyl 2-Methyl-4-oxo-3-(4-(m-tolyl)buta-2,3-dien-1-yl)chromane-3-carboxylate (3he): 

59.7 mg, 82% yield, pale yellow oil, new compound, Rf = 0.35 (hexanes/ethyl acetate 20/1), 8:1 dr, 

95% ee (major diastereoisomer), [α]
20

D = -79.83 (c 1.19, CHCl3). The major diastereoisomer: 
1
H 

NMR (400 MHz, CDCl3) δ 7.95 (dd, J = 7.8, 1.2 Hz, 1H), 7.56-7.42 

(m, 1H), 7.21-7.12 (m, 1H), 7.12-6.82 (m, 5H), 6.25-6.00 (m, 1H), 

5.53-5.33 (m, 1H), 4.72 (q, J = 6.5 Hz, 1H), 3.62 (s, 3H), 3.39-3.23 

(m, 1H), 2.75-2.61 (m, 1H), 2.30 (s, 3H), 1.59 (d, J = 6.5 Hz, 3H). 
13

C NMR (100 MHz, CDCl3) δ 207.2, 189.9, 169.4, 161.4, 138.2, 135.9, 133.7, 128.5, 128.0, 

127.9, 127.5, 124.1, 121.7, 121.3, 117.8, 95.0, 88.8, 78.2, 59.9, 52.7, 29.9, 21.4, 16.1. HPLC: 

Chiralpak ID column, 254 nm, 30 
o
C, n-Hexane/i-PrOH = 99/1, flow = 1.0 mL/min, retention time 

18.7 min (major) and 20.9 min (minor). HRMS Calculated for C23H23O4 [M+H]
+
 363.1591, found: 

363.1598. 

_______________________________________________________________________________ 

(-)-Methyl 2-Benzyl-4-oxo-3-(4-(m-tolyl)buta-2,3-dien-1-yl)chromane-3-carboxylate (3ie): 

The reaction was conducted at -20 
o
C for 96 h. 51.4 mg, 59% yield, pale yellow oil, new 

compound, Rf = 0.41 (hexanes/ethyl acetate 20/1), 7:1 dr, 98% ee (major diastereoisomer), [α]
20

D 

= -220.59 (c 0.99, CHCl3). The major diastereoisomer: 
1
H NMR (400 

MHz, CDCl3) δ 7.94 (dd, J = 7.9, 1.6 Hz, 1H), 7.45-7.40 (m, 1H), 

7.37-7.30 (m, 4H), 7.29-7.24 (m, 1H), 7.17-7.13 (m, 1H), 7.07-6.97 

(m, 4H), 6.90-6.83 (m, 1H), 6.16-6.02 (m, 1H), 5.54-5.37 (m, 1H), 

4.79 (dd, J = 10.2, 1.9 Hz, 1H), 3.67 (s, 3H), 3.54-3.37 (m, 1H), 3.26 (dd, J = 14.8, 1.9 Hz, 1H), 

3.20-3.09 (m, 1H), 2.91-2.78 (m, 1H), 2.29 (s, 3H). 
13

C NMR (100 MHz, CDCl3) δ 207.4, 189.7, 

169.7, 161.2, 138.3, 138.0, 136.0, 133.7, 129.5, 128.6, 128.5, 128.1, 127.9, 127.6, 126.8, 124.2, 

121.9, 121.4, 118.0, 95.4, 88.9, 82.7, 60.0, 52.9, 36.3, 30.4, 21.4. HPLC: Chiralpak AD-H + AD-H 

column, 254 nm, 30 
o
C, n-Hexane/i-PrOH = 95/5, flow = 0.9 mL/min, retention time 18.2 min and 

26.5 min (major). HRMS Calculated for C29H26NaO4 [M+Na]
+
 461.1723, found: 461.1720. 

_______________________________________________________________________________ 

(-)-Methyl 2-Cyclohexyl-4-oxo-3-(4-(m-tolyl)buta-2,3-dien-1-yl)chromane-3-carboxylate (3je): 

The reaction was conducted at -20 
o
C for 96 h. 24.3 mg, 28% yield, pale yellow oil, new 

compound, Rf = 0.46 (hexanes/ethyl acetate 20/1), 9:1 dr, 99% ee (major diastereoisomer), [α]
20

D 

= -112.94 (c 0.61, CHCl3). The major diastereoisomer: 
1
H NMR (400 

MHz, CDCl3) δ 7.92 (d, J = 7.0 Hz, 1H), 7.58-7.41 (m, 1H), 7.22- 

7.12 (m, 1H), 7.11-6.89 (m, 5H), 6.08-5.96 (m, 1H), 5.45-5.25 (m, 

1H), 4.45 (s, 1H), 3.60 (s, 3H), 3.48-3.30 (m, 1H), 2.87-2.68 (m, 1H), 

2.31 (s, 3H), 1.95-1.60 (m, 6H), 1.48-1.07 (m, 5H). 
13

C NMR (100 MHz, CDCl3) δ 207.3, 190.1, 

170.2, 162.1, 138.2, 135.9, 133.8, 128.5, 128.0, 127.9, 127.5, 124.1, 121.4, 120.9, 117.8, 94.7, 

89.1, 85.4, 58.6, 52.6, 38.0, 32.3, 30.3, 26.8, 26.3, 26.1, 25.8, 21.3. HPLC: Chiralcel OD-H + IC, 

254 nm, 30 
o
C, n-Hexane/i-PrOH = 97/3, flow = 0.8 mL/min, retention time 22.5 min and 32.6 

min (major). HRMS Calculated for C28H30NaO4 [M+Na]
+
 453.2036, found: 453.2041. 

_______________________________________________________________________________ 

(-)-Methyl 4-Oxo-2-(o-tolyl)-3-(4-(m-tolyl)buta-2,3-dien-1-yl)chromane-3-carboxylate (3ke): 

81.2 mg, 93% yield, pale yellow oil, new compound, Rf = 0.26 (hexanes/ethyl acetate 20/1), 19:1 
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dr, 99% ee (major diastereoisomer), [α]
20

D = -178.35 (c 0.98, CHCl3). The major diastereoisomer: 
1
H NMR (400 MHz, CDCl3) δ 8.01 (dd, J = 7.9, 1.6 Hz, 1H), 7.52-7.43 (m, 1H), 7.42-7.37 (m, 

1H), 7.29-7.19 (m, 3H), 7.14-7.06 (m, 2H), 7.00-6.86 (m, 4H), 

6.01-5.88 (m, 1H), 5.84 (s, 1H), 5.67-5.49 (m, 1H), 3.62 (s, 3H), 

3.25-3.08 (m, 1H), 2.55-2.46 (m, 1H), 2.45 (s, 3H), 2.26 (s, 3H). 
13

C 

NMR (100 MHz, CDCl3) δ 207.0, 190.3, 169.5, 161.3, 138.1, 136.7, 

136.1, 133.9, 133.7, 131.0, 129.1, 128.4, 127.9, 127.9, 127.6, 127.5, 

126.0, 124.1, 122.0, 121.3, 118.1, 96.4, 89.8, 79.7, 61.2, 52.6, 30.5, 21.3, 20.2. HPLC: Chiralpak 

AD-H column, 254 nm, 30 
o
C, n-Hexane/i-PrOH = 97/3, flow = 1.0 mL/min, retention time 16.0 

min (major) and 17.4 min. HRMS Calculated for C29H27O4 [M+H]
+
 439.1904, found: 439.1901. 

_______________________________________________________________________________ 

(-)-Methyl 4-Oxo-2-(m-tolyl)-3-(4-(m-tolyl)buta-2,3-dien-1-yl)chromane-3-carboxylate (3le): 

85.2 mg, 97% yield, pale yellow oil, new compound, Rf = 0.28 (hexanes/ethyl acetate 20/1), 24:1 

dr, 98% ee (major diastereoisomer), [α]
20

D = -217.08 (c 1.00, CHCl3). The major diastereoisomer: 
1
H NMR (400 MHz, CDCl3)

 
δ 8.00 (dd, J = 7.9, 1.4 Hz, 1H), 

7.55-7.48 (m, 1H), 7.30-7.20 (m, 3H), 7.19-7.07 (m, 3H), 7.05-6.94 

(m, 4H), 6.21-6.10 (m, 1H), 5.68 (s, 1H), 5.59-5.46 (m, 1H), 3.59 (s, 

3H), 3.33-3.16 (m, 1H), 2.50-2.42 (m, 1H), 2.34 (s, 3H), 2.29 (s, 3H). 
13

C NMR (100 MHz, CDCl3) δ 207.7, 189.8, 168.9, 161.6, 138.2, 

138.0, 136.3, 135.5, 133.7, 129.9, 128.6, 128.3, 128.0, 127.9, 127.5, 124.2, 124.0, 122.0, 121.2, 

118.3, 95.8, 89.7, 82.6, 61.4, 52.5, 29.7, 21.6, 21.4. HPLC: Chiralpak AD-H column, 254 nm, 30 
o
C, n-Hexane/i-PrOH = 97/3, flow = 1.0 mL/min, retention time 12.5 min and 14.1 min (major). 

HRMS Calculated for C29H27O4 [M+H]
+
 439.1904, found: 439.1903. 

_______________________________________________________________________________ 

(-)-Methyl 4-Oxo-2-(p-tolyl)-3-(4-(m-tolyl)buta-2,3-dien-1-yl)chromane-3-carboxylate (3me): 

81.3 mg, 93% yield, pale yellow oil, new compound, Rf = 0.28 (hexanes/ethyl acetate 20/1), 24:1 

dr, 98% ee (major diastereoisomer), [α]
20

D = -235.96 (c 1.02, CHCl3). The major diastereoisomer: 
1
H NMR (400 MHz, CDCl3) δ 7.99 (dd, J = 7.9, 1.3 Hz, 1H), 7.54- 

7.47 (m, 1H), 7.35-7.28 (m, 2H), 7.22-7.05 (m, 4H), 7.05-6.92 (m, 

4H), 6.25-6.04 (m, 1H), 5.68 (s, 1H), 5.59-5.40 (m, 1H), 3.59 (s, 3H), 

3.35-3.21 (m, 1H), 2.49-2.41 (m, 1H), 2.35 (s, 3H), 2.29 (s, 3H). 
13

C 

NMR (100 MHz, CDCl3) δ 207.6, 189.9, 169.0, 161.6, 139.0, 138.2, 

136.2, 133.7, 132.6, 129.1, 128.5, 128.0, 127.9, 127.5, 127.1, 124.0, 

122.0, 121.2, 118.2, 95.8, 89.7, 82.5, 61.4, 52.6, 29.7, 21.4, 21.3. HPLC: Chiralpak AD-H column, 

254 nm, 30 
o
C, n-Hexane/i-PrOH = 97/3, flow = 1.0 mL/min, retention time 13.8 min and 22.4 

min (major). HRMS Calculated for C29H27O4 [M+H]
+
 439.1904, found: 439.1901. 

_______________________________________________________________________________ 

(-)-Methyl 2-(4-fluorophenyl)-4-oxo-3-(4-(m-tolyl)buta-2,3-dien-1-yl)chromane-3-carboxylate 

(3ne): 79.4 mg, 90% yield, pale yellow oil, new compound, Rf = 

0.30 (hexanes/ethyl acetate 20/1), 24:1 dr, 98% ee (major diastereo- 

isomer), [α]
20

D = -250.80 (c 0.98, CHCl3). The major diastereoiso- 

mer: 
1
H NMR (400 MHz, CDCl3) δ 8.00 (dd, J = 7.9, 1.6 Hz, 1H), 

7.55-7.48 (m, 1H), 7.47-7.38 (m, 2H), 7.20-6.95 (m, 8H), 6.28-6.06 
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(m, 1H), 5.70 (s, 1H), 5.62-5.44 (m, 1H), 3.58 (s, 3H), 3.36-3.24 (m, 1H), 2.48-2.39 (m, 1H), 2.29 

(s, 3H). 
13

C NMR (100 MHz, CDCl3) δ 207.6, 189.6, 168.8, 163.0 (d, 
1
JF-C = 246.7 Hz), 161.4, 

138.3, 136.4, 133.5, 131.5 (d, 
4
JF-C = 3.4 Hz), 129.1 (d, 

3
JF-C = 8.1 Hz), 128.6, 128.1, 127.9, 127.5, 

124.0, 122.2, 121.1, 118.2, 115.4 (d, 
2
JF-C = 21.4 Hz), 95.9, 89.6, 81.8, 61.4, 52.6, 29.7, 21.4. 

19
F 

NMR (376 MHz, CDCl3) δ -112.10. HPLC: Chiralpak ID column, 254 nm, 30 
o
C, n-Hexane/i-Pr- 

OH = 97/3, flow = 1.0 mL/ min, retention time 13.5 min (major) and 17.5 min. HRMS Calculated 

for C28H24FO4 [M+H]
+
 443.1653, found: 443.1652. 

_______________________________________________________________________________ 

(-)-Methyl 2-(4-Chlorophenyl)-4-oxo-3-(4-(m-tolyl)buta-2,3-dien-1-yl)chromane-3-carboxy- 

late (3oe): 88.2 mg, 96% yield, pale yellow oil, new compound, Rf = 0.31 (hexanes/ethyl acetate 

20/1), 24:1 dr, 98% ee (major diastereoisomer), [α]
20

D = -233.51 (c 1.02, CHCl3). The major 

diastereoisomer: 
1
H NMR (400 MHz, CDCl3) δ 8.00 (dd, J = 7.9, 1.6 

Hz, 1H), 7.55-7.48 (m, 1H), 7.44-7.30 (m, 4H), 7.18-7.07 (m, 2H), 

7.04-6.95 (m, 4H), 6.23-6.07 (m, 1H), 5.69 (s, 1H), 5.60-5.45 (m, 

1H), 3.58 (s, 3H), 3.34-3.25 (m, 1H), 2.48-2.40 (m, 1H), 2.29 (s, 3H). 
13

C NMR (100 MHz, CDCl3) δ 207.6, 189.4, 168.7, 161.3, 138.3, 

136.4, 135.0, 134.1, 133.5, 128.6, 128.6, 128.6, 128.1, 127.9, 127.5, 

124.0, 122.3, 121.1, 118.2, 96.0, 89.6, 81.8, 61.3, 52.7, 29.7, 21.4. HPLC: Chiralpak ID column, 

254 nm, 30 
o
C, n-Hexane/i-PrOH = 97/3, flow = 1.0 mL/min, retention time 13.6 min (major) and 

17.6 min. HRMS Calculated for C28H24ClO4 [M+H]
+
 459.1358 (

35
Cl) and 461.1342 (

37
Cl), found: 

459.1360 (
35

Cl) and 461.1334 (
37

Cl). 

_______________________________________________________________________________ 

(-)-Methyl 2-(4-Bromophenyl)-4-oxo-3-(4-(m-tolyl)buta-2,3-dien-1-yl)chromane-3-carboxy- 

late (3pe): 96.2 mg, 96% yield, pale yellow oil, new compound, Rf = 0.31 (hexanes/ethyl acetate 

20/1), 24:1 dr, 98% ee (major diastereoisomer), [α]
20

D = -208.29 (c 1.00, CHCl3). The major dia- 

stereoisomer: 
1
H NMR (400 MHz, CDCl3) δ 7.99 (dd, J = 7.9, 1.6 Hz, 

1H), 7.56-7.47 (m, 3H), 7.37-7.29 (m, 2H), 7.19-7.08 (m, 2H), 7.05- 

6.95 (m, 4H), 6.22-6.07 (m, 1H), 5.67 (s, 1H), 5.59-5.44 (m, 1H), 

3.58 (s, 3H), 3.35-3.24 (m, 1H), 2.48-2.40 (m, 1H), 2.29 (s, 3H). 
13

C 

NMR (100 MHz, CDCl3) δ 207.6, 189.4, 168.7, 161.3, 138.3, 136.4, 

134.6, 133.5, 131.6, 128.9, 128.6, 128.2, 127.9, 127.5, 124.0, 123.3, 

122.3, 121.1, 118.2, 96.0, 89.6, 81.8, 61.3, 52.7, 29.7, 21.4. HPLC: Chiralpak IC column, 254 nm, 

30 
o
C, n-Hexane/i-PrOH = 97/3, flow = 1.0 mL/min, retention time 19.4 min (major) and 21.8 min. 

HRMS Calculated for C28H24BrO4 [M+H]
+
 503.0852 (

79
Br) and 505.0836 (

81
Br), found: 503.0855 

(
79

Br) and 505.0831 (
81

Br). 

_______________________________________________________________________________ 

(-)-Methyl 2-(4-Methoxyphenyl)-4-oxo-3-(4-(m-tolyl)buta-2,3-dien-1-yl)chromane-3-carboxy- 

late (3qe): 85.7 mg, 94% yield, pale yellow oil, new compound, Rf = 

0.15 (hexanes/ethyl acetate 20/1), 16:1 dr, 98% ee (major diastereo- 

isomer), [α]
20

D = -224.68 (c 0.98, CHCl3). The major diastereoiso- 

mer: 
1
H NMR (400 MHz, CDCl3) δ 7.99 (dd, J = 7.9, 1.6 Hz, 1H), 

7.54-7.48 (m, 1H), 7.39-7.31 (m, 2H), 7.19-7.06 (m, 2H), 7.06-6.96 

(m, 4H), 6.94-6.87 (m, 2H), 6.24-6.07 (m, 1H), 5.66 (s, 1H), 5.60- 

5.46 (m, 1H), 3.80 (s, 3H), 3.60 (s, 3H), 3.36-3.22 (m, 1H), 2.49-2.39 (m, 1H), 2.29 (s, 3H). 
13

C 
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NMR (100 MHz, CDCl3) δ 207.6, 190.0, 169.0, 161.7, 160.1, 138.2, 136.3, 133.7, 128.5, 128.0, 

127.9, 127.6, 127.5, 124.0, 122.0, 121.2, 118.2, 113.8, 95.7, 89.7, 82.3, 61.5, 55.3, 52.6, 29.7, 21.4. 

HPLC: Chiralpak AD-H column, 254 nm, 30 
o
C, n-Hexane/i-PrOH = 90/10, flow = 1.0 mL/min, 

retention time 12.4 min and 13.2 min (major). HRMS Calculated for C29H27O5 [M+H]
+
 455.1853, 

found: 455.1856. 

_______________________________________________________________________________ 

(-)-Methyl 6-Methyl-4-oxo-2-(p-tolyl)-3-(4-(m-tolyl)buta-2,3-dien-1-yl)chromane-3-carboxy- 

late (3re): 85.7 mg, 95% yield, pale yellow oil, new compound, Rf = 0.34 (hexanes/ethyl acetate 

20/1), 12:1 dr, 97% ee (major diastereoisomer), [α]
20

D = -224.31 (c 0.97, CHCl3). The major dia- 

stereoisomer: 
1
H NMR (400 MHz, CDCl3) δ 7.77 (d, J = 1.4 Hz, 

1H), 7.36-7.26 (m, 3H), 7.21-7.06 (m, 3H), 7.05-6.95 (m, 3H), 

6.94-6.88 (m, 1H), 6.24-6.03 (m, 1H), 5.65 (s, 1H), 5.60-5.42 (m, 

1H), 3.59 (s, 3H), 3.34-3.22 (m, 1H), 2.48-2.40 (m, 1H), 2.34 (s, 

6H), 2.29 (s, 3H). 
13

C NMR (100 MHz, CDCl3) δ 207.6, 190.1, 

169.1, 159.8, 139.0, 138.2, 137.4, 133.8, 132.7, 131.4, 129.1, 128.5, 

128.0, 127.5, 127.4, 127.1, 124.1, 120.8, 118.0, 95.7, 89.7, 82.5, 61.4, 52.5, 29.7, 21.4, 21.3, 20.6. 

HPLC: Chiralpak IC column, 254 nm, 30 
o
C, n-Hexane/i-PrOH = 97/3, flow = 1.0 mL/ min, reten- 

tion time 25.6 min (minor) and 28.1 min (major). The HRMS Calculated for C30H29O4 [M+H]
+
 

453.2060, found: 453.2060. 

_______________________________________________________________________________ 

(-)-Methyl 6-Chloro-4-oxo-2-(p-tolyl)-3-(4-(m-tolyl)buta-2,3-dien-1-yl)chromane-3-carboxy- 

late (3se): 87.6 mg, 93% yield, colorless oil, new compound, Rf = 0.42 (hexanes/ethyl acetate 

20/1), 16:1 dr, 99% ee (major diastereoisomer), [α]
20

D = -242.27 (c 1.05, CHCl3). The major dia- 

stereoisomer: 
1
H NMR (400 MHz, CDCl3) δ 7.91 (d, J = 2.6 Hz, 

1H), 7.41 (dd, J = 8.8, 2.7 Hz, 1H), 7.33-7.26 (m, 2H), 7.23-7.16 

(m, 2H), 7.16-7.11 (m, 1H), 7.03-6.86 (m, 4H), 6.23-6.06 (m, 1H), 

5.66 (s, 1H), 5.59-5.45 (m, 1H), 3.60 (s, 3H), 3.30-3.15 (m, 1H), 

2.47-2.40 (m, 1H), 2.36 (s, 3H), 2.28 (s, 3H). 
13

C NMR (100 MHz, 

CDCl3) δ 207.7, 189.0, 168.7, 160.0, 139.2, 138.3, 136.0, 133.5, 

132.2, 129.2, 128.5, 128.1, 127.5, 127.5, 127.1, 127.1, 124.0, 122.0, 120.0, 96.2, 89.3, 82.6, 61.2, 

52.7, 29.6, 21.4, 21.3. HPLC: Chiralpak IC column, 254 nm, 30 
o
C, n-Hexane/i-PrOH = 98/2, 

flow = 1.0 mL/min, retention time 17.0 min and 23.4 min (major). HRMS Calculated for C29H26 

ClO4 [M+H]
+
 473.1514 (

35
Cl) and 475.1499 (

37
Cl), found: 473.1514 (

35
Cl) and 475.1500 (

37
Cl). 

_______________________________________________________________________________ 
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4. Experiment at Gram Scale 

 

The metal precursor Pd(dba)2 (0.36 mmol, 0.207 g), the chiral ligand (R)-DTBM-GARPHOS 

(L1) (0.396 mmol, 0.480 g) and tetrahydrofuran (34 mL) were placed in a dried Schlenk tube 

under nitrogen atmosphere. The mixture was stirred at 30 
o
C for 30 min. Then, the mixture was 

cooled to -20 
o
C. Subsequently, the substrate flavanone 1b (3.6 mmol, 1.016 g), 5Å MS (0.900 g) 

and 1,8-dia-zabicyclo[5,4,0]undec-7-ene (DBU, 4.32 mmol, 0.65 mL) were added, and the reac- 

tion mixture was stirred at -20 
o
C for 10 minutes. Sequentially, allenylic carbonate 2e (5.4 mmol, 

1.254 g) and tetrahydrofuran (2.0 mL) were added slowly. The mixture was stirred at -20 
o
C for 96 

hours. After the completion of the reaction, without any treatment, the residue was directly 

purified by column chromatography on silica gel (hexanes/ethyl acetate/dichloromethane 100/1/2- 

100/3/6) to give the chiral allenylic alkylation product 3be 1.404 g with 92% isolated yield, 19:1 

dr and 97% ee for the major diastereoisomer. 
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5. Product Elaboration 

5.1. The Reduction of Carbonyl Functional Group 

 

To a solution of flavanone (-)-3be (127.4 mg, 0.3 mmol) in ethanol (15 mL) was added sodium 

borohydride (56.7 mg, 1.5 mmol) at ambient temperature. The reaction mixture was stirred for 12 

h. The reaction was quenched with saturated ammonium chloride aqueous solution (10 mL). The 

aqueous layer was extracted with ethyl acetate (15 mL×3), dried over sodium sulfate, filtered and 

concentrated under the reduced pressure. The residue was purified by column chromatography on 

silica gel using hexanes/ethyl acetate (20/1-10/1) as eluent to afford reductive product (-)-4. 

_______________________________________________________________________________ 

(-)-Methyl 4-Hydroxy-2-phenyl-3-(4-(m-tolyl)buta-2,3-dien-1-yl)chromane-3-carboxylate (4): 

120.5 mg, 94% yield, colorless liquid, new compound, Rf = 0.31 (hexanes/ethyl acetate 10/1), 

13:1 dr, 97% ee (major diastereoisomer), [α]
20

D = -129.16 (c 1.21, CHCl3). The major diastereo- 

isomer: 
1
H NMR (400 MHz, CDCl3) δ 7.57 (d, J = 7.6 Hz, 1H), 7.38-7.30 (m, 5H), 7.23-7.14 (m, 

2H), 7.09-6.95 (m, 4H), 6.88 (d, J = 8.0 Hz, 1H), 6.19-6.10 (m, 1H), 5.82-5.66 (m, 1H), 5.16 (d, J 

= 9.7 Hz, 1H), 5.08 (s, 1H), 3.54 (s, 3H), 2.96 (d, J = 9.8 Hz, 1H), 2.74-2.65 (m, 1H), 2.38-2.31 

(m, 1H), 2.29 (s, 3H). 
13

C NMR (100 MHz, CDCl3) δ 206.9, 171.6, 154.3, 138.3, 136.5, 134.0, 

128.9, 128.7, 128.6, 128.0, 127.9, 127.9, 127.5, 125.4, 124.1, 121.8, 116.2, 94.8, 90.0, 82.2, 70.6, 

53.9, 51.8, 34.3, 21.4. HPLC: Chiralpak ID column, 254 nm, 30 
o
C, n-Hexane/i-PrOH = 90/10, 

flow = 1.0 mL/min, retention time 11.0 min (major) and 15.9 min (minor). HRMS Calculated for 

C28H26NaO4 [M+Na]
+
 449.1723, found: 449.1723. 

_______________________________________________________________________________ 

5.2. The Hydrogenation of Allenyl Functional Group 

 

To a solution of the chiral allenylic alkylation product (-)-3be (42.5 mg, 0.1 mmol) in ethyl 

acetate (1.0 mL) was added 10% Pd/C (5.3 mg, 0.005 mmol). The resulting mixture was degassed 

and stirred under hydrogen gas balloon pressure for about 5 hours at 25
 o
C. After the completion 

of hydrogenation, the volatiles were removed under the reduced pressure. The crude residue was 
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purified by flash column chromatography on silica gel using hexanes/ethyl acetate (30/1-20/1) as 

eluent to give the desirable allene hydrogenation product (2R,3S)-(-)-5. 

_______________________________________________________________________________ 

(2R,3S)-(-)-Methyl 4-Oxo-2-phenyl-3-(4-(m-tolyl)butyl)chromane-3-carboxylate (5): 

39.4 mg, 92% yield, colorless liquid, new compound, Rf = 0.28 (hexanes/ethyl acetate 20/1), 87% 

ee, [α]
20

D = -107.89 (c 0.95, CHCl3). 
1
H NMR (400 MHz, CDCl3) δ 7.99 (d, J = 7.5 Hz, 1H), 7.51 

(t, J = 7.3 Hz, 1H), 7.43-7.32 (m, 3H), 7.33-7.25 (m, 2H), 7.19-6.89 (m, 6H), 5.47 (s, 1H), 3.57 (s, 

3H), 2.66-2.49 (m, 2H), 2.32 (s, 3H), 2.29-2.16 (m, 1H), 1.74-1.55 (m, 4H), 1.39-1.26 (m, 1H). 
13

C NMR (100 MHz, CDCl3) δ 190.6, 169.4, 161.5, 142.2, 137.9, 136.1, 135.6, 129.2, 129.1, 

128.3, 128.2, 128.0, 127.2, 126.5, 125.4, 122.0, 121.4, 118.1, 83.2, 61.6, 52.3, 35.3, 31.9, 30.1, 

23.8, 21.5. HPLC: Chiralpak IA column, 254 nm, 30 
o
C, n-Hexane/i-PrOH = 99/1, flow = 1.0 mL/ 

min, retention time 16.6 min (minor) and 17.6 min (major). HRMS Calculated for C28H29O4 

[M+H]
+
 429.2060, found: 429.2066. 

_______________________________________________________________________________ 
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6. Determination of Absolute Configuration 

To determine the absolute configuration of (-)-methyl 3-(4-(naphthalen-2-yl)buta-2,3-dien-1- 

yl)-4-oxo-2-phenylchromane-3-carboxylate (3bl, 16:1 dr, 97% ee): first, (-)-3bl was upgraded to 

32:1 dr and 98% ee for major diastereoisomer by recrystallization with n-hexane/dichloro- 

methane. Then (-)-3bl was completely dissolved in dichloromethane (2.0 mL), and n-hexane (2.0 

mL) was added slowly at room temperature. The solvent diffused slowly, and the single crystal 

was obtained after about two days. The structure in Figure S1 showed the absolute configuration 

is (2R,3S,Ra). The CCDC number is 2226434. These details can be obtained free of charge via 

www.ccdc.com.ac.uk/data_request/cif from the Cambridge Crystallographic Data Centre. 

 

 

Figure S1. X-Ray Structure of (-)-(2R,3S,Ra)-3bl 

Thermal Ellipsoid Plot for 3bl 
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Crystal Data and Structure Refinement for cu_d8v22585_0m for (-)-(2R,3S,Ra)-3bl 

Identification code  cu_d8v22585_0m 

Empirical formula  C31 H24 O4 

Formula weight  460.50 

Temperature  293(2) K 

Wavelength  1.54178 Å 

Crystal system  Orthorhombic 

Space group  P 21 21 21 

Unit cell dimensions a = 7.6935(2) Å α = 90° 

 b = 9.7330(2) Å β = 90° 

 c = 33.1956(6) Å γ = 90° 

Volume 2485.71(9) Å3 

Z 4 

Density (calculated) 1.231 Mg/m3 

Absorption coefficient 0.647 mm-1 

F(000) 968 

Crystal size 0.180 x 0.140 x 0.090 mm3 

Theta range for data collection 4.734 to 67.484°. 

Index ranges -9<=h<=8, -10<=k<=11, -35<=l<=39 

Reflections collected 15941 

Independent reflections 4440 [R(int) = 0.0541] 

Completeness to theta = 67.679° 98.9 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7533 and 0.5988 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4440 / 0 / 318 

Goodness-of-fit on F2 1.027 

Final R indices [I>2sigma(I)] R1 = 0.0613, wR2 = 0.1705 

R indices (all data) R1 = 0.0729, wR2 = 0.1899 

Absolute structure parameter 0.01(16) 

Extinction coefficient 0.027(3) 

Largest diff. peak and hole 0.189 and -0.178 e.Å-3 
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