
S0 
 

Supporting Information 

Design and Synthesis of Chiral and Regenerable 
[2.2]Paracyclophane-Based NAD(P)H Models and Application in 

Biomimetic Reduction of Flavonoids 

Zhou-Hao Zhu, Yi-Xuan Ding, Bo Wu, Yong-Gui Zhou 
Email: ygzhou@dicp.ac.cn 

Table of Contents 

1. General..................................................................................................................S1 

2. Procedures for Synthesis of NAD(P)H Model CYNAMs.............................S1-5 

3. Lewis Acid-Promoted Biomimetic Asymmetric Reduction........................S6-16 

4. Transformations of the Products................................................................S17-20 

5. Mechanistic Investigation............................................................................S21-26 

6. Determination of the Absolute Configuration.................................................S27 

7. References...........................................................................................................S28 

8. Copy of NMR and HPLC Spectra.............................................................S29-168 

Electronic Supplementary Material (ESI) for Chemical Science.
This journal is © The Royal Society of Chemistry 2020



S1 
 

1. General 

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

techniques, unless otherwise noted. Commercially available reagents were used without further 

purification. Solvents were treated prior to use according to the standard methods. 1H NMR, 13C 

NMR spectra were recorded at 400 MHz and 100 MHz with Brucker spectrometer. 19F was 

recorded at 376 MHz with Brucker spectrometer. Chemical shifts are reported in ppm using 

tetramethylsilane (0) as internal standard when using CDCl3 as solvent for 1H NMR spectra. The 

following abbreviations were used to symbolize the multiplicities: s = singlet, d = doublet, t = 

triplet, q = quartet, m = multiplet, br = broad. Flash column chromatography was performed on 

silica gel (200-300 mesh). All reactions were monitored by TLC analysis. Optical rotations were 

measured by polarimeter. Enantiomeric excess was determined by HPLC analysis using chiral 

column described below in detail. 

2. Procedures for Synthesis of NAD(P)H Model CYNAMs 

 

A series of NAD(P)H models 6a-6d with planar chirality could be synthesized in five steps 

from the known starting material oxime ether (Sp)-1. Compound (Sp)-1 can be prepared according 

to the known literature procedure with some minor modifications.[1] 

2.1. Synthesis of (Rp)-5-Formyl-4-iodo[2.2]paracyclophan-O-methylaldoxime (Rp)-2 

 

To a solution of N-iodosuccinimide (1.981 g, 8.80 mmol), palladium(II) acetate (330 mg, 1.47 

mmol) and silver trifluoroacetate (324 mg, 1.47 mmol) in anhydrous dichloroethane (120 mL) in a 

250 mL Schlenk flask, (Sp)-4-formyl[2.2]paracyclophan-O-methylaldoxime (Sp)-1 (1.947 g, 7.34 

mmol) was added under nitrogen. The reaction mixture was stirred for 6 h at 110 oC. The mixture 

was cooled to ambient temperature and then filtered through celite. The solvent was evaporated in 

vacuo. The crude product was purified by flash chromatography to give the O-methylaldoxime 
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(Rp)-2 (2.326 g, 81% yield, >99% ee). Yellow solid, new compound, m.p. = 98-99 oC, Rf = 0.60 

(hexanes/dichloromethane 1/1), [] 20
D = -147.03 (c 0.54, CHCl3).

 1H NMR (400 MHz, CDCl3) δ 

8.05 (d, J = 1.1 Hz, 1H), 7.01 (d, J = 7.8 Hz, 1H), 6.64-6.56 (m, 2H), 6.56-6.49 (m, 2H), 6.46 (d, J 

= 7.7 Hz, 1H), 4.03 (s, 3H), 3.83-3.73 (m, 1H), 3.46 (t, J = 10.6 Hz, 1H), 3.21-2.95 (m, 5H), 

2.91-2.83 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 153.5, 143.8, 140.7, 139.6, 138.8, 135.0, 134.3, 

133.5, 133.2, 132.9, 130.0, 128.6, 110.1, 62.2, 40.0, 35.0, 34.7, 33.1. HRMS: Calculated for 

C18H19INO [M+H]+ 392.0506, found: 392.0507. 

2.2. Synthesis of (Rp)-5-Formyl-4-iodo[2.2]paracyclophane (Rp)-3 

(Rp)-2 (Rp)-3

O

I

H

NOMe

H

I

p 旽-TsOH 2O, HCHO (aq.)

THF/H2O (10:1), 130 oC

 

In a sealed tube, (Rp)-5-formyl-4-iodo[2.2]paracyclophan-O-methylaldoxime (Rp)-2 (4.534 g, 

11.59 mmol), formaldehyde (37% solution in water, 17.4 mL, 231.80 mmol) and p-toluene- 

sulfonic acid monohydrate (4.413 g, 23.18 mmol) were dissolved in tetrahydrofuran/water (44 mL, 

10:1), and the reaction mixture was stirred for 72 h at 130 oC. The mixture was cooled to ambient 

temperature and extracted with dichloromethane (40 mL×3). Then the combined organic layer was 

dried over anhydrous sodium sulfate and concentrated in vacuo. The solid obtained was purified 

by flash column chromatography using hexanes/ethyl acetate as eluent to deliver the iodated 

aldehyde (Rp)-3 (3.953 g, 94% yield, >99% ee). Yellow solid, new compound, m.p. = 83-84 oC, Rf 

= 0.80 (hexanes/ethyl acetate 30/1), [] 20
D = -163.99 (c 0.40, CHCl3).

 1H NMR (400 MHz, CDCl3) 

δ 9.79 (s, 1H), 6.98 (dd, J = 7.9, 1.8 Hz, 1H), 6.69-6.54 (m, 3H), 6.49 (dd, J = 7.9, 1.8 Hz, 1H), 

6.38 (dd, J = 7.9, 1.8 Hz, 1H), 3.93-3.80 (m, 1H), 3.62-3.52 (m, 1H), 3.26-3.13 (m, 3H), 3.09-2.96 

(m, 2H), 2.87-2.76 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 197.8, 144.6, 144.2, 139.8, 138.8, 

137.0, 135.4, 135.3, 133.2, 132.8, 131.1, 128.8, 111.1, 39.2, 35.0, 34.3, 33.1. HRMS: Calculated 

for C17H16IO [M+H]+ 363.0240, found: 363.0244. 

2.3. Synthesis of (Rp)-5-(Hydroxymethyl)-4-iodo[2.2]paracyclophane (Rp)-4 

(Rp)-3 (Rp)-4

I

O

H

I MeOH, RT

NaBH4

OH

 

To a solution of (Rp)-5-formyl-4-iodo[2.2]paracyclophane (Rp)-3 (3.931 g, 10.90 mmol) in 

methanol (50 mL) under nitrogen was added sodium borohydride (455 mg, 12.00 mmol). The 

mixture was stirred for 6 h at ambient temperature. When TLC indicated that the reaction was 

finished, the reaction mixture was quenched with water (20 mL). After being extracted with 

dichloromethane and washed with water twice, the combined organic layer was dried over 

anhydrous sodium sulfate and concentrated in vacuo. A short silica gel column filtration of the 

crude mixture afforded the desired product (Rp)-5-(hydroxymethyl)-4-iodo[2.2]paracyclophane 

(Rp)-4 (3.791 g, 96% yield, >99% ee). White solid, new compound, m.p. = 92-93 oC, Rf = 0.40 

(hexanes/ethyl acetate 5/1), [] 20
D = -90.19 (c 0.50, CHCl3). 

1H NMR (400 MHz, CDCl3) δ 7.01 
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(dd, J = 7.9, 1.9 Hz, 1H), 6.66-6.52 (m, 3H), 6.47 (d, J = 7.7 Hz, 2H), 4.61 (s, 2H), 3.57-3.45 (m, 

2H), 3.24-3.13 (m, 2H), 3.11-2.97 (m, 4H), 1.80 (br s, 1H). 13C NMR (100 MHz, CDCl3) δ 144.1, 

140.5, 140.2, 139.1, 138.9, 134.5, 133.3, 133.2, 132.8, 130.7, 128.6, 111.3, 67.6, 40.2, 35.1, 34.0, 

33.1. HRMS: Calculated for C17H17INaO [M+Na]+ 387.0216, found: 387.0215. 

2.4. Suzuki Cross-Coupling 

OH

I

OH

NH2Pd(PPh3)2Cl2, KOH

THF/H2O (4/1), 82 oC
NH2

B(OH)2

Ar

NH2

Bpin
Aror

(Rp)-4 (Sp)-5
R

 

Under nitrogen, a solution of the above alcohol (Rp)-4 (911 mg, 2.50 mmol), bis(triphenyl- 

phosphine)palladium(II) chloride (351 mg, 20 mol%), potassium hydroxide (421 mg, 7.50 mmol) 

and the corresponding 2-aminoarylboronic acid or 2-aminoarylboronic acid pinacolate ester[2] (5.0 

mmol) in tetrahydrofuran (36 mL) and water (9 mL) was heated at 82 oC for 24 h. The mixture 

was cooled to room temperature and extracted with ethyl acetate (20 mL×3). Then the combined 

organic layer was dried over anhydrous sodium sulfate and concentrated in vacuo. The residue 

was purified by flash column chromatography using hexanes and ethyl acetate as eluent to achieve 

the corresponding products (Sp)-5a-c. 

(Sp)-5-(Hydroxymethyl)-4-(2-aminophenyl)-[2.2]paracyclophane (5a): 0.274 g, 33% yield 

with 2-aminophenylboronic acid, brown foamy solid, new compound, m.p. = 145-146 oC, Rf = 

0.20 (hexanes/ethyl acetate 5/1), >99% ee, []20
D = +7.50 (c 1.0, CHCl3).

 1H 

NMR (400 MHz, CDCl3) δ 7.38 (dd, J = 7.6, 1.3 Hz, 1H), 7.15-7.08(m, 1H), 

6.94-6.87 (m, 1H), 6.67-6.58 (m, 4H), 6.50-6.41 (m, 3H), 4.23 (s, 2H), 

3.54-3.43 (m, 1H), 3.14-3.06 (m, 1H), 3.05-2.98 (m, 1H), 2.98-2.88 (m, 3H), 

2.87-2.76 (m, 4H), 2.75-2.68 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 143.9, 140.3, 139.7, 139.5, 

138.8, 137.4, 135.4, 134.7, 134.4, 133.3, 132.5, 130.8, 130.6, 129.4, 128.4, 125.5, 118.7, 116.1, 

61.1, 35.3, 34.9, 33.0, 32.6. HRMS Calculated for C23H24NO [M+H]+ 330.1852, found: 330.1854. 

(Sp)-5-(Hydroxymethyl)-4-(2-amino-4-methylphenyl)-[2.2]paracyclophane (5b): 0.277 g, 

40% yield with 2-amino-4-methylphenylboronic acid, brown foamy solid, new compound, m.p. = 

63-64 oC, Rf = 0.30 (hexanes/ethyl acetate 3/1), >99% ee, []20
D = -2.38 (c 

0.93, CHCl3). 
1H NMR (400 MHz, CDCl3) δ 7.33 (d, J = 7.7 Hz, 1H), 6.79 

(d, J = 7.2 Hz, 1H), 6.75-6.64 (m, 3H), 6.57-6.45 (m, 4H), 4.37-4.27 (m, 

2H), 3.61-3.50 (m, 1H), 3.21-3.13 (m, 1H), 3.12-3.05 (m, 1H), 3.04-2.89 (m, 

4H), 2.89-2.68 (m, 4H), 2.33 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 144.1, 140.2, 139.7, 139.6, 

139.0, 138.2, 137.5, 135.2, 134.9, 134.3, 133.3, 132.4, 130.9, 130.6, 129.2, 122.4, 119.4, 116.6, 

61.2, 35.3, 34.9, 33.0, 32.6, 21.3. HRMS Calculated for C24H25NONa [M+Na]+ 366.1828, found: 

366.1833. 

(Sp)-5-(Hydroxymethyl)-4-(2-amino-4-methoxyphenyl)-[2.2]paracyclophane (5c): 0.296 g, 

53% yield with 2-amino-4-methoxyphenylboronic acid pinacolate ester, pale yellow foamy solid, 

new compound, m.p. = 69-70 oC, Rf = 0.20 (hexanes/ethyl acetate 

5/1), >99% ee, []20
D = +2.89 (c 0.90, CHCl3).

 1H NMR (400 MHz, 

CDCl3) δ 7.34 (d, J = 8.4 Hz, 1H), 6.74-6.63 (m, 3H), 6.58-6.46 (m, 4H), 

6.27 (d, J = 2.4 Hz, 1H), 4.34 (dd, J = 28.7, 11.9 Hz, 2H), 3.83 (s, 3H), 

OH

NH2

OH

NH2

Me

OH

NH2

OMe
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3.59-3.51 (m, 1H), 3.21-3.14 (m, 1H), 3.12-3.05 (m, 1H), 3.05-2.86 (m, 5H), 2.86-2.79 (m, 1H), 

2.61 (br s, 2H). 13C NMR (101 MHz, CDCl3) δ 159.9, 145.7, 140.4, 139.7, 139.6, 139.3, 137.6, 

135.1, 134.8, 134.3, 133.3, 132.4, 130.9, 130.5, 130.4, 117.8, 103.9, 101.2, 61.1, 55.2, 35.3, 35.0, 

33.1, 32.7. HRMS: Calculated for C24H26NO2 [M+H]+ 360.1958, found: 360.1972. 

2.5. Synthesis of Chiral and Regenerable NAD(P)H Model CYNAMs (Sp)-6 

OH

NH2

(Sp)-5

R

MnO2, CDCl3 N

(Sp)-6

R

55 oC

 

To a solution of compound (Sp)-5 (0.80 mmol) in chloroform (35 mL) was added manganese 

dioxide (1.251 g, 14.40 mmol). The resulted brown slurry was warmed to 55 oC for 72 h. When 

TLC indicated that the reaction was finished, the reaction mixture was directly purified by column 

chromatography on silica gel using hexanes and ethyl acetate to give products (Sp)-6a-6c. 

(Sp)-[2]Paracyclo[2](7,10)phenanthridinophane (6a): 0.190 g, 77% yield, yellow solid, new 

compound, mp = 142-143 oC, Rf = 0.60 (hexanes/ethyl acetate 3/1), >99% ee, []20
D = +407.70 (c 

0.22, CHCl3). 
1H NMR (400 MHz, CDCl3) δ 9.19 (s, 1H), 8.52 (dd, J = 8.3, 1.1 

Hz, 1H), 8.19 (dd, J = 8.1, 1.0 Hz, 1H), 7.74-7.67 (m, 1H), 7.65-7.56 (m, 1H), 

7.07 (d, J = 7.5 Hz, 1H), 6.88 (d, J = 7.5 Hz, 1H), 6.56-6.45 (m, 2H), 5.81 (dd, J 

= 7.8, 1.8 Hz, 1H), 5.31 (dd, J = 7.8, 1.8 Hz, 1H), 4.38-4.29 (m, 1H), 4.06-3.97 

(m, 1H), 3.37-3.23 (m, 2H), 3.18-3.10 (m, 1H), 3.09-2.98 (m, 2H), 2.85-2.76 (m, 1H). 13C NMR 

(100 MHz, CDCl3) δ 150.3, 144.6, 138.7, 138.3, 138.1, 137.9, 135.9, 134.8, 132.8, 132.4, 132.0, 

130.4, 130.0, 128.6, 128.4, 128.1, 126.8, 126.4, 124.9, 38.3, 34.8, 34.2, 32.6. HRMS Calculated 

for C23H20N [M+H]+ 310.1590, found: 310.1593. 

(Sp)-3-Methyl[2]paracyclo[2](7,10)phenanthridinophane (6b): 0.204 g, 79% yield, yellow 

solid, new compound, mp = 153-154 oC, Rf = 0.60 (hexanes/ethyl acetate 3/1), >99% ee, []20
D = 

+253.48 (c 0.20, CHCl3). 
1H NMR (400 MHz, CDCl3) δ 9.16 (s, 1H), 8.43 

(d, J = 8.5 Hz, 1H), 7.97 (s, 1H), 7.45 (dd, J = 8.5, 1.7 Hz, 1H), 7.07 (d, J = 

7.5 Hz, 1H), 6.87 (d, J = 7.5 Hz, 1H), 6.61-6.41 (m, 2H), 5.81 (dd, J = 7.8, 

1.8 Hz, 1H), 5.33 (dd, J = 7.8, 1.7 Hz, 1H), 4.39-4.30 (m, 1H), 4.06-3.97 (m, 

1H), 3.36-3.24 (m, 2H), 3.19-3.11 (m, 1H), 3.10-3.00 (m, 2H), 2.86-2.77 (m, 1H), 2.62 (s, 3H). 

13C NMR (100 MHz, CDCl3) δ 150.2, 144.5, 138.6, 138.3, 138.3, 138.1, 137.9, 135.6, 134.9, 

132.4, 132.4, 132.0, 130.3, 129.3, 128.4, 128.3, 128.2, 126.5, 122.7, 38.4, 34.8, 34.1, 32.5, 21.5. 

HRMS Calculated for C24H22N [M+H]+ 324.1747, found: 324.1752. 

(Sp)-3-Methoxy[2]paracyclo[2](7,10)phenanthridinophane (6c): 0.191 g, 74% yield, yellow 

solid, new compound, mp = 181-182 oC, Rf = 0.50 (hexanes/ethyl acetate 3/1), >99% ee, []20
D = 

+256.89 (c 0.42, CHCl3). 
1H NMR (400 MHz, CDCl3) δ 9.13 (s, 1H), 8.44 

(d, J = 9.2 Hz, 1H), 7.58 (d, J = 2.7 Hz, 1H), 7.26 (dd, J = 9.1, 2.8 Hz, 1H), 

7.04 (d, J = 7.5 Hz, 1H), 6.84 (d, J = 7.5 Hz, 1H), 6.55-6.43 (m, 2H), 5.80 

(dd, J = 7.8, 1.8 Hz, 1H), 5.34 (dd, J = 7.8, 1.7 Hz, 1H), 4.34-4.26 (m, 1H), 

4.06-3.95 (m, 1H), 4.01 (s, 3H), 3.33-3.23 (m, 2H), 3.18-3.10 (m, 1H), 3.09-2.98 (m, 2H), 

2.83-2.74 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 159.3, 150.7, 146.3, 138.6, 138.3, 138.2, 137. 8, 

N

N

Me

N

OMe
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135.1, 132.3, 132.1, 131.9, 130.2, 128.1, 127.9, 127.8, 119.2, 117.5, 109.4, 55.5, 38.6, 34.8, 34.1, 

32.5. HRMS Calculated for C24H22NO [M+H]+ 340.1696, found: 340.1697. 

OH

I

OH

NH2Pd(PPh3)2Cl2, KOH

THF/H2O (4/1), 82 oC

(Rp)-4 (Sp)-5d

F

MnO2, CDCl3
N

(Sp)-6d

F
F

B(OH)2

NH2

55 oC

 

Under nitrogen, a solution of alcohol (Rp)-4 (729 mg, 2.0 mmol), bis(triphenylphosphine)- 

palladium(II) chloride (421 mg, 30 mol%), potassium hydroxide (505 mg, 9.0 mmol) and 

(2-amino-4-fluorophenyl)boronic acid2 (643 mg, 4.2 mmol) in tetrahydrofuran (30 mL) and water 

(7.5 mL) was heated at 82 oC for 24 h. The mixture was cooled to ambient temperature and 

extracted with ethyl acetate (20 mL×3). Then the combined organic layer was dried over anhy- 

drous sodium sulfate and concentrated in vacuo. The oil obtained was simply purified by flash 

column chromatography to achieve the product (Sp)-5d (36 mg, 5% yield). Then to a solution of 

crude product (Sp)-5d (36 mg, 0.10 mmol) in chloroform (30 mL) was added manganese dioxide 

(162 mg, 1.80 mmol). The resulted brown slurry was warmed to 55 oC for 72 h. When TLC 

indicated that the reaction was finished, the reaction mixture was directly purified by column 

chromatography on silica gel using hexanes and ethyl acetate to give compound (Sp)-6d. 

(Sp)-3-Fluoro[2]paracyclo[2](7,10)phenanthridinophane (6d): 23 mg, 68% yield, brown oil, 

new compound, Rf = 0.50 (hexanes/ethyl acetate 5/1), >99% ee, []20
D = +254.57 (c 0.48, CHCl3).

 

1H NMR (400 MHz, CDCl3) δ 9.19 (s, 1H), 8.51 (dd, J = 9.2, 6.0 Hz, 1H), 

7.83 (dd, J = 9.7, 2.7 Hz, 1H), 7.44-7.34 (m, 1H), 7.09 (d, J = 7.5 Hz, 1H), 

6.90 (d, J = 7.5 Hz, 1H), 6.59-6.43 (m, 2H), 5.79 (dd, J = 7.8, 1.7 Hz, 1H), 

5.33 (dd, J = 7.8, 1.6 Hz, 1H), 4.33-4.22 (m, 1H), 4.01 (dd, J = 12.9, 11.0 Hz, 

1H), 3.38-3.25 (m, 2H), 3.21-3.12 (m, 1H), 3.09-3.00 (m, 2H), 2.84-2.74 (m, 1H). 13C NMR (100 

MHz, CDCl3) δ 161.8 (d, 1JF-C = 247.1 Hz), 151.4, 146.0, 145.9, 138.5, 138.5, 138.5, 137.9, 135.4, 

134.7, 132.7, 132.5, 132.1, 130.4, 128.6 (d, 3JF-C = 9.1 Hz), 128.3, 121.7, 115.4 (d, 2JF-C = 23.3 

Hz), 114.2 (d, 2JF-C = 20.1 Hz), 38.4, 34.8, 34.2, 32.5. 19F NMR (376 MHz, CDCl3) δ -112.49. 

HRMS Calculated for C23H19FN [M+H]+ 328.1496, found: 328.1498. 

N

F
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3. Lewis Acid-Promoted Biomimetic Asymmetric Reduction 

3.1 Synthesis of Flavonoids 

Flavonoids 7 could be prepared from readily available 2-fluoroaryl formyl chloride[3] and beta- 

ketoester[4-5] according to the known literature procedure with minor modification.[6] Among them, 

compounds 7a-b,[7] 7c[8] and 7e-f[8] are the known compounds. 

 

Under nitrogen, beta-ketoester (10 mmol) was dissolved in dry toluene (20 mL). Sodium 

hydride (11 mmol) was added and the mixture was stirred at room temperature for 30 min. Then 

the solution of 2-fluoroaryl formyl chloride (10 mmol) in dry toluene (20 mL) was added 

dropwise to the stirred mixture. After that the reaction was stirred under reflux overnight. The 

mixture was cooled to ambient temperature and quenched with water (20 mL). Then the mixture 

was extracted with ethyl acetate (40 mL×3). Then the combined organic layer was dried over 

anhydrous sodium sulfate and concentrated in vacuo. The products 7 were purified by flash 

column chromatography using hexanes/ethyl acetate as eluent. The solid products 7 could be 

obtained by recrystallization from dichloromethane/hexanes. 

Butyl 4-oxo-2-phenyl-4H-chromene-3-carboxylate (7d): 1.631 g, 56% yield, pale yellow oil, 

new compound, mp = 53-54 oC, Rf = 0.20 (hexanes/ethyl acetate 5/1). 1H NMR (400 MHz, CDCl3) 

δ 8.29 (dd, J = 8.0, 1.6 Hz, 1H), 7.80-7.70 (m, 3H), 7.60-7.50 (m, 4H), 

7.49-7.43 (m, 1H), 4.22 (t, J = 6.6 Hz, 2H), 1.57-1.48 (m, 2H), 1.24-1.14 (m, 

2H), 0.84 (t, J = 7.4 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 175.0, 165.2, 

163.1, 155.9, 134.3, 132.1, 131.6, 128.8, 128.1, 126.2, 125.7, 123.2, 118.5, 

118.1, 65.8, 30.3, 18.9, 13.6. HRMS Calculated for C20H19O4 [M+H]+ 323.1278, found: 323.1276. 

Cyclohexyl 4-oxo-2-phenyl-4H-chromene-3-carboxylate (7g): 1.474 g, 43% yield, white 

solid, new compound, mp = 109-110 oC, Rf = 0.25 (hexanes/ethyl acetate 10/1). 1H NMR (400 

MHz, CDCl3) δ 8.26 (d, J = 7.8 Hz, 1H), 7.82-7.68 (m, 3H), 7.58-7.41 (m, 

5H), 5.02-4.91 (m, 1H), 1.84-1.74 (m, 2H), 1.66-1.56 (m, 2H), 1.52-1.44 (m, 

1H), 1.39-1.26 (m, 4H), 1.24-1.14 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 

175.0, 164.5, 162.8, 155.9, 134.2, 132.1, 131.5, 128.7, 128.2, 126.1, 125.6, 

123.3, 118.9, 118.1, 74.4, 31.2, 25.3, 23.6. HRMS Calculated for C22H21O4 [M+H]+ 349.1434, 

found: 349.1433. 

Cyclohexyl 4-oxo-2-(p-tolyl)-4H-chromene-3-carboxylate (7h): 1.876 g, 59% yield, white 

solid, new compound, mp = 110-111 oC, Rf = 0.35 (hexanes/ethyl acetate 10/1). 1H NMR (400 

MHz, CDCl3) δ 8.27 (d, J = 7.7 Hz, 1H), 7.78-7.64 (m, 3H), 7.52 (d, J = 

8.4 Hz, 1H), 7.44 (t, J = 7.5 Hz, 1H), 7.34-7.27 (m, 2H), 5.09-4.91 (m, 1H), 

2.45 (s, 3H), 1.92-1.80 (m, 2H), 1.70-1.59 (m, 2H), 1.55-1.47 (m, 1H), 

1.45-1.29 (m, 4H), 1.28-1.17 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 

175.1, 164.8, 162.8, 155.9, 142.2, 134.2, 129.4, 129.2, 128.1, 126.1, 125.5, 123.3, 118.4, 118.0, 

74.4, 31.2, 25.3, 23.6, 21.6. HRMS Calculated for C23H23O4 [M+H]+ 363.1591, found: 363.1593. 

O

O

OnBu

O

O

O

OCy

O

Me

O

O

OCy

O



S7 
 

Cyclohexyl 4-oxo-2-(m-tolyl)-4H-chromene-3-carboxylate (7i): 0.806 g, 33% yield, white 

solid, new compound, mp = 119-120 oC, Rf = 0.30 (hexanes/ethyl acetate 10/1). 1H NMR (400 

MHz, CDCl3) δ 8.28 (dd, J = 7.9, 1.1 Hz, 1H), 7.76-7.69 (m, 1H), 7.63-7.51 

(m, 3H), 7.48-7.35 (m, 3H), 5.05-4.94 (m, 1H), 2.44 (s, 3H), 1.89-1.78 (m, 

2H), 1.68-1.57 (m, 2H), 1.54-1.46 (m, 1H), 1.43-1.29 (m, 4H), 1.27-1.17 (m, 

1H). 13C NMR (100 MHz, CDCl3) δ 175.1, 164.6, 163.0, 155.9, 138.6, 134.2, 

132.3, 132.0, 128.7, 126.1, 125.6, 125.4, 123.3, 118.8, 118.1, 74.3, 31.2, 25.3, 

23.6, 21.4. HRMS Calculated for C23H23O4 [M+H]+ 363.1591, found: 363.1597. 

Cyclohexyl 4-oxo-2-(o-tolyl)-4H-chromene-3-carboxylate (7j): 0.492 g, 15% yield, white 

solid, new compound, mp = 130-131 oC, Rf = 0.30 (hexanes/ethyl acetate 10/1). 1H NMR (400 

MHz, CDCl3) δ 8.36-8.28 (m, 1H), 7.78-7.68 (m, 1H), 7.51-7.40 (m, 4H), 7.34 

(d, J = 7.6 Hz, 1H), 7.31-7.25 (m, 1H), 4.84-4.73 (m, 1H), 2.41 (s, 3H), 

1.65-1.39 (m, 5H), 1.30-1.07 (m, 5H). 13C NMR (100 MHz, CDCl3) δ 174.7, 

165.2, 163.5, 156.0, 137.0, 134.2, 131.9, 130.9, 130.5, 129.0, 126.2, 125.8, 

125.7, 123.6, 120.2, 118.1, 73.8, 31.0, 25.2, 23.5, 19.6. HRMS Calculated for C23H23O4 [M+H]+ 

363.1591, found: 363.1593. 

Cyclohexyl 2-(naphthalen-2-yl)-4-oxo-4H-chromene-3-carboxylate (7k): 1.021 g, 33% yield, 

white solid, new compound, mp = 120-121 oC, Rf = 0.50 (hexanes/ethyl acetate 5/1). 1H NMR 

(400 MHz, CDCl3) δ 8.40-8.22 (m, 2H), 8.01-7.90 (m, 3H), 7.85 (dd, J = 

8.6, 1.4 Hz, 1H), 7.75 (t, J = 7.8 Hz, 1H), 7.69-7.54 (m, 3H), 7.47 (t, J = 

7.5 Hz, 1H), 5.13-4.92 (m, 1H), 1.94-1.73 (m, 2H), 1.66-1.51 (m, 2H), 

1.50-1.42 (m, 1H), 1.41-1.23 (m, 4H), 1.21-1.12 (m, 1H). 13C NMR (100 

MHz, CDCl3) δ 175.1, 164.7, 162.6, 156.0, 134.5, 134.3, 132.6, 129.3, 129.1, 128.9, 128.7, 128.1, 

127.9, 127.1, 126.2, 125.6, 124.3, 123.3, 119.1, 118.1, 74.5, 31.2, 25.2, 23.5. HRMS Calculated 

for C26H23O4 [M+H]+ 399.1591, found: 339.1595. 

Cyclohexyl 2-(4-fluorophenyl)-4-oxo-4H-chromene-3-carboxylate (7l): 0.998 g, 36% yield, 

white solid, new compound, mp = 114-115 oC, Rf = 0.32 (hexanes/ethyl acetate 10/1). 1H NMR 

(400 MHz, CDCl3) δ 8.27 (d, J = 7.8 Hz, 1H), 7.86-7.70 (m, 3H), 7.56-7.42 

(m, 2H), 7.21 (t, J = 8.5 Hz, 2H), 5.06-4.91 (m, 1H), 1.90-1.78 (m, 2H), 

1.70-1.60 (m, 2H), 1.55-1.47 (m, 1H), 1.43-1.30 (m, 4H), 1.27-1.17 (m, 1H). 

13C NMR (100 MHz, CDCl3) δ 175.0, 164.6 (d, 1JF-C = 251.8 Hz), 164.5, 

161.5, 155.8, 134.3, 130.5 (d, 3JF-C = 8.8 Hz), 128.2 (d, 4JF-C = 3.2 Hz), 126.1, 125.71, 123.2, 

118.8, 118.0, 116.0 (d, 2JF-C = 22.0 Hz), 74.6, 31.3, 25.2, 23.6. 19F NMR (376 MHz, CDCl3) δ 

-107.16. HRMS Calculated for C22H20FO4 [M+H]+ 367.1340, found: 367.1339. 

Cyclohexyl 2-(4-chlorophenyl)-4-oxo-4H-chromene-3-carboxylate (7m): 1.245 g, 35% yield, 

white solid, new compound, mp = 148-149 oC, Rf = 0.30 (hexanes/ethyl acetate 10/1). 1H NMR 

(400 MHz, CDCl3) δ 8.28 (d, J = 7.9 Hz, 1H), 7.80-7.70 (m, 3H), 7.58-7.44 

(m, 4H), 5.07-4.93 (m, 1H), 1.94-1.77 (m, 2H), 1.70-1.60 (m, 2H), 

1.57-1.49 (m, 1H), 1.44-1.31 (m, 4H), 1.28-1.18 (m, 1H). 13C NMR (100 

MHz, CDCl3) δ 174.9, 164.4, 161.3, 155.8, 137.9, 134.4, 130.4, 129.6, 

129.1, 126.1, 125.8, 123.2, 119.0, 118.0, 74.7, 31.2, 25.2, 23.6. HRMS Calculated for C22H20ClO4 

[M+H]+ 383.1045 and 385.1015, found: 383.1050 and 385.1023. 
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Cyclohexyl 2-(4-bromophenyl)-4-oxo-4H-chromene-3-carboxylate (7n): 2.709 g, 77% yield, 

white solid, new compound, mp = 149-150 oC, Rf = 0.30 (hexanes/ethyl acetate 10/1). 1H NMR 

(400 MHz, CDCl3) δ 8.27 (d, J = 7.9 Hz, 1H), 7.78-7.61 (m, 5H), 7.56-7.42 

(m, 2H), 5.08-4.90 (m, 1H), 1.94-1.75 (m, 2H), 1.69-1.60 (m, 2H), 

1.56-1.48 (m, 1H), 1.45-1.30 (m, 4H), 1.29-1.19 (m, 1H). 13C NMR (100 

MHz, CDCl3) δ 174.9, 164.4, 161.4, 155.8, 134.4, 132.1, 130.9, 129.7, 

126.3, 126.1, 125.8, 123.2, 119.0, 118.1, 74.7, 31.2, 25.3, 23.6. HRMS Calculated for C22H20BrO4 

[M+H]+ 427.0539 and 429.0519, found: 427.0536 and 429.0513. 

Cyclohexyl 2-(4-methoxyphenyl)-4-oxo-4H-chromene-3-carboxylate (7o): 1.393 g, 42% 

yield, yellow solid, new compound, mp = 116-117 oC, Rf = 0.30 (hexanes/ethyl acetate 5/1). 1H 

NMR (400 MHz, CDCl3) δ 8.26 (d, J = 7.9 Hz, 1H), 7.77 (d, J = 8.8 Hz, 

2H), 7.74-7.67 (m, 1H), 7.52 (d, J = 8.4 Hz, 1H), 7.43 (t, J = 7.5 Hz, 1H), 

7.01 (d, J = 8.8 Hz, 2H), 5.09-4.95 (m, 1H), 3.89 (s, 3H), 1.97-1.76 (m, 

2H), 1.70-1.62 (m, 2H), 1.57-1.48 (m, 1H), 1.47-1.31 (m, 4H), 1.28-1.18 

(m, 1H). 13C NMR (100 MHz, CDCl3) δ 175.1, 165.0, 162.4, 162.3, 155.8, 134.1, 130.0, 126.1, 

125.4, 124.2, 123.2, 118.0, 117.9, 114.2, 74.4, 55.5, 31.3, 25.3, 23.6. HRMS Calculated for 

C23H23O5 [M+H]+ 379.1540, found: 379.1536. 

Cyclohexyl 2-(3-methoxyphenyl)-4-oxo-4H-chromene-3-carboxylate (7p): 1.431 g, 47% 

yield, pale yellow solid, new compound, mp = 114-115 oC, Rf  = 0.25 (hexanes/ethyl acetate 

10/1). 1H NMR (400 MHz, CDCl3) δ 8.27 (d, J = 7.8 Hz, 1H), 7.73 (t, J = 7.6 

Hz, 1H), 7.53 (d, J = 8.3 Hz, 1H), 7.48-7.34 (m, 3H), 7.31 (s, 1H), 7.10 (d, J = 

7.6 Hz, 1H), 5.08-4.90 (m, 1H), 3.88 (s, 3H), 1.89-1.76 (m, 2H), 1.69-1.57 (m, 

2H), 1.54-1.46 (m, 1H), 1.43-1.28 (m, 4H), 1.26-1.17 (m, 1H). 13C NMR (100 

MHz, CDCl3) δ 175.1, 164.5, 162.5, 159.7, 155.9, 134.3, 133.2, 129.9, 126.1, 

125.6, 123.3, 120.6, 118.9, 118.1, 117.3, 113.5, 74.4, 55.5, 31.2, 25.3, 23.5. HRMS Calculated for 

C23H23O5 [M+H]+ 379.1540, found: 379.1536. 

Cyclohexyl 6-methyl-4-oxo-2-phenyl-4H-chromene-3-carboxylate (7q): 1.738 g, 60% yield, 

white solid, new compound, mp = 134-135 oC, Rf = 0.30 (hexanes/ethyl acetate 10/1). 1H NMR 

(400 MHz, CDCl3) δ 8.06 (s, 1H), 7.79 (d, J = 7.2 Hz, 2H), 7.60-7.48 (m, 

4H), 7.43 (d, J = 8.4 Hz, 1H), 5.05-4.89 (m, 1H), 2.49 (s, 3H), 1.88-1.73 

(m, 2H), 1.65-1.60 (m, 2H), 1.53-1.45 (m, 1H), 1.40-1.28 (m, 4H), 

1.25-1.16 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 175.1, 164.7, 162.6, 

154.2, 135.7, 135.5, 132.2, 131.4, 128.7, 128.2, 125.4, 122.9, 118.7, 117.8, 74.3, 31.2, 25.3, 23.5, 

21.0. HRMS Calculated for C23H23O4 [M+H]+ 363.1591, found: 363.1594. 

Cyclohexyl 6-methoxy-4-oxo-2-phenyl-4H-chromene-3-carboxylate (7r): 1.435 g, 38% yield, 

white solid, new compound, mp = 126-127 oC, Rf = 0.20 (hexanes/ethyl acetate 10/1). 1H NMR 

(400 MHz, CDCl3) δ 7.78 (d, J = 7.2 Hz, 2H), 7.63 (d, J = 2.9 Hz, 1H), 

7.59-7.45 (m, 4H), 7.34-7.29 (m, 1H), 5.05-4.92 (m, 1H), 3.92 (s, 3H), 

1.88-1.76 (m, 2H), 1.68-1.58 (m, 2H), 1.54-1.46 (m, 1H), 1.41-1.28 (m, 

4H), 1.26-1.16 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 174.9, 164.7, 

162.5, 157.2, 150.7, 132.2, 131.4, 128.7, 128.2, 124.3, 123.9, 119.5, 118.1, 105.2, 74.3, 56.0, 31.2. 

25.3, 23.6. HRMS Calculated for C23H23O5 [M+H]+ 379.1540, found: 379.1540. 
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Cyclohexyl 7-bromo-4-oxo-2-phenyl-4H-chromene-3-carboxylate (7s): 2.721 g, 64% yield, 

white solid, new compound, mp = 124-125 oC, Rf = 0.40 (hexanes/ethyl acetate 10/1). 1H NMR 

(400 MHz, CDCl3) δ 8.14 (d, J = 8.5 Hz, 1H), 7.82-7.71 (m, 3H), 

7.61-7.55 (m, 2H), 7.55-7.48 (m, 2H), 5.05-4.90 (m, 1H), 1.88-1.73 (m, 

2H), 1.67-1.56 (m, 2H), 1.54-1.45 (m, 1H), 1.40-1.28 (m, 4H), 1.25-1.16 

(m, 1H). 13C NMR (100 MHz, CDCl3) δ 174.4, 164.1, 162.8, 155.9, 131.8, 

131.6, 129.3, 128.8, 128.5, 128.2, 127.5, 122.2, 121.2, 119.1, 74.6, 31.2, 25.2, 23.5. HRMS 

Calculated for C22H20BrO4 [M+H]+ 427.0539 and 429.0519, found: 427.0541 and 429.0524. 

Cyclohexyl 2-methyl-4-oxo-4H-chromene-3-carboxylate (7t): 0.404 g, 21% yield, pale 

yellow solid, new compound, mp = 122-123 oC, Rf = 0.40 (hexanes/ethyl acetate 10/1). 1H NMR 

(400 MHz, CDCl3) δ 8.22 (dd, J = 7.9, 1.6 Hz, 1H), 7.72-7.64 (m, 1H), 

7.47-7.38 (m, 2H), 5.14-5.01 (m, 1H), 2.52 (s, 3H), 2.09-1.94 (m, 2H), 

1.87-1.77 (m, 2H), 1.65-1.55 (m, 3H), 1.51-1.39 (m, 2H), 1.38-1.26 (m, 1H). 

13C NMR (100 MHz, CDCl3) δ 174.4, 166.0, 164.5, 155.6, 133.9, 126.1, 125.4, 123.4, 118.7, 

117.7, 74.4, 31.6, 25.4, 23.8, 19.4. HRMS Calculated for C17H19O4 [M+H]+ 287.1278, found: 

287.1277. 

Cyclohexyl 4-oxo-2-propyl-4H-chromene-3-carboxylate (7u): 1.246 g, 28% yield, yellow oil, 

new compound, Rf = 0.30 (hexanes/ethyl acetate 10/1). 1H NMR (400 MHz, CDCl3) δ 8.21 (dd, J 

= 7.9, 1.6 Hz, 1H), 7.71-7.63 (m, 1H), 7.47-7.37 (m, 2H), 5.13-5.01 (m, 1H), 

2.78-2.69 (m, 2H), 2.07-1.98 (m, 2H), 1.90-1.76 (m, 4H), 1.63-1.53 (m, 3H), 

1.50-1.39 (m, 2H), 1.36-1.26 (m, 1H), 1.05 (t, J = 7.4 Hz, 3H). 13C NMR (100 

MHz, CDCl3) δ 174.6, 168.6, 164.5, 155.7, 133.8, 126.1, 125.4, 123.4, 118.7, 117.8, 74.4, 34.9, 

31.6, 25.4, 23.8, 20.9, 13.8. HRMS Calculated for C19H23O4 [M+H]+ 315.1591, found: 315.1594. 

Cyclohexyl 2-isopropyl-4-oxo-4H-chromene-3-carboxylate (7v): 1.506 g, 29% yield, white 

solid, new compound, mp = 87-88 oC, Rf = 0.30 (hexanes/ethyl acetate 10/1). 1H NMR (400 MHz, 

CDCl3) δ 8.21 (d, J = 7.9 Hz, 1H), 7.72-7.64 (m, 1H), 7.50-7.37 (m, 2H), 

5.14-5.02 (m, 1H), 3.22-3.08 (m, 1H), 2.08-1.94 (m, 2H), 1.86-1.74 (m, 2H), 

1.66-1.53 (m, 3H), 1.50-1.26 (m, 9H). 13C NMR (100 MHz, CDCl3) δ 174.9, 

171.5, 164.6, 155.8, 133.8, 126.0, 125.3, 123.5, 117.8, 117.5, 74.4, 32.3, 31.6, 

25.4, 23.7, 19.9. HRMS Calculated for C19H23O4 [M+H]+ 315.1591, found: 315.1591. 

Cyclohexyl 2-cyclohexyl-4-oxo-4H-chromene-3-carboxylate (7w): 2.659 g, 76% yield, 

yellow oil, new compound, Rf = 0.40 (hexanes/ethyl acetate 10/1). 1H NMR (400 MHz, CDCl3) δ 

8.21 (dd, J = 8.0, 1.6 Hz, 1H), 7.71-7.63 (m, 1H), 7.49-7.35 (m, 2H), 

5.15-5.03 (m, 1H), 2.86-2.71 (m, 1H), 2.07-1.85 (m, 6H), 1.84-1.67 (m, 5H), 

1.64-1.53 (m, 3H), 1.50-1.26 (m, 6H). 13C NMR (100 MHz, CDCl3) δ 174.9, 

171.0, 164.5, 155.8, 133.8, 126.0, 125.3, 123.5, 117.8, 117.6, 74.2, 42.3, 31.6, 

29.8, 25.8, 25.6, 25.4, 23.7. HRMS Calculated for C22H27O4 [M+H]+ 355.1904, found: 355.1908. 
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3.2 Lewis Acid-Promoted Biomimetic Asymmetric Reduction of Flavonoids 

[Ru(p-cymene)I2]2, EA, 50 oC

(Sp)-6c, Sm(OTf)3, H2 (800 psi), 24 h

7 8

Ar

(Sp)-6c
O

O

OR'

O

R
Ar

O

O

R

CO2R'
N

OMe

then removal of EA
Na2CO3, allyl iodide, 18-crown-6

THF, RT, 24 h
 

A mixture of [Ru(p-cymene)I2]2 (0.7 mg, 0.00075 mmol), samarium(III) trifluoromethane- 

sulfonate (17.9 mg, 0.03 mmol), (Sp)-6c (5.1 mg, 0.015 mmol) and 7 (0.15 mmol) in ethyl acetate 

(3.0 mL) was stirred at room temperature for 5 min in glove box and then the mixture was 

transferred to an autoclave. The hydrogenation was performed at 50 oC under H2 (800 psi) for 24 h. 

After carefully release of the hydrogen, the autoclave was opened and the reaction mixture was 

concentrated in vacuo. Then, sodium carbonate (63.6 mg, 0.60 mmol), allyl iodide (100.8 mg, 

54.8 µL, 0.60 mmol), 18-crown-6 (11.8 mg, 10.2 µL, 0.045 mmol) and tetrahydrofuran (3.0 mL) 

were added to the mixture above. The new mixture was stirred at ambient temperature for 24 h. 

The reaction mixture was concentrated in vacuo and then purified by column chromatography on 

silica gel using hexanes and ethyl acetate to give 8. The enantiomeric excesses were determined 

by chiral HPLC. 

(-)-Methyl 3-allyl-4-oxo-2-phenylchromane-3-carboxylate (8a): 46 mg, 95% yield, pale 

yellow oil, new compound, Rf = 0.60 (hexanes/ethyl acetate 10/1), 93% ee, []20
D = -251.61 (c 

0.92, CHCl3), 
1H NMR (400 MHz, CDCl3) δ 8.00 (dd, J = 7.9, 1.5 Hz, 1H), 

7.56-7.50 (m, 1H), 7.44-7.35 (m, 5H), 7.13-7.07 (m, 1H), 7.04 (d, J = 8.3 Hz, 

1H), 5.83-5.68 (m, 1H), 5.51 (s, 1H), 5.29-5.16 (m, 2H), 3.60 (s, 3H), 

3.22-3.11 (m, 1H), 2.41 (dd, J = 15.0, 9.5 Hz, 1H). 13C NMR (100 MHz, 

CDCl3) δ 189.9, 168.9, 161.6, 136.3, 135.6, 132.8, 129.2, 128.4, 128.0, 127.4, 

122.0, 121.1, 120.3, 118.2, 82.9, 61.3, 52.5, 34.5. HPLC: Chiracel AD-H column, 254 nm, 30 oC, 

n-Hexane/i-PrOH = 99/1, flow = 0.7 mL/min, retention time 14.4 min and 17.3 min (major). 

HRMS Calculated for C20H19O4 [M+H]+ 323.1278, found: 323.1283. 

(-)-Ethyl 3-allyl-4-oxo-2-phenylchromane-3-carboxylate (8b): 50 mg, 99% yield, pale 

yellow oil, new compound, Rf = 0.60 (hexanes/ethyl acetate 10/1), 95% ee, []20
D = -255.18 (c 

1.00, CHCl3), 
1H NMR (400 MHz, CDCl3) δ 8.01 (dd, J = 7.9, 1.7 Hz, 1H), 

7.55-7.50 (m, 1H), 7.47-7.36 (m, 5H), 7.13-7.00 (m, 2H), 5.83-5.69 (m, 1H), 

5.50 (s, 1H), 5.29-5.17 (m, 2H), 4.15-3.98 (m, 2H), 3.20-3.10 (m, 1H), 2.40 

(dd, J = 15.0, 9.4 Hz, 1H), 1.06 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, 

CDCl3) δ 190.1, 168.4, 161.6, 136.2, 135.6, 132.9, 129.2, 128.3, 127.9, 127.5, 

121.9, 121.2, 120.2, 118.0, 82.9, 61.6, 61.1, 34.4, 13.8. HPLC: Chiracel AD-H column, 254 nm, 

30 oC, n-Hexane/i-PrOH = 99/1, flow = 0.7 mL/min, retention time 17.4 min and 20.4 min (major). 

HRMS Calculated for C21H21O4 [M+H]+ 337.1434, found: 337.1433. 

(-)-Isopropyl 3-allyl-4-oxo-2-phenylchromane-3-carboxylate (8c): 48 mg, 91% yield, 

colorless oil, new compound, Rf = 0.60 (hexanes/ethyl acetate 10/1), 97% ee, []20
D = -244.36 (c 

0.96, CHCl3), 
1H NMR (400 MHz, CDCl3) δ 8.03 (dd, J = 7.9, 1.6 Hz, 1H), 

7.57-7.52 (m, 1H), 7.52-7.46 (m, 2H), 7.46-7.38 (m, 3H), 7.15-7.09 (m, 1H), 

7.06 (dd, J = 8.3, 0.6 Hz, 1H), 5.90-5.71 (m, 1H), 5.52 (s, 1H), 5.30-5.18 (m, 

2H), 5.02-4.87 (m, 1H), 3.21-3.07 (m, 1H), 2.41 (dd, J = 15.0, 9.3 Hz, 1H), 
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1.16 (d, J = 6.3 Hz, 3H), 1.00 (d, J = 6.3 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 190.3, 167.9, 

161.6, 136.1, 135.6, 133.0, 129.1, 128.2, 127.8, 127.7, 121.8, 121.2, 120.1, 117.9, 82.9, 69.6, 61.0, 

34.3, 21.6, 21.3. HPLC: Chiracel AD-H column, 254 nm, 30 oC, n-Hexane/i-PrOH = 99/1, flow = 

0.7 mL/min, retention time 11.4 min and 12.9 min (major). HRMS Calculated for C22H23O4 

[M+H]+ 351.1591, found: 351.1589. 

(-)-Butyl 3-allyl-4-oxo-2-phenylchromane-3-carboxylate (8d): 50 mg, 91% yield, colorless 

oil, new compound, Rf = 0.65 (hexanes/ethyl acetate 10/1), 97% ee, []20
D = -235.38 (c 1.00, 

CHCl3), 
1H NMR (400 MHz, CDCl3) δ 8.04 (dd, J = 7.9, 1.7 Hz, 1H), 

7.58-7.52 (m, 1H), 7.48-7.40 (m, 5H), 7.15-7.09 (m, 1H), 7.09-7.03 (m, 1H), 

5.87-5.74 (m, 1H), 5.54 (s, 1H), 5.31-5.21 (m, 2H), 4.13-3.97 (m, 2H), 

3.26-3.10 (m, 1H), 2.41 (dd, J = 15.0, 9.4 Hz, 1H), 1.48-1.37 (m, 2H), 

1.16-1.04 (m, 2H), 0.78 (t, J = 7.4 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 

190.0, 168.4, 161.6, 136.1, 135.5, 132.9, 129.2, 128.3, 127.9, 127.5, 121.9, 121.2, 120.2, 118.0, 

82.9, 65.4, 61.0, 34.2, 30.2, 18.8, 13.5. HPLC: Chiracel IC column, 254 nm, 30 oC, n-Hexane/ 

i-PrOH = 99/1, flow = 1.0 mL/min, retention time 16.4 min (major) and 26.0 min. HRMS 

Calculated for C23H25O4 [M+H]+ 365.1747, found: 365.1745. 

(-)-tert-Butyl 3-allyl-4-oxo-2-phenylchromane-3-carboxylate (8e): 52 mg, 95% yield, pale 

yellow solid, new compound, mp = 79-80 oC, Rf = 0.70 (hexanes/ethyl acetate 10/1), 98% ee, 

[]20
D = -224.50 (c 1.04, CHCl3), 

1H NMR (400 MHz, CDCl3) δ 8.03 (dd, J = 

7.9, 1.6 Hz, 1H), 7.56-7.51 (m, 3H), 7.44-7.41 (m, 3H), 7.13-7.08 (m, 1H), 

7.06 (dd, J = 8.3, 0.6 Hz, 1H), 5.88-5.77 (m, 1H), 5.49 (s, 1H), 5.26-5.20 (m, 

2H), 3.14-3.07 (m, 1H), 2.36 (dd, J = 15.0, 9.2 Hz, 1H), 1.29 (s, 9H). 13C 

NMR (100 MHz, CDCl3) δ 190.5, 167.3, 161.5, 135.9, 135.5, 133.2, 129.1, 

128.1, 127.8, 127.8, 121.7, 121.3, 119.9, 117.7, 83.1, 82.8, 61.4, 34.3, 27.7. HPLC: Chiracel 

AD-H column, 254 nm, 30 oC, n-Hexane/i-PrOH = 99/1, flow = 0.5 mL/min, retention time 11.9 

min and 16.6 min (major). HRMS Calculated for C23H24NaO4 [M+Na]+ 387.1567, found: 

387.1569. 

(-)-Benzyl 3-allyl-4-oxo-2-phenylchromane-3-carboxylate (8f): 50 mg, 84% yield, pale 

yellow solid, new compound, mp = 86-87 oC, Rf = 0.50 (hexanes/ethyl acetate 10/1), 98% ee, 

[]20
D = -230.98 (c 1.00, CHCl3), 

1H NMR (400 MHz, CDCl3) δ 8.02 (dd, J = 

7.9, 1.5 Hz, 1H), 7.55-7.49 (m, 1H), 7.37-7.20 (m, 8H), 7.12-6.99 (m, 4H), 

5.83-5.70 (m, 1H), 5.51 (s, 1H), 5.26-5.18 (m, 2H), 5.16 (d, J = 12.6 Hz, 1H), 

4.94 (d, J = 12.6 Hz, 1H), 3.24-3.13 (m, 1H), 2.39 (dd, J = 15.0, 9.4 Hz, 1H). 
13C NMR (100 MHz, CDCl3) δ 189.8, 168.2, 161.6, 136.2, 135.3, 135.0, 

132.8, 129.2, 128.4, 128.3, 128.1, 128.0, 127.8, 127.5, 122.0, 121.2, 120.3, 118.1, 83.0, 67.1, 61.1, 

34.3. HPLC: Chiracel AD-H column, 254 nm, 30 oC, n-Hexane/i-PrOH = 97/3, flow = 0.7 

mL/min, retention time 16.6 min (major) and 20.0 min. HRMS Calculated for C26H23O4 [M+H]+ 

399.1591, found: 399.1589. 

(-)-Cyclohexyl 3-allyl-4-oxo-2-phenylchromane-3-carboxylate (8g): 55 mg, 94% yield, pale 

yellow solid, new compound, mp = 59-60 oC, Rf = 0.60 (hexanes/ethyl acetate 10/1), 98% ee, 

[]20
D = -240.44 (c 1.10, CHCl3), 

1H NMR (400 MHz, CDCl3) δ 8.05 (dd, J = 7.9, 1.6 Hz, 1H), 

7.57-7.52 (m, 1H), 7.51-7.46 (m, 2H), 7.45-7.39 (m, 3H), 7.12 (t, J = 7.5 Hz, 1H), 7.07 (d, J = 8.3 

Hz, 1H), 5.88-5.75 (m, 1H), 5.53 (s, 1H), 5.30-5.21 (m, 2H), 4.92-4.82 (m, 1H), 3.21-3.11 (m, 1H), 
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2.40 (dd, J = 15.1, 9.4 Hz, 1H), 1.72-1.64 (m, 1H), 1.55-1.46 (m, 2H), 

1.40-1.14 (m, 7H). 13C NMR (100 MHz, CDCl3) δ 190.2, 167.7, 161.6, 136.0, 

135.5, 133.0, 129.2, 128.2, 127.8, 127.7, 121.8, 121.4, 120.1, 117.9, 83.0, 

73.5, 61.0, 34.1, 30.9, 30.6, 25.2, 22.4, 22.3. HPLC: Chiracel AD-H column, 

254 nm, 30 oC, n-Hexane/i-PrOH = 99/1, flow = 0.5 mL/min, retention time 

25.4 min and 27.5 min (major). HRMS Calculated for C25H27O4 [M+H]+ 391.1904, found: 

391.1904. 

(-)-Cyclohexyl 3-allyl-4-oxo-2-(p-tolyl)chromane-3-carboxylate (8h): 57 mg, 94% yield, pale 

yellow oil, new compound, Rf = 0.60 (hexanes/ethyl acetate 10/1), 97% ee, []20
D = -203.58 (c 

1.14, CHCl3), 
1H NMR (400 MHz, CDCl3) δ 8.04 (dd, J = 7.9, 1.7 Hz, 

1H), 7.56-7.51 (m, 1H), 7.37 (d, J = 8.1 Hz, 2H), 7.23 (d, J = 8.0 Hz, 2H), 

7.13-7.04 (m, 2H), 5.87-5.75 (m, 1H), 5.49 (s, 1H), 5.28-5.20 (m, 2H), 

4.93-4.84 (m, 1H), 3.21-3.10 (m, 1H), 2.44-2.35 (m, 1H), 2.41 (s, 3H), 

1.72-1.65 (m, 1H), 1.56-1.47 (m, 2H), 1.42-1.29 (m, 4H), 1.25-1.11 (m, 

3H). 13C NMR (100 MHz, CDCl3) δ 190.3, 167.8, 161.7, 139.0, 135.9, 133.1, 132.5, 128.9, 127.8, 

127.6, 121.7, 121.4, 120.0, 117.9, 83.0, 73.4, 61.0, 34.2, 30.9, 30.6, 25.2, 22.4, 22.3, 21.3. HPLC: 

Chiracel IC column, 254 nm, 30 oC, n-Hexane/i-PrOH = 99/1, flow = 1.0 mL/min, retention time 

10.7 min (major) and 18.6 min. HRMS Calculated for C26H29O4 [M+H]+ 405.2060, found: 

405.2064. 

(-)-Cyclohexyl 3-allyl-4-oxo-2-(m-tolyl)chromane-3-carboxylate (8i): 57 mg, 94% yield, 

white solid, new compound, mp = 59-60 oC, Rf = 0.60 (hexanes/ethyl acetate 10/1), 97% ee, []20
D 

= -224.28 (c 1.14, CHCl3), 
1H NMR (400 MHz, CDCl3) δ 8.04 (dd, J = 7.9, 

1.7 Hz, 1H), 7.58-7.51 (m, 1H), 7.34-7.21 (m, 4H), 7.14-7.05 (m, 2H), 

5.87-5.75 (m, 1H), 5.50 (s, 1H), 5.29-5.22 (m, 2H), 4.91-4.83 (m, 1H), 

3.22-3.12 (m, 1H), 2.44-2.36 (m, 1H), 2.40 (s, 3H), 1.74-1.66 (m, 1H), 

1.59-1.46 (m, 2H), 1.43-1.13 (m, 7H). 13C NMR (100 MHz, CDCl3) δ 190.2, 

167.7, 161.7, 137.9, 136.0, 135.4, 133.1, 129.9, 128.2, 128.1, 127.8, 124.7, 

121.7, 121.3, 120.1, 117.9, 82.9, 73.5, 61.0, 34.1, 30.9, 30.6, 25.2, 22.5, 22.3, 21.5. HPLC: 

Chiracel IC column, 254 nm, 30 oC, n-Hexane/i-PrOH = 99/1, flow = 1.0 mL/min, retention time 

10.7 min (major) and 16.8 min. HRMS Calculated for C26H29O4 [M+H]+ 405.2060, found: 

405.2062. 

(-)-Cyclohexyl 3-allyl-4-oxo-2-(o-tolyl)chromane-3-carboxylate (8j): 24 mg, 40% yield, 

colorless oil, new compound, Rf = 0.70 (hexanes/ethyl acetate 10/1), 92% ee, []20
D = -58.54 (c 

0.48, CHCl3), 
1H NMR (400 MHz, CDCl3) δ 8.04 (dd, J = 7.9, 1.6 Hz, 1H), 

7.55-7.48 (m, 2H), 7.34-7.21 (m, 3H), 7.10 (t, J = 7.5 Hz, 1H), 7.02 (d, J = 8.3 

Hz, 1H), 5.88-5.76 (m, 1H), 5.70 (s, 1H), 5.07 (d, J = 10.1 Hz, 1H), 4.98 (dd, 

J = 17.1, 1.3 Hz, 1H), 4.95-4.86 (m, 1H), 3.01 (dd, J = 14.6, 6.2 Hz, 1H), 2.54 

(dd, J = 14.6, 7.8 Hz, 1H), 2.41 (s, 3H), 1.71-1.62 (m, 1H), 1.58-1.49 (m, 1H), 

1.48-1.27 (m, 5H), 1.26-1.17 (m, 3H). 13C NMR (100 MHz, CDCl3) δ 190.4, 168.2, 161.5, 137.3, 

135.8, 133.4, 132.8, 131.0, 129.1, 127.9, 126.0, 121.7, 121.3, 119.3, 117.7, 80.1, 73.6, 60.4, 34.9, 

30.8, 30.6, 25.2, 22.5, 22.4, 20.0. HPLC: Chiracel IC column, 254 nm, 30 oC, n-Hexane/i-PrOH = 

99/1, flow = 1.0 mL/min, retention time 15.0 min (major) and 18.2 min. HRMS Calculated for 

C26H29O4 [M+H]+ 405.2060, found: 405.2061. 
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(2R,3S)-(-)-Cyclohexyl 3-allyl-2-(naphthalen-2-yl)-4-oxochromane-3-carboxylate (8k): 60 

mg, 91% yield, pale yellow solid, new compound, mp = 107-108 oC, Rf = 0.60 (hexanes/ethyl 

acetate 10/1), 97% ee, []20
D = -249.65 (c 1.20, CHCl3), 

1H NMR (400 

MHz, CDCl3) δ 8.08 (dd, J = 7.9, 1.6 Hz, 1H), 7.98 (s, 1H), 7.94-7.83 (m, 

3H), 7.63-7.52 (m, 4H), 7.19-7.07 (m, 2H), 5.97-5.80 (m, 1H), 5.70 (s, 

1H), 5.36-5.24 (m, 2H), 4.97-4.82 (m, 1H), 3.30-3.10 (m, 1H), 2.45 (dd, J 

= 15.1, 9.5 Hz, 1H), 1.79-1.65 (m, 1H), 1.62-1.39 (m, 3H), 1.39-1.25 (m, 

3H), 1.24-1.11 (m, 3H). 13C NMR (100 MHz, CDCl3) δ 190.2, 167.8, 161.7, 136.1, 133.6, 133.2, 

132.9, 132.8, 128.2, 128.0, 127.9, 127.8, 127.4, 126.6, 126.4, 124.9, 121.9, 121.4, 120.1, 117.9, 

83.1, 73.6, 61.1, 34.2, 31.0, 30.6, 25.2, 22.5, 22.3. HPLC: Chiracel IC column, 254 nm, 30 oC, 

n-Hexane/i-PrOH = 99/1, flow = 1.0 mL/min, retention time 13.1 min (major) and 22.7 min. 

HRMS Calculated for C29H29O4 [M+H]+ 441.2060, found: 441.2057. 

(-)-Cyclohexyl 3-allyl-2-(4-fluorophenyl)-4-oxochromane-3-carboxylate (8l): 58 mg, 95% 

yield, pale yellow solid, new compound, mp = 71-72 oC, Rf = 0.60 (hexanes/ethyl acetate 10/1), 

99% ee, []20
D = -210.76 (c 1.16, CHCl3), 

1H NMR (400 MHz, CDCl3) δ 

8.04 (dd, J = 7.9, 1.7 Hz, 1H), 7.58-7.52 (m, 1H), 7.50-7.43 (m, 2H), 

7.15-7.03 (m, 4H), 5.86-5.74 (m, 1H), 5.50 (s, 1H), 5.27-5.18 (m, 2H), 

4.91-4.81 (m, 1H), 3.22-3.09 (m, 1H), 2.36 (dd, J = 15.1, 9.5 Hz, 1H), 

1.71-1.63 (m, 1H), 1.55-1.43 (m, 2H), 1.40-1.26 (m, 4H), 1.26-1.15 (m, 3H). 
13C NMR (100 MHz, CDCl3) δ 189.9, 167.6, 163.0 (d, 1JF-C = 246.6 Hz), 161.4, 136.0, 133.0, 

131.4 (d, 4JF-C = 3.3 Hz), 129.5 (d, 3JF-C = 8.3 Hz), 127.8, 121.9, 121.3, 120.1, 117.8, 115.2 (d, 
2JF-C = 21.5 Hz), 82.4, 73.6, 61.0, 34.1, 31.0, 30.6, 25.2, 22.4, 22.3. 19F NMR (376 MHz, CDCl3) δ 

-112.23. HPLC: Chiracel IC column, 254 nm, 30 oC, n-Hexane/i-PrOH = 99/1, flow = 1.0 mL/min, 

retention time 8.8 min (major) and 13.4 min. HRMS Calculated for C25H26FO4 [M+H]+ 409.1810, 

found: 409.1808. 

(-)-Cyclohexyl 3-allyl-2-(4-chlorophenyl)-4-oxochromane-3-carboxylate (8m): 58 mg, 91% 

yield, yellow oil, new compound, Rf = 0.65 (hexanes/ethyl acetate 10/1), 98% ee, []20
D = -201.11 

(c 1.16, CHCl3), 
1H NMR (400 MHz, CDCl3) δ 8.04 (dd, J = 7.9, 1.6 Hz, 

1H), 7.58-7.51 (m, 1H), 7.45-7.37 (m, 4H), 7.13 (t, J = 7.5 Hz, 1H), 7.05 

(d, J = 8.3 Hz, 1H), 5.85-5.72 (m, 1H), 5.49 (s, 1H), 5.28-5.18 (m, 2H), 

4.90-4.80 (m, 1H), 3.24-3.09 (m, 1H), 2.37 (dd, J = 15.1, 9.4 Hz, 1H), 

1.72-1.62 (m, 1H), 1.56-1.41 (m, 2H), 1.39-1.25 (m, 4H), 1.24-1.06 (m, 

3H). 13C NMR (100 MHz, CDCl3) δ 189.8, 167.5, 161.4, 136.1, 135.0, 134.0, 132.9, 129.1, 128.4, 

127.8, 122.0, 121.3, 120.2, 117.8, 82.3, 73.7, 60.9, 34.1, 31.0, 30.6, 25.2, 22.4, 22.3. HPLC: 

Chiracel IC column, 254 nm, 30 oC, n-Hexane/i-PrOH = 99/1, flow = 1.0 mL/min, retention time 

8.9 min (major) and 13.9 min. HRMS Calculated for C25H26ClO4 [M+H]+ 425.1514 and 427.1485, 

found: 425.1515 and 427.1496. 

(-)-Cyclohexyl 3-allyl-2-(4-bromophenyl)-4-oxochromane-3-carboxylate (8n): 64 mg, 91% 

yield, pale yellow oil, new compound, Rf = 0.60 (hexanes/ethyl acetate 10/1), 99% ee, []20
D = 

-187.49 (c 1.28, CHCl3), 
1H NMR (400 MHz, CDCl3) δ 8.04 (dd, J = 7.9, 

1.6 Hz, 1H), 7.58-7.51 (m, 3H), 7.39-7.33 (m, 2H), 7.15-7.10 (m, 1H), 

7.05 (dd, J = 8.3, 0.6 Hz, 1H), 5.85-5.72 (m, 1H), 5.48 (s, 1H), 5.28-5.17 

(m, 2H), 4.90-4.79 (m, 1H), 3.26-3.04 (m, 1H), 2.37 (dd, J = 15.1, 9.4 Hz, 
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1H), 1.73-1.60 (m, 1H), 1.55-1.41 (m, 2H), 1.38-1.26 (m, 4H), 1.24-1.09 (m, 3H). 13C NMR (100 

MHz, CDCl3) δ 189.8, 167.5, 161.3, 136.1, 134.5, 132.9, 131.4, 129.3, 127.8, 123.2, 122.0, 121.3, 

120.2, 117.8, 82.3, 73.7, 60.8, 34.1, 31.0, 30.6, 25.2, 22.4, 22.3. HPLC: Chiracel IC column, 254 

nm, 30 oC, n-Hexane/i-PrOH = 99/1, flow = 1.0 mL/min, retention time 8.8 min (major) and 14.2 

min. HRMS Calculated for C25H26BrO4 [M+H]+ 469.1009 and 471.0989, found: 469.1015 and 

471.1002. 

(-)-Cyclohexyl 3-allyl-2-(4-methoxyphenyl)-4-oxochromane-3-carboxylate (8o): 62 mg, 

98% yield, pale yellow oil, new compound, Rf = 0.40 (hexanes/ethyl acetate 10/1), 90% ee, []20
D 

= -209.99 (c 1.24, CHCl3), 
1H NMR (400 MHz, CDCl3) δ 8.03 (dd, J = 

7.9, 1.6 Hz, 1H), 7.56-7.50 (m, 1H), 7.42-7.36 (m, 2H), 7.13-7.08 (m, 

1H), 7.05 (dd, J = 8.3, 0.6 Hz, 1H), 6.97-6.90 (m, 2H), 5.88-5.69 (m, 1H), 

5.46 (s, 1H), 5.26-5.17 (m, 2H), 4.93-4.81 (m, 1H), 3.86 (s, 3H), 

3.20-3.05 (m, 1H), 2.37 (dd, J = 15.0, 9.4 Hz, 1H), 1.72-1.63 (m, 1H), 

1.56-1.44 (m, 2H), 1.37-1.25 (m, 4H), 1.24-1.12 (m, 3H). 13C NMR (100 MHz, CDCl3) δ 190.3, 

167.8, 161.7, 160.1, 135.9, 133.1, 129.0, 127.8, 127.6, 121.7, 121.4, 120.0, 117.9, 113.6, 82.8, 

73.4, 61.0, 55.3, 34.2, 30.9, 30.6, 25.2, 22.4, 22.3. HPLC: Chiracel IC column, 254 nm, 30 oC, 

n-Hexane/i-PrOH = 99/1, flow = 1.0 mL/min, retention time 13.0 min (major) and 22.8 min. 

HRMS Calculated for C26H29O5 [M+H]+ 421.2010, found: 421.2011. 

(-)-Cyclohexyl 3-allyl-2-(3-methoxyphenyl)-4-oxochromane-3-carboxylate (8p): 62 mg, 

98% yield, pale yellow oil, new compound, Rf = 0.50 (hexanes/ethyl acetate 10/1), 98% ee, []20
D 

= -230.06 (c 1.24, CHCl3), 
1H NMR (400 MHz, CDCl3) δ 8.04 (dd, J = 7.9, 

1.6 Hz, 1H), 7.58-7.52 (m, 1H), 7.33 (t, J = 7.9 Hz, 1H), 7.14-7.03 (m, 4H), 

6.95 (dd, J = 8.2, 2.3 Hz, 1H), 5.86-5.75 (m, 1H), 5.50 (s, 1H), 5.31-5.22 (m, 

2H), 4.91-4.82 (m, 1H), 3.83 (s, 3H), 3.24-3.14 (m, 1H), 2.43 (dd, J = 15.1, 

9.5 Hz, 1H), 1.74-1.64 (m, 1H), 1.57-1.44 (m, 2H), 1.39-1.25 (m, 4H), 

1.24-1.10 (m, 3H). 13C NMR (100 MHz, CDCl3) δ 190.1, 167.7, 161.6, 159.4, 

136.9, 136.0, 133.1, 129.3, 127.8, 121.8, 121.3, 120.1, 119.9, 117.9, 114.5, 113.5, 82.8, 73.5, 61.0, 

55.2, 34.1, 30.9, 30.5, 25.2, 22.4, 22.2. HPLC: Chiracel IC column, 254 nm, 30 oC, n-Hexane 

/i-PrOH = 98/2, flow = 0.8 mL/min, retention time 12.5 min (major) and 18.2 min. HRMS 

Calculated for C26H29O5 [M+H]+ 421.2010, found: 421.2015. 

(-)-Cyclohexyl 3-allyl-6-methyl-4-oxo-2-phenylchromane-3-carboxylate (8q): 59 mg, 97% 

yield, pale yellow solid, new compound, mp = 104-105 oC, Rf = 0.60 (hexanes/ethyl acetate 10/1), 

98% ee, []20
D = -224.73 (c 1.18, CHCl3), 

1H NMR (400 MHz, CDCl3) δ 

7.83 (d, J = 1.7 Hz, 1H), 7.50-7.46 (m, 2H), 7.45-7.38 (m, 3H), 7.35 (dd, J 

= 8.4, 2.2 Hz, 1H), 6.97 (d, J = 8.4 Hz, 1H), 5.86-5.74 (m, 1H), 5.49 (s, 

1H), 5.29-5.19 (m, 2H), 4.89-4.79 (m, 1H), 3.23-3.09 (m, 1H), 2.45-2.35 

(m, 1H), 2.38 (s, 3H), 1.76-1.65 (m, 1H), 1.55-1.38 (m, 3H), 1.38-1.26 (m, 

3H), 1.26-1.20 (m, 3H). 13C NMR (100 MHz, CDCl3) δ 190.4, 167.8, 159.7, 137.1, 135.7, 133.1, 

131.2, 129.1, 128.2, 127.6, 127.3, 121.0, 120.0, 117.7, 82.9, 73.5, 61.0, 34.2, 31.0, 30.7, 25.2, 22.6, 

22.4, 20.5. HPLC: Chiracel IC column, 254 nm, 30 oC, n-Hexane/i-PrOH = 99/1, flow = 1.0 

mL/min, retention time 11.4 min (major) and 21.6 min. HRMS Calculated for C26H29O4 [M+H]+ 

405.2060, found: 405.2060. 
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(-)-Cyclohexyl 3-allyl-6-methoxy-4-oxo-2-phenylchromane-3-carboxylate (8r): 59 mg, 94% 

yield, yellow solid, new compound, mp = 120-121 oC, Rf = 0.50 (hexanes/ethyl acetate 10/1), 98% 

ee, []20
D = -209.22 (c 1.18, CHCl3), 

1H NMR (400 MHz, CDCl3) δ 

7.49-7.44 (m, 3H), 7.44-7.38 (m, 3H), 7.16 (dd, J = 9.0, 3.2 Hz, 1H), 

7.00 (d, J = 9.0 Hz, 1H), 5.86-5.75 (m, 1H), 5.48 (s, 1H), 5.29-5.21 (m, 

2H), 4.89-4.81 (m, 1H), 3.86 (s, 3H), 3.20-3.11 (m, 1H), 2.40 (dd, J = 

15.0, 9.3 Hz, 1H), 1.75-1.67 (m, 1H), 1.55-1.46 (m, 2H), 1.45-1.38 (m, 

1H), 1.37-1.27 (m, 3H), 1.26-1.20 (m, 3H). 13C NMR (100 MHz, CDCl3) δ 190.3, 167.8, 156.4, 

154.4, 135.6, 133.1, 129.1, 128.2, 127.6, 125.3, 121.2, 120.0, 119.2, 108.0, 83.1, 73.6, 60.9, 55.9, 

34.2, 31.0, 30.7, 25.2, 22.6, 22.5. HPLC: Chiracel IC column, 254 nm, 30 oC, n-Hexane/i-PrOH = 

99/1, flow = 1.0 mL/min, retention time 16.2 min (major) and 24.3 min. HRMS Calculated for 

C26H29O5 [M+H]+ 421.2010, found: 421.2015. 

(-)-Cyclohexyl 3-allyl-7-bromo-4-oxo-2-phenylchromane-3-carboxylate (8s): 55 mg, 78% 

yield, pale yellow oil, new compound, Rf = 0.65 (hexanes/ethyl acetate 10/1), 67% ee, []20
D = 

-131.17 (c 1.10, CHCl3), 
1H NMR (400 MHz, CDCl3) δ 7.89 (d, J = 8.4 Hz, 

1H), 7.47-7.41 (m, 5H), 7.29-7.24 (m, 2H), 5.83-5.72 (m, 1H), 5.51 (s, 

1H), 5.28-5.22 (m, 2H), 4.88-4.81 (m, 1H), 3.19-3.11 (m, 1H), 2.38 (dd, J 

= 15.1, 9.4 Hz, 1H), 1.77-1.65 (m, 1H), 1.58-1.45 (m, 2H), 1.43-1.31 (m, 

3H), 1.29-1.20 (m, 4H). 13C NMR (100 MHz, CDCl3) δ 189.4, 167.4, 

161.7, 135.0, 132.7, 130.5, 129.3, 129.0, 128.3, 127.6, 125.5, 121.1, 120.3, 120.3, 83.3, 73.8, 60.9, 

34.0, 31.0, 30.6, 25.2, 22.6, 22.5. HPLC: Chiracel IC column, 254 nm, 30 oC, n-Hexane/i-PrOH = 

99/1, flow = 1.0 mL/min, retention time 8.2 min (major) and 10.4 min. HRMS Calculated for 

C25H26BrO4 [M+H]+ 469.1009 and 471.0992, found: 469.1014 and 471.0997. 

(-)-Cyclohexyl 3-allyl-2-methyl-4-oxochromane-3-carboxylate (8t): 49 mg, 99% yield, pale 

yellow oil, new compound, Rf = 0.70 (hexanes/ethyl acetate 10/1), 82% ee, []20
D = -36.08 (c 0.92, 

CHCl3), 
1H NMR (400 MHz, CDCl3) δ 7.97 (dd, J = 7.9, 1.6 Hz, 1H), 

7.51-7.45 (m, 1H), 7.07-7.01 (m, 1H), 6.96 (dd, J = 8.3, 0.6 Hz, 1H), 

5.73-5.62 (m, 1H), 5.24-5.17 (m, 1H), 5.13-5.07 (m, 1H), 4.88-4.79 (m, 1H), 

4.52 (q, J = 6.5 Hz, 1H), 3.28-3.19 (m, 1H), 2.59 (dd, J = 14.4, 9.5 Hz, 1H), 

1.61-1.51 (m, 5H), 1.39-1.24 (m, 5H), 1.24-1.17 (m, 3H). 13C NMR (100 MHz, CDCl3) δ 190.2, 

168.3, 161.4, 135.6, 132.3, 127.7, 121.6, 121.4, 119.4, 117.5, 77.9, 73.4, 59.7, 34.0, 30.7, 30.7, 

25.2, 22.3, 22.2, 15.7. HPLC: Chiracel IC column, 254 nm, 30 oC, n-Hexane/i-PrOH = 99/1, flow 

= 1.0 mL/min, retention time 6.8 min (major) and 9.1 min. HRMS Calculated for C20H25O4 

[M+H]+ 329.1747, found: 329.1750. 

(-)-Cyclohexyl 3-allyl-4-oxo-2-propylchromane-3-carboxylate (8u): 53 mg, 99% yield, pale 

yellow oil, new compound, Rf = 0.60 (hexanes/ethyl acetate 10/1), 91% ee, []20
D = -30.28 (c 1.06, 

CHCl3), 
1H NMR (400 MHz, CDCl3) δ 7.97 (dd, J = 7.9, 1.7 Hz, 1H), 

7.52-7.44 (m, 1H), 7.07-7.01 (m, 1H), 6.97 (d, J = 8.3 Hz, 1H), 5.73-5.59 (m, 

1H), 5.19 (dd, J = 17.1, 0.6 Hz, 1H), 5.14-5.07 (m, 1H), 4.89-4.79 (m, 1H), 

4.35 (dd, J = 9.6, 2.7 Hz, 1H), 3.30-3.20 (m, 1H), 2.64 (dd, J = 14.4, 9.5 Hz, 

1H), 1.93-1.80 (m, 2H), 1.79-1.71 (m, 1H), 1.59-1.42 (m, 3H), 1.39-1.18 (m, 8H), 0.99 (t, J = 7.3 

Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 190.3, 168.5, 161.4, 135.6, 132.3, 127.7, 121.6, 121.3, 

119.5, 117.5, 81.2, 73.3, 59.4, 34.1, 31.4, 30.7, 25.2, 22.3, 22.3, 19.2, 13.8. HPLC: Chiracel IC 
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column, 254 nm, 30 oC, n-Hexane/i-PrOH = 99/1, flow = 1.0 mL/min, retention time 6.8 min 

(major) and 10.9 min. HRMS Calculated for C22H29O4 [M+H]+ 357.2060, found: 357.2060. 

(-)-Cyclohexyl 3-allyl-2-isopropyl-4-oxochromane-3-carboxylate (8v): 52 mg, 97% yield, 

colorless solid, new compound, mp = 45-46 oC, Rf = 0.60 (hexanes/ethyl acetate 10/1), 95% ee, 

[]20
D = -111.43 (c 1.04, CHCl3), 

1H NMR (400 MHz, CDCl3) δ 8.02-7.90 (m, 

1H), 7.54-7.46 (m, 1H), 7.08-6.98 (m, 2H), 5.69-5.55 (m, 1H), 5.24-5.15 (m, 

1H), 5.13-5.06 (m, 1H), 4.90-4.79 (m, 1H), 4.29 (d, J = 1.6 Hz, 1H), 

3.37-3.26 (m, 1H), 2.71 (dd, J = 14.6, 9.8 Hz, 1H), 2.38-2.24 (m, 1H), 

1.62-1.53 (m, 1H), 1.51-1.39 (m, 2H), 1.31-1.14 (m, 9H), 1.09-0.99 (m, 4H). 13C NMR (100 MHz, 

CDCl3) δ 190.4, 169.0, 162.2, 135.6, 132.7, 127.8, 121.2, 121.1, 119.4, 117.5, 84.7, 73.2, 58.9, 

34.2, 30.6, 30.5, 27.9, 25.2, 22.2, 22.1, 22.0, 15.3. HPLC: Chiracel IC column, 254 nm, 30 oC, 

n-Hexane/i-PrOH = 99/1, flow = 1.0 mL/min, retention time 7.2 min (major) and 10.5 min. HRMS 

Calculated for C22H29O4 [M+H]+ 357.2060, found: 357.2063. 

(-)-Cyclohexyl 3-allyl-2-cyclohexyl-4-oxochromane-3-carboxylate (8w): 56 mg, 94% yield, 

yellow oil, new compound, Rf = 0.60 (hexanes/ethyl acetate 10/1), 95% ee, []20
D = -83.74 (c 1.12, 

CHCl3), 
1H NMR (400 MHz, CDCl3) δ 7.95 (dd, J = 7.8, 1.7 Hz, 1H), 

7.52-7.45 (m, 1H), 7.07-6.97 (m, 2H), 5.71-5.55 (m, 1H), 5.19 (d, J = 16.9 Hz, 

1H), 5.13-5.06 (m, 1H), 4.90-4.77 (m, 1H), 4.23 (d, J = 1.3 Hz, 1H), 3.37-3.24 

(m, 1H), 2.72 (dd, J = 14.6, 9.7 Hz, 1H), 1.99-1.89 (m, 1H), 1.84-1.67 (m, 4H), 

1.66-1.53 (m, 3H), 1.52-1.32 (m, 4H), 1.32-1.15 (m, 8H), 1.12-1.02 (m, 1H). 
13C NMR (100 MHz, CDCl3) δ 190.4, 169.1, 162.1, 135.6, 132.7, 127.8, 121.2, 121.1, 119.3, 

117.5, 85.1, 73.1, 58.7, 37.9, 34.4, 32.1, 30.6, 30.5, 26.8, 26.3, 26.1, 25.8, 25.2, 22.2, 22.1. HPLC: 

Chiracel IC column, 254 nm, 30 oC, n-Hexane/i-PrOH = 99/1, flow = 0.7 mL/min, retention time 

9.4 min (major) and 15.0 min. HRMS Calculated for C25H33O4 [M+H]+ 397.2373, found: 

397.2376. 
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4. Transformations of the Products 

Reduction of Product (-)-8k with Sodium Borohydride 

 

To a solution of flavanone (-)-8k (55 mg, 0.125 mmol) in ethanol (5.0 mL) was added sodium 

borohydride (24 mg, 0.624 mmol) at 0 oC. The reaction mixture was stirred for 32 h. The solution 

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

was extracted with ethyl acetate (10 mL×3), washed with brine, dried over sodium sulfate, and 

concentrated under reduced pressure. The residue was purified by silica gel column chromato- 

graphy to afford compound (-)-9. 

To a solution of (-)-9 (16 mg, 0.036 mmol) in dichloromethane (5.0 mL) was added triethyl- 

amine (23.3 mg, 32.0 μL, 0.230 mmol), 4-dimethylaminopyridine (1.4 mg, 0.011 mmol) and 

acetic anhydride (11.7 mg, 10.8 μL, 0.115 mmol) at ambient temperature. The reaction mixture 

was stirred overnight. The solution was quenched with saturated ammonium chloride aqueous 

solution (10 mL). The aqueous layer was extracted with dichloromethane (10 mL×3), washed with 

brine, dried over sodium sulfate, and concentrated under reduced pressure. The residue was 

purified by silica gel column chromatography to afford compound (-)-10. 

(-)-(2R,3R,4R)-Cyclohexyl 3-allyl-4-hydroxy-2-(naphthalen-2-yl)chromane-3-carboxylate 

(9): 54 mg, 98% yield, colorless oil, new compound, Rf = 0.50 (hexanes/ethyl acetate 10/1), >99% 

ee, []20
D = -25.67 (c 0.74, CHCl3), 

1H NMR (400 MHz, CDCl3) δ 

7.87-7.78 (m, 4H), 7.57 (d, J = 7.6 Hz, 1H), 7.53-7.45 (m, 3H), 7.21 (t, J 

= 7.7 Hz, 1H), 7.03 (t, J = 7.2 Hz, 1H), 6.91 (d, J = 8.1 Hz, 1H), 6.13-6.00 

(m, 1H), 5.24-5.14 (m, 3H), 5.08 (d, J = 9.0 Hz, 1H), 4.93-4.84 (m, 1H), 

2.86 (d, J = 9.3 Hz, 1H), 2.65 (dd, J = 14.2, 7.0 Hz, 1H), 2.33 (dd, J = 

14.2, 7.6 Hz, 1H), 1.75-1.64 (m, 2H), 1.53-1.45 (m, 1H), 1.43-1.27 (m, 4H), 1.25-1.08 (m, 3H). 
13C NMR (100 MHz, CDCl3) δ 170.5, 154.4, 134.0, 133.6, 133.4, 132.7, 128.7, 128.1, 127.7, 

127.6, 127.6, 127.5, 126.4, 126.2, 125.7, 125.7, 121.6, 119.4, 116.0, 82.3, 73.8, 70.6, 53.4, 39.2, 

31.3, 31.3, 25.2, 23.2, 23.1. HPLC: Chiracel IC column, 230 nm, 30 oC, n-Hexane/i-PrOH = 98/2, 

flow = 1.0 mL/min, retention time 9.2 min (major) and 28.6 min. HRMS Calculated for 

C29H30NaO4 [M+Na]+ 465.2036, found: 465.2036. 

(-)-(2R,3S,4R)-Cyclohexyl 4-acetoxy-3-allyl-2-(naphthalen-2-yl)chromane-3-carboxylate 

(10): 16 mg, 91% yield, colorless oil, new compound, Rf = 0.55 (hexanes/ethyl acetate 

10/1), >99% ee, []20
D = -61.25 (c 0.32, CHCl3), 

1H NMR (400 MHz, 

CDCl3) δ 7.89 (s, 1H), 7.87-7.80 (m, 3H), 7.53-7.48 (m, 3H), 7.30-7.25 

(m, 1H), 7.23 (d, J = 7.5 Hz, 1H), 7.02-6.96 (m, 2H), 6.42 (s, 1H), 

6.00-5.89 (m, 1H), 5.44 (s, 1H), 5.20-5.12 (m, 2H), 5.03-4.95 (m, 1H), 

2.58 (dd, J = 14.5, 6.2 Hz, 1H), 2.28 (dd, J = 14.5, 8.5 Hz, 1H), 1.93 (s, 

3H), 1.79-1.72 (m, 1H), 1.68-1.61 (m, 1H), 1.51-1.32 (m, 6H), 1.28-1.12 (m, 2H). 13C NMR (100 

MHz, CDCl3) δ 170.8, 169.3, 154.7, 134.2, 133.4, 132.8, 132.1, 129.4, 128.1, 128.0, 127.8, 127.6, 
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127.6, 126.4, 126.2, 125.4, 121.4, 121.2, 119.6, 116.3, 81.0, 73.1, 69.6, 51.7, 39.0, 31.3, 30.9, 25.3, 

22.8, 22.6, 21.1. HPLC: Chiracel IA column, 230 nm, 30 oC, n-Hexane/i-PrOH = 95/5, flow = 1.0 

mL/min, retention time 13.1 min (major). HRMS Calculated for C31H32NaO5 [M+Na]+ 507.2142, 

found: 507.2144.  

The NOE result of (-)-10 (Figure S1) 

 

Figure S1. NOE spectrum of (-)-10 
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Reduction of Product (-)-8k with Lithium Aluminium Tetrahydride 

(-)-8k
93% ee

O

O

CO2Cy

THF, RT

(-)-11
96% yield, 92%ee

O

OH

CH2OH Et3N, DMAP

Ac2O, DCM, RT

(-)-12
93% yield, 92%ee

O

O

CH2OAc

Ac

LiAlH4

 

To a solution of (-)-8k (90 mg, 0.204 mmol) in tetrahydrofuran (5.0 mL) was added lithium 

aluminium tetrahydride (23 mg, 0.612 mmol) at ambient temperature. The reaction mixture was 

stirred for 18.5 h. The solution was quenched with saturated ammonium chloride aqueous solution 

(10 mL). The aqueous layer was extracted with ethyl acetate (10 mL×3), washed with brine, dried 

over sodium sulfate, and concentrated under reduced pressure. The residue was purified by silica 

gel column chromatography to afford compound (-)-11. 

To a solution of (-)-11 (30 mg, 0.087 mmol) in dichloromethane (5.0 mL) was added triethyl- 

amine (87.6 mg, 0.12 mL, 0.866 mmol), 4-dimethylaminopyridine (5.3 mg, 0.043 mmol) and 

acetic anhydride (44.2 mg, 40.9 μL, 0.433 mmol) at ambient temperature. The reaction mixture 

was stirred overnight. The solution was quenched with saturated ammonium chloride aqueous 

solution (10 mL). The aqueous layer was extracted with dichloromethane (10 mL×3), washed with 

brine, dried over sodium sulfate, and concentrated under reduced pressure. The residue was 

purified by silica gel column chromatography to afford compound (-)-12. 

(-)-(2R,3R,4S)-3-allyl-3-(hydroxymethyl)-2-(naphthalen-2-yl)chroman-4-ol (11): 68 mg, 

96% yield, colorless oil, new compound, Rf = 0.28 (hexanes/ethyl acetate 10/1), 92% ee, []20
D = 

-45.62 (c 0.48, CHCl3), 
1H NMR (400 MHz, CDCl3) δ 7.87-7.79 (m, 4H), 

7.59 (d, J = 7.7 Hz, 1H), 7.53-7.45 (m, 3H), 7.24-7.18 (m, 1H), 7.04-6.98 

(m, 1H), 6.88 (d, J = 7.6 Hz, 1H), 5.98-5.82 (m, 1H), 5.26-5.13 (m, 2H), 

5.19 (s, 1H), 5.04 (d, J = 8.3 Hz, 1H), 4.23 (d, J = 11.0 Hz, 1H), 3.83 (d, J 

= 8.8 Hz, 1H), 3.73 (dd, J = 10.9, 2.1 Hz, 1H), 2.60 (dd, J = 14.6, 7.2 Hz, 

1H), 2.36 (brs, 1H), 2.15 (dd, J = 14.6, 7.6 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ 153.4, 134.4, 

133.7, 133.3, 132.9, 128.9, 128.2, 127.9, 127.7, 127.7, 127.2, 126.5, 125.5, 125.4, 121.5, 119.7, 

115.8, 82.8, 72.3, 63.1, 42.2, 35.9. HPLC: Chiracel IC column, 230 nm, 30 oC, n-Hexane/i-PrOH 

= 95/5, flow = 0.8 mL/min, retention time 18.1 min and 26.2 min (major). HRMS Calculated for 

C23H22NaO3 [M+Na]+ 369.1461, found: 369.1465. 

(-)-((2R,3S,4S)-4-acetoxy-3-allyl-2-(naphthalen-2-yl)chroman-3-yl)methyl acetate (12): 35 

mg, 93% yield, colorless oil, new compound, Rf = 0.45 (hexanes/ethyl acetate 10/1), 92% ee, 

[]20
D = -7.57 (c 0.70, CHCl3), 

1H NMR (400 MHz, CDCl3) δ 7.87-7.78 

(m, 4H), 7.54-7.46 (m, 3H), 7.35-7.30 (m, 1H), 7.28-7.23 (m, 1H), 

7.05-6.97 (m, 2H), 6.20 (s, 1H), 5.99-5.86 (m, 1H), 5.41 (s, 1H), 5.27-5.13 

(m, 2H), 4.32 (d, J = 11.6 Hz, 1H), 4.14 (d, J = 11.6 Hz, 1H), 2.38-2.26 

(m, 2H), 1.89 (s, 3H), 1.86 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 170. 6, 

170.6, 154.2, 134.9, 133.1, 132.6, 131.9, 130.1, 129.2, 128.1, 127.6, 127.3, 127.1, 126.3, 126.2, 

125.8, 121.2, 120.1, 119.9, 116.4, 80.7, 69.4, 62.1, 42.4, 37.2, 20.9, 20.7. HPLC: Chiracel IA 

column, 230 nm, 30 oC, n-Hexane/i-PrOH = 95/5, flow = 1.0 mL/min, retention time 14.2 min 

(major) and 20.0 min. HRMS Calculated for C27H26NaO5 [M+Na]+ 453.1672, found: 453.1673. 
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The NOE result of (-)-12 (Figure S2) 

 

 

 

Figure S2. NOE spectrum of (-)-12 
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5. Mechanistic Investigation 

5.1 Biomimetic Asymmetric Reduction of Flavonoid with D2 

 

A mixture of [Ru(p-cymene)I2]2 (0.5 mg, 0.0005 mmol), samarium(III) trifluoromethane- 

sulfonate (12.0 mg, 0.02 mmol), (Sp)-6c (3.4 mg, 0.01 mmol) and 7b (0.10 mmol) in ethyl acetate 

(2.0 mL) was stirred at room temperature for 5 min in glove box and then the mixture was 

transferred to an autoclave. The hydrogenation was performed at 50 oC under D2 (200 psi) for 24 h. 

After carefully release of the hydrogen, the autoclave was opened and the reaction mixture was 

concentrated in vacuo. Then, sodium carbonate (21.2 mg, 0.20 mmol), allyl iodide (33.6 mg, 18.3 

µL, 0.20 mmol), 18-crown-6 (4.0 mg, 3.4 µL, 0.015 mmol) and tetrahydrofuran (2.0 mL) were 

added to the mixture above. The new mixture was stirred at ambient temperature for 24 h. The 

final reaction mixture was concentrated in vacuo and then purified by column chromatography on 

silica gel using hexanes and ethyl acetate to give 8b-D with 69% yield (Figure S3-S4). The result 

indicated that substrate 7b could be reduced under D2 atmosphere, affording the deuterium product 

8b-D, and D2 was the terminal reductant in the reaction. 

 

Figure S3 
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Figure S4 

5.2 The Reduction of NAD(P)H Model (Sp)-6c with D2 

 

A mixture of [Ru(p-cymene)I2]2 (4.9 mg, 0.005 mmol), (Sp)-6c (33.9 mg, 0.10 mmol) in ethyl 

acetate (2 mL) was stirred at room temperature for 5 min in glove box and then the mixture was 

transferred to an autoclave. The hydrogenation was performed at 50 oC under D2 (200 psi) for 24 h. 

After careful release of the gas, the autoclave was opened, and it gave the (Sp)-6c-D with 90% 

yield. The result showed that the chiral regenerable NAD(P)H model (Sp)-6c could be regenerated 

in the presence of D2, and deuterium atom was added to the less steric face. No deuterium atom 

incorporation was observed in the recovered NAD(P)H model (Sp)-6c (Figure S5-S8). 
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Figure S5 

 

Figure S6-a 
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Figure S6-b 
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Figure S8 

5.3 Biomimetic Asymmetric Reduction of Flavonoids with (Sp)-6c-D 

 
In a 10 mL sealed tube, a mixture of (Sp)-6c-D (31.1 mg, 0.091 mmol), samarium(III) trifluoro- 

methanesulfonate (10.9 mg, 0.018 mmol), and flavonoid 7b (26.6, 0.091 mmol) in ethyl acetate 

(2.0 mL) was stirred at 50 oC for 24 h. Then the reaction mixture was concentrated in vacuo. 

Sodium carbonate (19.3 mg, 0.182 mmol), allyl iodide (30.6 mg, 16.6 µL, 0.182 mmol), 

18-crown-6 (3.7 mg, 3.2 µL, 0.014 mmol) and tetrahydrofuran (2.0 mL) were added to the mixture 

above. The new mixture was stirred at ambient temperature for 24 h. The final reaction mixture 

was concentrated in vacuo and then purified by column chromatography on silica gel using 

hexanes and ethyl acetate to give 8b-D with 53% yield. The product was determined by NMR 

spectra (Figure S9). The result showed that the deuterium chiral NAD(P)H model (Sp)-6c-D could 

transfer deuterium to the flavonoid 7b in the presence of Lewis acid and deuterium atom on the 

less steric face was selectively transferred, leading to the good enantioselectivity. 
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Figure S9 
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6. Determination of the Absolute Configuration 

To determine the absolute configuration of (-)-cyclohexyl 3-allyl-2-(naphthalen-2-yl)-4-oxo- 

chromane-3-carboxylate (-)-8k (97% ee): firstly, (-)-8k was upgraded to >99% ee by recrys- 

tallization with n-hexane/dichloromethane and completely dissolved in dichloromethane (2 mL). 

Then part of dichloromethane was evaporated and n-hexane (2 mL) was added slowly at ambient 

temperature. The solvent was slowly evaporated and the single crystal of was obtained after one 

day. The structure in Figure S10 showed the absolute configuration of (-)-8k is (2R,3S). The 

CCDC number is 1918727. These details can be obtained free of charge via www.ccdc.com.ac.uk/ 

data_request /cif from the Cambridge Crystallographic Data Centre. 

 

 

Figure S10. X-ray crystallographic analysis of (-)-(2R,3S)-8k 
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