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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. 1H NMR, 13C NMR and 19F NMR spectra were re-
corded at room temperature in CDCl3 on 400 MHz instrument with TMS as internal standard. 
Enantiomeric excess was determined by HPLC analysis, using the 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 anhydrous solvents were used throughout 
without the further purification.

2. Synthesis of Substrate Lactones

1

O O

CO2R'
Ar

CHO

OH
Ar

CO2R'

CO2R' L-Proline

EtOH, 80 oC

O O

CO2R'
Ar

Pd/C (10%)

H2 (Balloon)
EtOAc, 30 oCS1

DCM, RT
NaBH3CN

1e, 1k

O O

CO2R'
Ar

RX, K2CO3

TBAI, Acetone
RT

3

O O
Ar

RX, K2CO3
TBAI

Acetone, RT

CO2R'
R

The substrate lactones 1 were prepared from the readily available 2-hydroxyarylaldehydes and 
malonates over two steps according to the known methods.[1,2] The first step is the synthesis of the 
intermediate coumarin-3-carboxylates S1, which are the known compounds; the second step is 
Pd/C-catalyzed hydrogenation to afford the substrate lactones. For 1e and 1k which is sensitive to 
Pd/C-catalyzed hydrogenation system, sodium cyanoborohydride was used for reduction. Among 
them, lactones 1a, 1b, 1h, 1j, 1m and 1o were the known compounds.[1,3]

The substrate lactones 3 with quaternary stereocenter were prepared through the alkylation of 
above lactones. Among them, lactones 3ae and 3af were the known compounds.[4]

2.1. The Synthesis of Alkoxycarbonyl Substituted Lactones

General Procedure for the Synthesis of Intermediate Coumarin-3-carboxylates S1: 
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To a mixture of 2-hydroxyarylaldehyde (7.0 mmol), malonate (8.4 mmol) and ethanol (5 mL), 
L-proline (0.350 g, 3 mmol) was added and heated to 80 oC overnight. After the completion of the 
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reaction (monitored by TLC), the mixture was cooled to room temperature and poured in water 
(50 mL). After stirred for 10 min, the mixture was filtered and the residue was washed with cool 
ethanol to give a crude product S1 for next step without the further purification.

General Procedure for the Synthesis of Lactones 1 with Pd/C: 

1

O O

CO2R
Ar

O O

CO2R
Ar

Pd/C (10%), H2 (Balloon)

EtOAc, 30 oC
S1

To a solution of the above coumarin-3-carboxylates S1 (7.0 mmol) in ethyl acetate (5 mL), 10% 
palladium on activated charcoal (20% wt of S1) was added, then the mixture was charged 
hydrogen gas (balloon). After the reaction completion (monitored by TLC), the solid was filtered 
off and the volatiles were removed under the reduced pressure. Then, the residue was purified by 
silica gel column using hexanes/ethyl acetate (5:1) as eluent to afford the desired alkoxycarbonyl 
lactones 1.
_______________________________________________________________________________

Iso-Propyl 2-oxochromane-3-carboxylate (1c):
Reaction conduct under 20 mmol scale. 2.098 g, 45% yield over two steps, white solid, mp 61-62 
oC, known compound, Rf = 0.60 (hexanes/ethyl acetate 5/1). 1H NMR (400 MHz, CDCl3) δ 7.28-

7.24 (m, 1H), 7.22-7.14 (m, 1H), 7.14-7.01 (m, 2H), 5.10-4.90 (m, 1H), 3.79-
3.65 (m, 1H), 3.42-3.33 (m, 1H), 3.21-3.12 (m, 1H), 1.19 (d, J = 6.3 Hz, 3H), 
1.11 (d, J = 6.3 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 167.1, 165.0, 151.5, 

128.7, 128.3, 124.8, 120.8, 116.8, 70.0, 46.6, 27.4, 21.5, 21.4. The HRMS Calculated for 
C13H15O4 [M+H]+ 235.0965, found: 235.0969.
_______________________________________________________________________________

tert-Butyl 2-oxochromane-3-carboxylate (1d):
Reaction conduct under 20 mmol scale. 1.809 g, 36% yield over two steps, white solid, mp 45-46 
oC, new compound, Rf = 0.70 (hexanes/ethyl acetate 5/1). 1H NMR (400 MHz, CDCl3) δ 7.23 (m, 

1H), 7.21 (d, J = 7.3 Hz, 1H), 7.13-7.04 (m, 2H), 3.68 (dd, J = 6.8, 6.0 Hz, 
1H), 3.33 (dd, J = 15.9, 7.0 Hz, 1H), 3.17 (dd, J = 15.9, 5.8 Hz, 1H), 1.34 (s, 
9H). 13C NMR (100 MHz, CDCl3) δ 166.6, 165.3, 151.6, 128.6, 128.3, 124.7, 

121.0, 116.7, 83.2, 47.3, 27.68, 27.65. HRMS Calculated for C14H17O4 [M+H]+ 249.1121, found: 
249.1120.
_______________________________________________________________________________

Ethyl 8-methyl-2-oxochromane-3-carboxylate (1f):
0.745 g, 45% yield over two steps, white solid, mp 65-66 oC, new compound, Rf = 0.70 (hexanes/ 

ethyl acetate 5/1). 1H NMR (400 MHz, CDCl3) δ 7.17-7.07 (m, 1H), 7.07-6.65 
(m, 2H), 4.31-4.09 (m, 2H), 3.79-3.63 (m, 1H), 3.44-3.31 (m, 1H), 3.21-3.05 
(m, 1H), 2.29 (s, 3H), 1.19 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 

167.7, 165.1, 149.7, 130.2, 126.2, 125.7, 124.3, 120.6, 62.1, 46.4, 27.5, 15.6, 14.0. The HRMS 
Calculated for C13H15O4 [M+H]+ 235.0965, found: 235.0963.
_______________________________________________________________________________
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_______________________________________________________________________________

Ethyl 7-methyl-2-oxochromane-3-carboxylate (1g):
0.401 g, 24% yield over two steps, white solid, mp 58-59 oC, new compound, Rf = 0.50 (hexanes/ 

ethyl acetate 5/1). 1H NMR (400 MHz, CDCl3) δ 7.08-6.93 (m, 2H), 6.93-
6.82 (m, 1H), 4.25-4.06 (m, 2H), 3.73-3.59 (m, 1H), 3.35-3.23 (m, 1H), 
3.13-3.00 (m, 1H), 2.26 (s, 3H), 1.31-1.08 (m, 3H). 13C NMR (100 MHz, 

CDCl3) δ 167.6, 165.0, 149.3, 134.4, 129.1, 128.7, 120.4, 116.4, 62.1, 46.4, 27.2, 20.7, 13.9. The 
HRMS Calculated for C13H15O4 [M+H]+ 235.0965, found: 235.0967.
_______________________________________________________________________________

Ethyl 5-methyl-2-oxochromane-3-carboxylate (1i):
0.820 g, 50% yield over two steps, white solid, mp 61-62 oC, new compound, Rf = 0.55 (hexanes/ 

ethyl acetate 5/1). 1H NMR (400 MHz, CDCl3) δ 7.19-7.07 (m, 1H), 7.03-6.85 
(m, 2H), 4.27-4.11 (m, 2H), 3.79-3.66 (m, 1H), 3.39-3.29 (m, 1H), 3.15-3.04 
(m, 1H), 2.31 (s, 3H), 1.21 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 

167.7, 164.9, 151.6, 136.6, 128.1, 126.3, 119.5, 114.6, 62.2, 46.1, 24.3, 19.1, 14.0. The HRMS 
Calculated for C13H15O4 [M+H]+ 235.0965, found: 235.0975.
_______________________________________________________________________________

3-Ethyl 6-methyl 2-oxochromane-3,6-dicarboxylate (1l):
0.905 g, 46% yield over two steps, white solid, new compound, mp 72-73 oC, Rf = 0.50 (hexanes/ 

ethyl acetate 5/1). 1H NMR (400 MHz, CDCl3) δ 8.06 -7.81 (m, 2H), 
7.19-7.04 (m, 1H), 4.29-4.12 (m, 2H), 3.92 (s, 3H), 3.86-3.75 (m, 1H), 
3.46 (dd, J = 16.1, 8.0 Hz, 1H), 3.25 (dd, J = 16.2, 6.1 Hz, 1H), 1.21 (t, 

J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 167.1, 166.0, 164.0, 154.6, 130.5, 130.1, 126.8, 
120.8, 116.9, 62.4, 52.3, 46.0, 27.2, 14.0. The HRMS Calculated for C14H15O6 [M+H]+ 279.0863, 
found: 279.0866.
_______________________________________________________________________________

Ethyl 7-methoxy-2-oxochromane-3-carboxylate (1n):
0.642 g, 37% yield over two steps, white solid, new compound, mp 75-76 oC, Rf = 0.70 (hexanes/ 

ethyl acetate 5/1). 1H NMR (400 MHz, CDCl3) δ 7.18-6.98 (m, 1H), 6.82 
-6.34 (m, 2H), 4.30-4.09 (m, 2H), 3.94-3.60 (m, 4H), 3.39-3.23 (m, 1H), 
3.19-2.99 (m, 1H), 1.20 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) 

δ 167.6, 164.8, 160.0, 152.1, 128.7, 112.4, 110.9, 102.4, 62.1, 55.6, 46.6, 26.7, 14.0. The HRMS 
Calculated for C13H15O5 [M+H]+ 251.0914, found: 251.0932.
_______________________________________________________________________________

Ethyl 2-oxo-3,4-dihydro-2H-benzo[g]chromene-3-carboxylate (1p):
Reaction conducted at 1.05 mmol scale. 0.151 g, 31% yield over two steps, white solid, new com-

pound, mp 99-100 oC, Rf = 0.60 (hexanes/ethyl acetate 5/1). 1H NMR 
(400 MHz, CDCl3) δ 7.79 (d, J = 8.0 Hz, 2H), 7.70 (s, 1H), 7.57-7.39 (m, 
3H), 4.26-4.11 (m, 2H), 3.84 (dd, J = 8.0, 5.8 Hz, 1H), 3.58 (dd, J = 15.7, 

8.1 Hz, 1H), 3.36 (dd, J = 15.9, 5.6 Hz, 1H), 1.19 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) 
δ 167.4, 164.9, 149.4, 133.2, 130.7, 127.5, 127.44, 127.38, 126.8, 125.8, 121.0, 113.2, 62.3, 46.7, 
27.9, 14.0. HRMS Calculated for C16H15O4 [M+H]+ 271.0965, found: 271.0970.
_______________________________________________________________________________
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General Procedure for the Synthesis of Lactones 1 with Sodium Cyanoborohydride: 

1

O O

CO2R
Ar

O O

CO2R
Ar

DCM, RT
S1

NaBH3CN

To a solution of the coumarin-3-carboxylates S1 (7 mmol) in dichloromethane (5 mL), sodium 
cyanoborohydride (0.660 g, 10.5 mmol) was added slowly at room temperature. Then the mixture 
was stirred at room temperature until the completion of reduction (monitored by TLC). The 
volatiles were removed under the reduced pressure. Then, the crude residue was purified by silica 
gel column using hexanes/ethyl acetate (5:1) as eluent to afford the desired substrate lactones 1.
______________________________________________________________________________

Benzyl 2-oxochromane-3-carboxylate (1e):
0.416 g, 18% yield over two steps, white solid, new compound, mp 61-62 oC, Rf = 0.40 (hexanes/ 

ethyl acetate 5/1). 1H NMR (400 MHz, CDCl3) δ 7.33-7.28 (m, 3H), 7.27-
7.20 (m, 3H), 7.19-7.15 (m, 1H), 7.12-7.07 (m, 1H), 7.06-7.02 (m, 1H), 5.17 
(q, J = 12.3 Hz, 2H), 3.80 (dd, J = 8.5, 6.1 Hz, 1H), 3.41 (dd, J = 16.0, 8.5 Hz, 

1H), 3.17 (dd, J = 16.0, 6.0 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ 167.5, 164.7, 151.4, 134.9, 
128.8, 128.6, 128.5, 128.3, 128.1, 124.9, 120.6, 116.9, 67.8, 46.4, 27.3. The HRMS Calculated for 
C17H15O4 [M+H]+ 283.0965, found: 283.0976.
_______________________________________________________________________________

Ethyl 7-chloro-2-oxochromane-3-carboxylate (1k):
0.366 g, 21% yield over two steps, white solid, new compound, mp 81-82 oC, Rf = 0.60 (hexanes/ 

ethyl acetate 5/1). 1H NMR (400 MHz, CDCl3) δ 7.22-6.96 (m, 3H), 4.26-
4.15 (m, 2H), 3.76 (dd, J = 8.0, 6.1 Hz), 3.38 (dd, J = 16.1, 8.0 Hz), 3.15 
(dd, J = 16.1, 6.1 Hz), 1.21 (t, J = 7.1 Hz). 13C NMR (100 MHz, CDCl3) δ 

167.2, 164.0, 151.7, 134.0, 129.2, 125.0, 119.2, 117.3, 62.4, 46.1, 26.9, 14.0. HRMS Calculated 
for C12H12ClO4 [M+H]+ 255.0419 (35Cl), found: 255.0419 (35Cl). [M+H]+ 257.0353 (37Cl), found: 
257.0393 (37Cl).
_______________________________________________________________________________

2.2. Synthesis of (+/-)-Benzyl Substituted Lactones with Quaternary Stereocenter

The substrate lactones 3 with the quaternary stereocenter could be synthesized through direct 
alkylation of the lactones 1 with halogenated hydrocarbon according to the known methods.[4]

K2CO3 O OO O

Acetone, RTCO2R'
Ar Ar CO2R'

R
1 3

(3a-3e, 3l-3p)

+ R-X

To a mixture of lactone 1 (1.5 mmol), potassium carbonate (0.622 g, 4.5 mmol) and acetone (4 
mL), the halogenated hydrocarbon (1.9 mmol) was added. Then, the mixture was stirred under 
room temperature overnight. After the completion of the reaction (monitored by TLC), the solid 
was filtered, and the volatiles were removed under the reduced pressure. Then the crude residue 
was purified by silica gel column using hexanes/ethyl acetate (10:1-5:1) as eluent to afford the 

O O

CO2Bn

O O

CO2Et

Cl



S5

desired products 3.
_______________________________________________________________________________

(+/-)-Ethyl 3-benzyl-2-oxochromane-3-carboxylate (3a):
Reaction conduct under 6 mmol scale. 1.282 g, 47% yield, white solid, the known compound,[5] Rf 

= 0.80 (hexanes/ethyl acetate 5/1), 1H NMR (400 MHz, CDCl3) δ 7.31-7.19 
(m, 6H), 7.14-7.00 (m, 3H), 4.09-3.97 (m, 2H), 3.50 (d, J = 13.8 Hz, 1H), 
3.32 (d, J = 13.8 Hz, 1H), 3.22 (d, J = 15.8 Hz, 1H), 2.87 (d, J = 15.8 Hz, 1H), 
0.99 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 169.5, 167.1, 151.0, 

135.0, 130.8, 128.5, 128.42, 128.38, 127.4, 124.7, 121.5, 116.4, 62.2, 54.6, 39.3, 32.1, 13.8.
_______________________________________________________________________________

(+/-)-Ethyl 3-(4-methylbenzyl)-2-oxochromane-3-carboxylate (3b):
0.431 g, 89% yield, pale pink solid, mp 110-111 oC, new compound, Rf = 0.80 (hexanes/ethyl 

acetate 5/1). 1H NMR (400 MHz, CDCl3) δ 7.24-7.00 (m, 8H), 4.11-3.96 
(m, 2H), 3.46 (d, J = 13.8 Hz, 1H), 3.31-3.18 (m, 2H), 2.87 (d, J = 15.8 
Hz, 1H), 2.32 (s, 3H), 1.01 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, 
CDCl3) δ 169.6, 167.1, 151.0, 137.0, 131.9, 130.6, 129.1, 128.5, 128.4, 

124.6, 121.5, 116.4, 62.2, 54.6, 38.9, 32.0, 21.1, 13.8. HRMS Calculated for C20H21O4 [M+H]+ 
325.1434, found: 325.1437.
_______________________________________________________________________________

(+/-)-Ethyl 3-(4-fluorobenzyl)-2-oxochromane-3-carboxylate (3c):
0.370 g, 75% yield, colorless oil, new compound, Rf = 0.70 (hexanes/ethyl acetate 5/1). 1H NMR 

(400 MHz, CDCl3) δ 7.29-7.20 (m, 3H), 7.18-6.90 (m, 5H), 4.14-3.91 (m, 
2H), 3.45 (d, J = 13.9 Hz, 1H), 3.33-3.17 (m, 2H), 2.87 (d, J = 15.7 Hz, 
1H), 0.99 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 169.4, 167.0, 
162.2 (d, 1JF-C = 245.8 Hz). 150.9, 132.3 (d, 3JF-C = 8.0 Hz), 130.7 (d, 4JF-C 

= 3.5 Hz), 128.5 (d, 3JF-C = 21.9 Hz), 124.7, 121.2, 116.4, 115.2 (d, 2JF-C = 21.4 Hz), 62.3, 54.6, 
38.5, 32.2, 13.7. 19F NMR (376 MHz, CDCl3) δ -115.21. HRMS Calculated for C19H18FO4 [M+H]+ 
329.1184, found: 329.1183.
_______________________________________________________________________________

(+/-)-Ethyl 3-(naphthalen-2-ylmethyl)-2-oxochromane-3-carboxylate (3d):
0.476 g, 88% yield, pale yellow solidm, mp 123-124 oC, new compound, Rf = 0.70 (hexanes/ethyl 

acetate 5/1). 1H NMR (400 MHz, CDCl3) δ 7.84-7.68 (m, 4H), 7.51-
7.37 (m, 3H), 7.24-7.17 (m, 1H), 7.13-6.96 (m, 3H), 4.13-3.96 (m, 2H), 
3.58 (dd, J = 76.6, 13.8 Hz, 2H), 3.26 (d, J = 15.8 Hz, 1H), 2.89 (d, J = 
15.8 Hz, 1H), 0.99 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 

169.6, 167.2, 151.0, 133.3, 132.62, 132.60, 129.7, 128.7, 128.5, 128.4, 127.9, 127.8, 127.6, 126.2, 
126.0, 124.7, 121.4, 116.4, 62.3, 54.7, 39.4, 32.1, 13.8. HRMS Calculated for C23H21O4 [M+H]+ 
361.1434, found: 361.1431.
_______________________________________________________________________________

(+/-)-Ethyl 3-methyl-2-oxochromane-3-carboxylate (3e):
0.346 g, 99% yield, white solid, mp 92-93 oC, known compound,[4] Rf = 0.60 
(hexanes/ethyl acetate 10/1). 1H NMR (400 MHz, CDCl3) δ 7.29-7.23 (m, 1H), 
7.18 (d, J = 7.3 Hz, 1H), 7.14-6.98 (m, 2H), 4.14-3.94 (m, 2H), 3.36 (d, J = 

O O

CO2Et

O O

CO2Et

Me

O O

CO2Et

O O

CO2Et

F

O O

CO2Et
Me
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15.8 Hz, 1H), 2.99 (d, J = 15.8 Hz, 1H), 1.62 (s, 3H), 1.00 (t, J = 7.1 Hz, 3H). 13C NMR (100 
MHz, CDCl3) δ 170.6, 168.2, 151.5, 128.7, 128.2, 124.6, 121.3, 116.5, 62.1, 49.5, 35.4, 20.9, 13.7.
_______________________________________________________________________________

(+/-)-Methyl 3-benzyl-2-oxochromane-3-carboxylate (3l):
0.275 g, 59% yield, white solid, mp 87-88 oC, new compound, Rf = 0.30 (hexanes/ethyl acetate 

30/1). 1H NMR (400 MHz, CDCl3) δ 7.34-7.20 (m, 6H), 7.15-6.98 (m, 3H), 
3.60 (s, 3H), 3.40 (dd, J = 41.2, 13.8 Hz, 2H), 3.07 (dd, J = 154.4, 15.9 Hz, 
2H). 13C NMR (100 MHz, CDCl3) δ 169.9, 166.9, 150.8, 134.9, 130.7, 128.6, 
128.5, 128.4, 127.5, 124.8, 121.3, 116.4, 54.5, 53.1, 39.5, 31.8. HRMS 

Calculated for C18H17O4 [M+H]+ 297.1121, found: 297.1131.
_______________________________________________________________________________

(+/-)-Isopropyl 3-benzyl-2-oxochromane-3-carboxylate (3m):
0.396 g, 81% yield, pale yellow solid, mp 101-102 oC, new compound, Rf = 0.75 (hexanes/ethyl 

acetate 10/1). 1H NMR (400 MHz, CDCl3) δ 7.34-7.26 (m, 5H), 7.24-7.18 (m, 
1H), 7.12 (d, J = 7.1 Hz, 1H), 7.09-6.98 (m, 2H), 4.91-4.76 (m, 1H), 3.51 (d, 
J = 13.8 Hz, 1H), 3.30 (d, J = 13.8 Hz, 1H), 3.19 (d, J = 15.7 Hz, 1H), 2.87 (d, 
J = 15.7 Hz, 1H), 1.04 (d, J = 6.3 Hz, 3H), 0.87 (d, J = 6.2 Hz, 3H). 13C NMR 

(100 MHz, CDCl3) δ 169.1, 167.3, 151.1, 135.2, 130.8, 128.5, 128.4, 128.3, 127.3, 124.6, 121.6, 
116.3, 70.1, 54.7, 39.1, 32.3, 21.2, 21.1. HRMS Calculated for C20H21O4 [M+H]+ 325.1434, found: 
325.1436.
_______________________________________________________________________________

(+/-)-Ethyl 3-benzyl-7-methyl-2-oxochromane-3-carboxylate (3n):
0.311 g, 64% yield, white solid, mp 104-105 oC, new compound, Rf = 0.75 (hexanes/ethyl acetate 

5/1). 1H NMR (400 MHz, CDCl3) δ 7.30-7.25 (m, 5H), 7.03-6.95 (m, 1H), 
6.93-6.78 (m, 2H), 4.12-3.97 (m, 2H), 3.39 (dd, J = 57.7, 13.8 Hz, 2H), 
3.19 (d, J = 15.8 Hz, 1H), 2.82 (d, J = 15.8 Hz, 1H), 2.30 (s, 3H), 1.02 (t, 
J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 169.6, 167.3, 150.8, 

138.7, 135.1, 130.8, 128.3, 128.1, 127.3, 125.4, 118.2, 116.8, 62.2, 54.7, 39.3, 31.7, 21.2, 13.8. 
HRMS Calculated for C20H21O4 [M+H]+ 325.1434, found: 325.1440.
_______________________________________________________________________________

 (+/-)-Ethyl 3-benzyl-7-chloro-2-oxochromane-3-carboxylate (3o):
0.378 g, 73% yield, white solid, mp 125-126 oC, new compound, Rf = 0.65 (hexanes/ethyl acetate 

10/1). 1H NMR (400 MHz, CDCl3) δ 7.32-7.24 (m, 5H), 7.13-6.94 (m, 
3H), 4.18-3.90 (m, 2H), 3.48 (d, J = 13.8 Hz, 1H), 3.31 (d, J = 13.8 Hz, 
1H), 3.21 (d, J = 15.9 Hz, 1H), 2.83 (d, J = 15.9 Hz, 1H), 1.05 (t, J = 7.1 
Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 169.2, 166.3, 151.3, 134.7, 133.7, 

130.7, 129.3, 128.5, 127.5, 124.8, 120.1, 116.8, 62.5, 54.4, 39.4, 31.6, 13.8. HRMS Calculated for 
C19H17ClO4Na [M+Na]+ 367.0708 (35Cl), found: 367.0705 (35Cl). [M+H]+ 369.0691 (37Cl), found: 
369.0680 (37Cl).
_______________________________________________________________________________

(+/-)-Ethyl 3-benzyl-7-methoxy-2-oxochromane-3-carboxylate (3p):
0.433 g, 85% yield, white solid, mp 127-128 oC, new compound, Rf = 0.70 (hexanes/ethyl acetate 
5/1). 1H NMR (400 MHz, CDCl3) δ 7.31-7.23 (m, 5H), 7.00 (d, J = 8.3 Hz, 1H), 6.68-6.50 (m, 
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Me

O O

CO2iPr

O O

CO2Et

Cl

O O

CO2Me
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2H), 4.11-3.97 (m, 2H), 3.75 (s, 3H), 3.46 (d, J = 13.8 Hz, 1H), 3.31 (d, 
J = 13.8 Hz, 1H), 3.16 (d, J = 15.6 Hz, 1H), 2.80 (d, J = 15.6 Hz, 1H), 
1.03 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 169.6, 167.1, 
159.8, 151.7, 135.1, 130.8, 128.9, 128.3, 127.4, 113.2, 110.7, 102.0, 

62.2, 55.5, 54.8, 39.3, 31.4, 13.8. HRMS Calculated for C20H21O5 [M+H]+ 341.1384, found: 
341.1385.
_______________________________________________________________________________

2.3. Synthesis of (+/-)-Ethyl 3-(2-Methoxyethyl)-2-oxochromane-3-carboxylate (3h)

The lactone 3h with quaternary stereogenic center could be conveniently synthesized through 
alkylation of lactone 1a with 1-bromo-2-methoxyethane in the presence of potassium carbonate.

O O
O O

K2CO3, MeCN

85 oCCO2Et
CO2EtBr

OMe

OMe1a 3h

+

To a mixture of lactone 1a (0.327 g, 1.5 mmol), potassium carbonate (0.622 g, 4.5 mmol) and 
acetonitrile (5 mL), 1-bromo-2-methoxyethane (0.18 mL, 1.9 mmol) was added. Then the mixture 
was refluxed under 85 oC overnight. After the completion of the alkylation (monitored by TLC), 
the solid was filtered and the volatiles were removed under the reduced pressure. Then the crude 
residue was purified by silica gel column using hexanes/ethyl acetate (10:1-5:1) as eluent to afford 
the desired product 3h.
_______________________________________________________________________________

0.245 g, 58% yield, colorless oil, new compound, Rf = 0.50 (hexanes/ethyl acetate 5/1). 1H NMR 
(400 MHz, CDCl3) δ 7.27-7.16 (m, 2H), 7.12-7.01 (m, 2H), 4.12-3.96 (m, 2H), 3.64 (t, J = 6.1 Hz, 
2H), 3.37 (d, J = 15.9 Hz, 1H), 3.29 (s, 3H), 3.11 (d, J = 15.8 Hz, 1H), 2.28 (t, J = 6.1 Hz, 2H), 
1.02 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 169.6, 167.6, 151.1, 128.6, 128.4, 124.6, 
121.5, 116.4, 68.8, 62.1, 58.6, 52.0, 34.1, 33.4, 13.7. HRMS Calculated for C15H19O5 [M+H]+ 
279.1227, found: 279.1227.
_______________________________________________________________________________

2.4. Synthesis of (+/-)-Alkyl Substituted Lactones with Quaternary Center

The substrate lactones with quaternary carbon center 3 were synthesized through alkylation of 
the above lactone 1a with alkyl halides.

O OO O

CO2Et
CO2Et

R
1a 3

(3f, 3g, 3i, 3j, 3k)

K2CO3, TBAI

Acetone, RT
+ R-X

To a mixture of lactone 1a (0.327 g, 1.5 mmol), potassium carbonate (0.622 g, 4.5 mmol), tetra-
butylammonium iodide (0.554 g, 1.5 mmol) and acetone (4.0 mL), halogenated hydrocarbons (1.9 
mmol) was added. Then the mixture was stirred under room temperature overnight. After the 
completion of the reaction (monitored by TLC), the solid was filtered, and the volatiles were 

O O

CO2Et

MeO
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removed under the reduced pressure. Then, the crude residue was purified by silica gel column 
using hexanes/ethyl acetate (10:1-5:1) as eluent to afford the desired products 3.
_______________________________________________________________________________

(+/-)-Ethyl 3-ethyl-2-oxochromane-3-carboxylate (3f):
0.200 g, 54% yield, colorless oil, known compound,[4] Rf = 0.70 (hexanes/ethyl acetate 10/1). 1H 

NMR (400 MHz, CDCl3) δ 7.26-7.16 (m, 2H), 7.12-6.96 (m, 2H), 4.14-3.94 
(m, 2H), 3.29 (d, J = 15.7 Hz, 1H), 3.01 (d, J = 15.7 Hz, 1H), 2.13-1.97 (m, 
2H), 1.10-0.96 (m, 6H). 13C NMR (100 MHz, CDCl3) δ 169.8, 167.5, 151.2, 

128.6, 128.4, 124.6, 121.5, 116.4, 61.9, 53.6, 32.3, 27.4, 13.8, 9.1.
_______________________________________________________________________________

(+/-)-Ethyl 3-methyl-2-oxochromane-3-carboxylate (3g):
0.366 g, 88% yield, colorless oil, new compound, Rf = 0.70 (hexanes/ethyl acetate 10/1). 1H NMR 

(400 MHz, CDCl3) δ 7.25-7.12 (m, 2H), 7.11-6.96 (m, 2H), 4.12-3.93 (m, 2H), 
3.29 (d, J = 15.7 Hz, 1H), 3.01 (d, J = 15.7 Hz, 1H), 2.05-1.89 (m, 2H), 1.54-
1.44 (m, 1H), 1.40-1.28 (m, 3H), 1.00 (t, J = 7.1 Hz, 3H), 0.91 (t, J = 7.1 Hz, 
3H). 13C NMR (100 MHz, CDCl3) δ 169.9, 167.6, 151.2, 128.5, 128.3, 124.6, 

121.6, 116.4, 61.9, 53.3, 34.0, 32.7, 26.7, 23.0, 13.9, 13.8. The HRMS Calculated for C16H21O4 
[M+H]+ 277.1434, found: 277.1437.
_______________________________________________________________________________

(+/-)-Ethyl 3-(cyclopropylmethyl)-2-oxochromane-3-carboxylate (3i):
0.171 g, 42% yield, colorless oil, new compound, Rf = 0.70 (hexanes/ethyl acetate 10/1). 1H NMR 

(400 MHz, CDCl3) δ 7.26-7.15 (m, 2H), 7.11-6.97 (m, 2H), 4.12-3.96 (m, 
2H), 3.38 (d, J = 15.8 Hz, 1H), 3.19 (d, J = 15.8 Hz, 1H), 2.00-1.87 (m, 2H), 
1.03 (t, J = 7.1 Hz, 3H), 0.99-0.85 (m, 1H), 0.55-0.44 (m, 2H), 0.16-0.04 (m, 
2H). 13C NMR (100 MHz, CDCl3) δ 169.8, 167.7, 151.1, 128.5, 128.4, 124.6, 

121.8, 116.4, 62.0, 53.9, 39.0, 32.7, 13.8, 6.6, 4.9, 4.4. HRMS Calculated for C16H18O4K [M+K]+ 
313.0837, found: 313.0840.
_______________________________________________________________________________

(+/-)-Ethyl 3-(cyclobutylmethyl)-2-oxochromane-3-carboxylate (3j):
0.143 g, 33% yield, colorless oil, new compound, Rf = 0.70 (hexanes/ethyl acetate 10/1). 1H NMR 

(400 MHz, CDCl3) δ 7.26-7.14 (m, 2H), 7.11-6.96 (m, 2H), 4.10-3.92 (m, 2H), 
3.31 (d, J = 15.8 Hz, 1H), 2.94 (d, J = 15.7 Hz, 1H), 2.67-2.47 (m, 1H), 2.19-
1.99 (m, 4H), 1.90-1.66 (m, 4H), 1.02 (t, J = 7.1 Hz, 3H). 13C NMR (100 
MHz, CDCl3) δ 169.7, 167.6, 151.0, 128.5, 128.4, 124.6, 121.7, 116.4, 62.0, 

53.1, 41.0, 32.6, 32.4, 29.9, 29.6, 18.9, 13.8. HRMS Calculated for C17H21O4 [M+H]+ 289.1434, 
found: 289.1437.
_______________________________________________________________________________

(+/-)-Ethyl 3-(cyclohexylmethyl)-2-oxochromane-3-carboxylate (3k):
0.288 g, 61% yield, colorless oil, new compound, Rf = 0.70 (hexanes/ethyl acetate 10/1). 1H NMR 

(400 MHz, CDCl3) δ 7.25-7.14 (m, 2H), 7.11-6.98 (m, 2H), 4.10-3.96 (m, 
2H), 3.33 (d, J = 15.7 Hz, 1H), 3.02 (d, J = 15.7 Hz, 1H), 1.96-1.87 (m, 2H), 
1.74-1.58 (m, 5H), 1.55-1.43 (m, 1H), 1.26-1.08 (m, 3H), 1.07-0.95 (m, 5H). 
13C NMR (100 MHz, CDCl3) δ 170.2, 167.7, 151.1, 128.5, 128.4, 124.6, 
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121.6, 116.4, 62.0, 53.1, 40.8, 34.7, 34.4, 34.3, 32.7, 26.3, 26.1, 13.7. HRMS Calculated for 
C19H25O4 [M+H]+ 317.1747, found: 317.1758.
_______________________________________________________________________________
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3. Condition Optimization for Kinetic Resolution
General Procedure: The Pd(OCOCF3)2 (0.015 mmol, 4.8 mg, 5 mol%), ligand (0.018 mmol, 6 

mol%) and degassed anhydrous acetone (1.0 mL) were placed in a dried Schlenk tube under 
nitrogen atmosphere. The mixture was stirred under room temperature for 1 hour, the solvent was 
removed under vacuum to give the catalyst. Then, this catalyst was taken into a glove box filled 
with nitrogen gas and dissolved in solvent (1.0 mL). To the lactones 3a (0.3 mmol, 93.0 mg) 
added this catalyst solution, and then the mixture was transferred to an autoclave, which was 
charged hydrogen gas (400 psi). The reaction mixture was stirred at 40 oC for 48 hours. After 
cooling to room temperature and the release of the hydrogen gas, the autoclave was opened. To 
the mixture added sodium cyanoborohydride (7.5 mg, 0.12 mmol). The mixture was stirred under 
room temperature for 2 hours, then the volatiles were removed under the reduced pressure. The 
crude residue was purified by column chromatography on silica gel using hexanes/ethyl acetate 
(10:1-5:1) as eluent to give the chiral reductive products 3a’ and 4a. 

The optimal conditions were identified as follow: Lactone 3a (0.3 mmol), Pd(OCOCF3)2 (5 
mol%), ligand L5 (6 mol%), H2 (400 psi), HFIP (1.0 mL), 40 oC, 48 h (entry 8).

Table S1. Optimization of the KR Reaction Conditions

Pd(OCOCF3)2/Ligand
40 oC, Solvent, H2 (400 psi)

O O

CO2Et

OH OH

CO2Et
BnBn

O O

CO2Et
BnThen NaBH3CN, 2 h

3a (racemate) 3a' 4a

N

N P

P

tBu

tBu

L2 L3L1

N

N P

P

tBu

tBu

L5

TMS

TMS

O

O

O

O

PPh2
PPh2

L6

P

P

tBu

tBu

L4

Fe

PPh2

PtBu2P P

Ee [%]c
Entrya Ligand Solvent Conv. [%]b Yield of 4ab

3a’ 4a
Sd

1 L1 TFE 13 12 31 77 10.6

2 L1 DCM <5 <5 - - -

3 L1 HFIP 54 52 89 72 17.6

4 L1 Toluene <5 <5 - - -

5 L2 HFIP 62 61 96 50 11.3

6 L3 HFIP 54 54 95 56 12.3

7 L4 HFIP >95 >95 - - -

8 L5 HFIP 53 54 (52)e 93 71 19.3

9 L6 HFIP <5 <5 - - -

10 L5 HFIP/Toluene = 5:1 42 42 59 82 18.4

11 L5 HFIP/DCM = 5:1 53 52 77 75 16.2

12 L5 HFIP/TFE = 5:1 55 54 84 76 18.9

a Lactone 3a (0.3 mmol), Pd(OCOCF3)2 (5 mol%), chiral ligand (6 mol%), H2 (400 psi), solvent (1 mL), 40 oC, 
48 h. bDetermined by NMR, using CH2Br2 as internal standard. cDetermined by HPLC. dCalculated selectivity 
factors: C = ee of SM/(ee of SM + ee of TM), s = ln[(1 - C)(1 - ee of SM)]/ln[(1 - C)(1 + ee of SM)]. eIsolated 
yield based on the lactone 3a.
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4. Pd-catalyzed Hydrogenative DKR and KR of Lactones
4.1 Pd-catalyzed Hydrogenative Dynamic Kinetic Resolution of Lactones

O O

CO2R

Pd(OCOCF3)2 (5mol%)
(R,R)-TMS-QuinoxP* (6 mol%)

H2 (400 psi) , HFIP/Toluene = 5:1, 30 oC

OH

CO2R

OH

1 2

Ar Ar

N

N
TMS

TMS

P

P

Me

tBu

Me

tBu
(R,R)-TMS-QuinoxP*

General Procedure: Pd(OCOCF3)2 (0.01 mmol, 3.2 mg, 5 mol%), chiral ligand (R,R)-TMS-
QuinoxP* (0.012 mmol, 5.8 mg, 6 mol%) and degassed anhydrous acetone (1.0 mL) were placed 
in a dried Schlenk tube under nitrogen atmosphere. The mixture was stirred under room tempera-
ture for 1 hour, the solvent was removed under vacuum to give the catalyst. Then, this catalyst was 
taken into a glove box filled with nitrogen and dissolved in solvent (HFIP/toluene = 5:1, 1.0 mL). 
To the lactones 1 (0.2 mmol) was added the catalyst solution, and the mixture was transferred to 
an autoclave, which was charged hydrogen gas (400 psi). The reaction mixture was stirred at 30 
oC for 48 hours. After release of the hydrogen gas, the autoclave was opened, and the volatiles 
were removed under the reduced pressure. Then the residue was purified by column chromatogra-
phy on silica gel using dicholormethane/methanol (40:1) as eluent to give the reductive products 2. 

The racemates were prepared by reduction of lactones 1 with sodium borohydride in methanol.
_______________________________________________________________________________

(+)-Ethyl 3-hydroxy-2-(2-hydroxybenzyl)propanoate (2a):
44 mg, 98% yield, colorless oil, new compound, Rf = 0.30 (dichloromethane/methanol 40/1), 91% 

ee, [α]20
D = +11.28 (c 0.86, CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.54 (brs, 

1H), 7.19-6.99 (m, 2H), 6.97-6.70 (m, 2H), 4.31-4.09 (m, 2H), 3.95-3.80 (m, 
1H), 3.69-3.58 (m, 1H), 3.40 (brs, 1H), 3.09-2.91 (m, 2H), 2.88-2.74 (m, 1H), 

1.26 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 175.2, 154.9, 131.1, 128.3, 124.6, 120.8, 
116.7, 61.5, 61.2, 47.7, 28.1, 14.2. HPLC: Chiralpak AS-H column, 230 nm, 30 oC, n-Hexane/i-Pr 
OH = 90/10, flow = 0.8 mL/min, retention time 16.6 min and 19.3 min (major). HRMS Calculated 
for C12H17O4 [M+H]+ 225.1121, found: 225.1120.
_______________________________________________________________________________

(+)-Methyl 3-hydroxy-2-(2-hydroxybenzyl)propanoate (2b):
33 mg, 79% yield, colorless oil, new compound, Rf = 0.30 (dichloromethane/methanol 40/1), 83% 

ee, [α]20
D = +9.85 (c 0.66, CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.46 (brs, 

1H), 7.15-7.06 (m, 2H), 6.90-6.80 (m, 2H), 3.91-3.85 (m, 1H), 3.73 (s, 3H), 
3.67-3.60 (m, 1H), 3.36 (brs, 1H), 3.06-2.94 (m, 2H), 2.88-2.80 (m, 1H). 13C 

NMR (100 MHz, CDCl3) δ 175.6, 154.8, 131.1, 128.3, 124.5, 120.8, 116.7, 61.4, 52.2, 47.6, 28.1. 
The HPLC: Chiralpak IB column, 230 nm, 30 oC, n-Hexane/i-PrOH = 90/10, flow = 0.8 mL/min, 
retention time 17.2 min (major) and 18.7 min. HRMS Calculated for C11H15O4 [M+H]+ 211.0965, 
found: 211.0970.

OH OH

CO2Et

OH OH

CO2Me
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_______________________________________________________________________________
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_______________________________________________________________________________

(+)-Isopropyl 3-hydroxy-2-(2-hydroxybenzyl)propanoate (2c):
46 mg, 97% yield, colorless oil, new compound, Rf = 0.35 (dichloromethane/methanol 40/1), 89% 

ee, [α]20
D = +13.59 (c 0.92, CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.58 (brs, 

1H), 7.16-7.02 (m, 2H), 6.94-6.74 (m, 2H), 5.15-4.96 (m, 1H), 3.88 (dd, J = 
11.5, 3.8 Hz, 1H), 3.62 (dd, J = 11.4, 4.5 Hz, 1H), 3.39 (brs, 1H), 3.08-2.91 

(m, 2H), 2.84-2.69 (m, 1H), 1.32-1.16 (m, 6H). 13C NMR (100 MHz, CDCl3) δ 174.8, 154.9, 
131.1, 128.3, 124.6, 120.7, 116.8, 68.8, 61.5, 47.8, 28.2, 21.8, 21.7. The HPLC: Chiralpak AS-H 
column, 230 nm, 30 oC, n-Hexane/i-PrOH = 90/10, flow = 0.8 mL/min, retention time 12.8 min 
and 15.2 min (major). HRMS Calculated for C13H19O4 [M+H]+ 239.1278, found: 239.1280.
_______________________________________________________________________________

(+)-tert-Butyl 3-hydroxy-2-(2-hydroxybenzyl)propanoate (2d):
44 mg, 87% yield, colorless oil, new compound, Rf = 0.37 (dichloromethane/methanol 40/1), 81% 

ee, [α]20
D = +13.41 (c 0.88, CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.51 (brs, 

1H), 7.20-7.05 (m, 2H), 6.98-6.74 (m, 2H), 3.89 (dd, J = 11.5, 3.4 Hz, 1H), 
3.55 (dd, J = 11.2, 3.2 Hz, 1H), 3.19 (brs, 1H), 3.08-2.88 (m, 2H), 2.78-2.61 

(m, 1H), 1.47 (s, 9H). 13C NMR (100 MHz, CDCl3) δ 174.9, 155.2, 131.1, 128.3, 124.7, 120.7, 
117.2, 82.1, 61.5, 48.3, 28.3, 28.1. HPLC: Chiralpak AS-H column, 230 nm, 30 oC, n-Hexane/i-Pr 
OH = 95/5, flow = 0.8 mL/min, retention time 14.8 min and 16.8 min (major). HRMS Calculated 
for C14H20O4Na [M+Na]+ 275.1259, found: 275.1249.
_______________________________________________________________________________

(+)-Benzyl 3-hydroxy-2-(2-hydroxybenzyl)propanoate (2e):
56 mg, 99% yield, white solid, new compound, mp 78-79 oC, Rf = 0.20 (dichloromethane/me-

thanol 40/1), 88% ee, [α]20
D = +7.82 (c 1.12, CHCl3). 1H NMR (400 MHz, 

CDCl3) δ 7.71-7.27 (m, 6H), 7.15-7.04 (m, 2H), 6.91-6.77 (m, 2H), 5.24-
5.09 (m, 2H), 3.91 (dd, J = 11.4, 3.7 Hz, 1H), 3.66 (dd, J = 11.5, 4.5 Hz, 1H), 

3.31 (brs, 1H), 3.10-2.98 (m, 2H), 2.93-2.85 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 174.9, 154.8, 
135.5, 131.1, 128.7, 128.5, 128.33, 128.30, 124.5, 120.9, 116.7, 66.9, 61.4, 47.7, 28.1. The HPLC: 
Chiralpak AS-H column, 230 nm, 30 oC, n-Hexane/i-PrOH = 90/10, flow = 0.8 mL/min, retention 
time 22.6 min (minor) and 24.4 min (major). HRMS Calculated for C17H19O4 [M+H]+ 287.1279, 
found: 287.1279.
_______________________________________________________________________________

(+)-Ethyl 3-hydroxy-2-(2-hydroxy-3-methylbenzyl)propanoate (2f):
47 mg, 99% yield, pale yellow oil, new compound, Rf = 0.40 (dichloromethane/methanol 40/1), 

72% ee, [α]20
D = +8.08 (c 0.94, CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.24 

(brs, 1H), 7.00 (dd, J = 21.8, 7.4 Hz, 2H), 6.83-6.71 (m, 1H), 4.22 (q, J = 7.1 
Hz, 2H), 3.93 (dd, J = 11.5, 3.3 Hz, 1H), 3.58 (d, J = 8.9 Hz, 1H), 3.11 (brs, 
1H), 3.07-2.96 (m, 2H), 2.79-2.72 (m, 1H), 2.26 (s, 3H), 1.30 (t, J = 7.1 Hz, 

3H). 13C NMR (100 MHz, CDCl3) δ 175.5, 153.4, 129.6, 128.5, 125.9, 124.0, 120.3, 61.31, 61.26, 
47.7, 28.3, 16.5, 14.2. HPLC: Chiralpak AS-H column, 230 nm, 30 oC, n-Hexane/i-PrOH = 90/10, 
flow = 0.8 mL/min, retention time 10.0 min and 10.6 min (major). The HRMS Calculated for 
C13H19O4 [M+H]+ 239.1278, found: 239.1274.
_______________________________________________________________________________
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_______________________________________________________________________________

(+)-Ethyl 3-hydroxy-2-(2-hydroxy-4-methylbenzyl)propanoatee (2g):
43 mg, 90% yield, colorless oil, new compound, Rf = 0.30 (DCM/methanol 40/1), 89% ee, [α]20

D 
= +9.77 (c 0.86, CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.45 (brs, 1H), 
6.97 (d, J = 7.4 Hz, 1H), 6.77-6.57 (m, 2H), 4.19 (q, J = 7.1 Hz, 2H), 
3.88 (dd, J = 11.4, 3.6 Hz, 1H), 3.64 (d, J = 7.9 Hz, 1H), 3.40 (brs, 1H), 

3.05-2.89 (m, 2H), 2.85-2.73 (m, 1H), 2.26 (s, 3H), 1.27 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, 
CDCl3) δ 175.3, 154.7, 138.3, 130.8, 121.6, 121.4, 117.3, 61.4, 61.2, 47.8, 27.8, 21.1, 14.2. HPLC: 
Chiralpak IB, 230 nm, 30 oC, n-Hexane/i-PrOH = 90/10, flow = 0.8 mL/min, retention time 21.2 
min (major) and 22.8 min. HRMS Calculated for C13H19O4 [M+H]+ 239.1278, found: 239.1282.
_______________________________________________________________________________

(+)-Ethyl 3-hydroxy-2-(2-hydroxy-5-methylbenzyl)propanoate (2h):
42 mg, 88% yield, colorless oil, new compound, Rf = 0.40 (dichloromethane/methanol 40/1), 90% 

ee, [α]20
D = +8.33 (c 0.84, CHCl3). 1H NMR (400 MHz, CDCl3) δ 6.99-

6.86 (m, 2H), 6.76 (d, J = 8.8 Hz, 1H), 4.25-4.13 (m, 2H), 3.89 (dd, J = 
11.5, 3.7 Hz, 1H), 3.62 (dd, J = 11.6, 4.5 Hz, 1H), 3.05-2.92 (m, 2H), 

2.83-2.74 (m, 1H), 2.24 (s, 3H), 1.27 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 175.3, 
152.6, 131.5, 129.9, 128.8, 124.3, 116.6, 61.4, 61.2, 47.7, 28.1, 20.5, 14.2. HPLC: Chiralpak AS-
H column, 230 nm, 30 oC, n-Hexane/i-PrOH = 95/5, flow = 0.8 mL/min, retention time 25.2 min 
and 27.6 min (major). HRMS Calculated for C13H19O4 [M+H]+ 239.1278, found: 239.1278.
_______________________________________________________________________________

(+)-Ethyl 3-hydroxy-2-(2-hydroxy-6-methylbenzyl)propanoate (2i):
41 mg, 86% yield, colorless oil, new compound, Rf = 0.40 (dichloromethane/methanol 40/1), 80% 

ee, [α]20
D = +17.19 (c 0.82, CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.58 (brs, 

1H), 7.08-6.95 (m, 1H), 6.75 (d, J = 7.8 Hz, 2H), 4.22 (q, J = 7.1 Hz, 2H), 
4.04-3.87 (m, 1H), 3.68-3.38 (m, 2H), 3.14-2.96 (m, 2H), 2.81-2.65 (m, 1H), 
2.31 (s, 3H), 1.29 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 175.5, 

155.2, 138.1, 127.6, 123.4, 122.8, 114.5, 61.6, 61.3, 45.9, 24.4, 19.4, 14.2. HPLC: Chiral pak AS-
H column, 230 nm, 30 oC, n-Hexane/i-PrOH = 90/10, flow = 0.8 mL/min, retention time 13.2 min 
and 16.6 min (major). HRMS Calculated for C13H19O4 [M+H]+ 239.1278, found: 239.1272.
_______________________________________________________________________________

(+)-Ethyl 2-(5-fluoro-2-hydroxybenzyl)-3-hydroxypropanoate (2j):
47 mg, 97% yield, pale yellow oil, new compound, Rf = 0.30 (dichloromethane/methanol 40/1), 

79% ee, [α]20
D = +12.73 (c 0.94, CHCl3). 1H NMR (400 MHz, CDCl3) δ 

7.38 (brs, 1H), 6.96-6.73 (m, 3H), 4.20 (q, J = 7.1 Hz, 2H), 3.91 (dd, J = 
11.5, 3.6 Hz, 1H), 3.60 (dd, J = 11.5, 4.1 Hz, 1H), 3.21 (brs, 1H), 3.05-

2.91 (m, 2H), 2.85-2.73 (m, 1H), 1.28 (t, J = 7.1 Hz, 3H).13C NMR (100 MHz, CDCl3) δ 175.0, 
157.0 (d, 1JF-C = 238.1 Hz), 151.0 (d, 4JF-C  = 2.0 Hz), 126.1 (d, 3JF-C = 7.2 Hz), 118.0 (d, 3JF-C = 
8.1 Hz), 116.9 (d, 2JF-C = 22.6 Hz), 114.7 (d, 2JF-C = 22.7 Hz), 61.4, 61.3, 47.4, 28.2, 14.1. 19F 
NMR (376 MHz, CDCl3) δ -124.01. HPLC: Chiralpak IB column, 230 nm, 30 oC, n-Hexane/i-Pr 
OH = 90/10, flow = 0.8 mL/min, retention time 10.2 min and 11.5 min (major). HRMS Calculated 
for C12H16FO4 [M+H]+ 243.1027, found: 243.1027.
_______________________________________________________________________________
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_______________________________________________________________________________

(+)-Ethyl 2-(4-chloro-2-hydroxybenzyl)-3-hydroxypropanoate (2k):
50 mg, 97% yield, colorless oil, new compound, Rf = 0.40 (dichloromethane/methanol 40/1), 81% 

ee, [α]20
D = +9.97 (c 1.00, CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.85 

(brs, 1H), 7.01 (d, J = 8.1 Hz, 1H), 6.91-6.72 (m, 2H), 4.19 (q, J = 7.1 Hz, 
2H), 3.89 (dd, J = 11.5, 3.7 Hz, 1H), 3.63 (dd, J = 11.4, 4.4 Hz, 1H), 3.33 

(brs, 1H), 3.04-2.89 (m, 2H), 2.84-2.73 (m, 1H), 1.27 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, 
CDCl3) δ 175.1, 155.7, 133.2, 131.8, 123.2, 120.8, 117.1, 61.44, 61.41, 47.5, 27.8, 14.2. HPLC: 
Chiralpak AS-H column, 230 nm, 30 oC, n-Hexane/i-PrOH = 90/10, flow = 0.8 mL/min, retention 
time 14.4 min and 16.2 min (major). HRMS Calculated for C12H16ClO4 [M+H]+ Cl35 259.0732, 
found: 259.0746. [M+H]+ Cl37 261.0706, found: 261.0716.
_______________________________________________________________________________

(+)-Methyl 3-(3-ethoxy-2-(hydroxymethyl)-3-oxopropyl)-4-hydroxybenzoate (2l):
56 mg, 99% yield, colorless oil, new compound, Rf = 0.35 (dichloromethane/methanol 40/1), 76% 

ee, [α]20
D = +31.16 (c 1.12, CHCl3). 1H NMR (400 MHz, CDCl3) δ 

7.91-7.77 (m, 2H), 6.90 (d, J = 8.4 Hz, 1H), 4.26-4.14 (m, 2H), 3.92 
(dd, J = 11.6, 3.8 Hz, 1H), 3.88 (s, 3H), 3.63 (dd, J = 11.6, 4.6 Hz, 

1H), 3.07-2.99 (m, 2H), 2.87-2.81 (m, 1H), 1.29 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) 
δ 175.1, 167.1, 159.7, 133.2, 130.4, 124.5, 122.4, 116.8, 61.4, 61.4, 52.0, 47.4, 28.1, 14.1. HPLC: 
Chiralpak AS-H column, 254 nm, 30 oC, n-Hexane/i-PrOH = 90/10, flow = 0.8 mL/ min, retention 
time 22.5 min and 26.0 min (major). The HRMS Calculated for C14H18O6K [M+K]+ 321.0735, 
found: 321.0728.
_______________________________________________________________________________

(+)-Ethyl 3-hydroxy-2-(2-hydroxy-5-methoxybenzyl)propanoate (2m):
30 mg, 59% yield, colorless oil, new compound, Rf = 0.40 (dichloromethane/methanol 40/1), 89% 

ee, [α]20
D = +4.83 (c 0.60, CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.05 

(brs, 1H), 6.81 (d, J = 8.6 Hz, 1H), 6.78-6.54 (m, 2H), 4.20 (q, J = 7.1 
Hz, 2H), 3.91 (dd, J = 11.4, 3.2 Hz, 1H), 3.74 (s, 3H), 3.58 (d, J = 10.9 

Hz, 1H), 3.16 (brs, 1H), 3.08-2.91 (m, 2H), 2.85-2.72 (m, 1H), 1.28 (t, J = 7.1 Hz, 3H). 13C NMR 
(100 MHz, CDCl3) δ 175.2, 153.7, 148.9, 125.6, 117.8, 116.0, 113.5, 61.33, 61.29, 55.7, 47.6, 
28.3, 14.2. HPLC: Chiralpak AS-H column, 230 nm, 30 oC, n-Hexane/i-PrOH = 90/10, flow = 0.8 
mL/ min, retention time 19.5 min and 21.1 min (major). The HRMS Calculated for C13H19O5 
[M+H]+ 255.1227, found: 255.1237.
_______________________________________________________________________________

(+)-Ethyl 3-hydroxy-2-(2-hydroxy-4-methoxybenzyl)propanoate (2n):
46 mg, 91% yield, colorless oil, new compound, Rf = 0.40 (dichloromethane/methanol 40/1), 88% 

ee, [α]20
D = +12.17 (c 0.92, CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.64 

(brs, 1H), 6.98 (d, J = 8.2 Hz, 1H), 6.57-6.25 (m, 2H), 4.19 (q, J = 7.1 
Hz, 2H), 3.88 (dd, J = 11.5, 3.8 Hz, 1H), 3.74 (s, 3H), 3.62 (dd, J = 

11.5, 4.5 Hz, 1H), 3.33 (brs, 1H), 3.02-2.86 (m, 2H), 2.82-2.68 (m, 1H), 1.27 (t, J = 7.1 Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ 175.3, 159.8, 155.9, 131.5, 116.7, 106.6, 102.5, 61.4, 61.2, 55.3, 
47.8, 27.6, 14.2. HPLC: Chiralpak IB column, 230 nm, 30 oC, n-Hexane/i-PrOH = 95/5, flow = 
0.8 mL/min, retention time 32.7 min (major) and 35.2 min. The HRMS Calculated for C13H19O5 
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[M+H]+ 255.1227, found: 255.1234.
_______________________________________________________________________________

(+)-Ethyl (R)-3-hydroxy-2-((2-hydroxynaphthalen-1-yl)methyl)propanoate (2o):
51 mg, 93% yield, white solid, new compound, mp 82-83 oC, Rf = 0.60 (dichloromethane/metha- 

nol 40/1), 87% ee, [α]20
D = +10.11 (c 1.00, CHCl3). 1H NMR (400 MHz, 

CDCl3) δ 8.08 (brs, 1H), 7.90 (d, J = 8.5 Hz, 1H), 7.79 (d, J = 8.1 Hz, 1H), 
7.69 (d, J = 8.8 Hz, 1H), 7.52 (t, J = 7.7 Hz, 1H), 7.42-7.30 (m, 1H), 7.21 
(d, J = 8.8 Hz, 1H), 4.28 (q, J = 7.1 Hz, 2H), 4.09-3.95 (m, 1H), 3.72-3.27 

(m, 4H), 3.00-2.93 (m, 1H), 1.34 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 175.8, 153.2, 
133.2, 129.5, 128.92, 128.85, 126.7, 123.2, 122.2, 119.6, 115.6, 61.5, 61.4, 45.9, 23.6, 14.2. 
HPLC: Chiralpak AS-H column, 230 nm, 30 oC, n-Hexane/i-PrOH = 90/10, flow = 0.8 mL/ min, 
retention time 13.1 min (minor) and 15.6 min (major). HRMS Calculated for C16H19O4 [M+H]+ 
275.1278, found: 275.1285.
_______________________________________________________________________________

(+)-Ethyl 3-hydroxy-2-((3-hydroxynaphthalen-2-yl)methyl)propanoate (2p):
38 mg, 70% yield, colorless oil, new compound, Rf = 0.40 (dichloromethane/methanol 40/1), 69% 
ee, [α]20

D = +12.55 (c 0.76, CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.82-7.52 (m, 3H), 7.41-7.35 
(m, 1H), 7.33-7.28 (m, 1H), 7.23 (s, 1H), 4.21 (q, J = 7.1 Hz, 2H), 3.93 
(dd, J = 11.5, 3.6 Hz, 1H), 3.66 (dd, J = 11.5, 4.7 Hz, 1H), 3.24-3.14 (m, 
2H), 2.97-2.90 (m, 1H), 1.28 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, 

CDCl3) δ 175.2, 153.2, 134.0, 130.1, 129.0, 127.3, 127.2, 126.1, 126.0, 123.7, 111.3, 61.6, 61.3, 
47.9, 28.7, 14.2. HPLC: Chiralpak IB column, 230 nm, 30 oC, n-Hexane/i-PrOH = 90/10, flow = 
0.8 mL/min, retention time 14.9 min (major) and 17.8 min. The HRMS Calculated for C16H19O4 
[M+H]+ 275.1278, found: 275.1279.
_______________________________________________________________________________
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4.2 Pd-catalyzed Hydrogenative Kinetic Resolution of Lactones with Qutarnary Centers

O O

CO2R

Pd(OCOCF3)2 (5 mol%)
(R,R)-TMS-QunioxP* (6 mol%)

HFIP, H2 (400 psi), 40 oC

OH
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OH

3 4

Ar Ar

R'R'

O O
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R'
+

N

N

TMS

TMS

P

P

Me

tBu

Me

tBu

(R,R)-TMS-QuinoxP*

General Procedure: The Pd(OCOCF3)2 (0.015 mmol, 4.8 mg, 5 mol%), ligand (R,R)-TMS-
QuinoxP* (0.018 mmol, 8.6 mg, 6 mol%) and degassed anhydrous acetone (1.0 mL) were placed 
in a dried Schlenk tube under nitrogen atmosphere. The mixture was stirred under room tempera-
ture for 1 hour, the solvent was removed under vacuum to give the catalyst. Then, this catalyst was 
taken into a glove box filled with nitrogen gas and dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol 
(HFIP, 1.0 mL). To the lactones 3 (0.3 mmol) added this catalyst solution, and then the mixture 
was transferred to an autoclave, which was charged hydrogen gas (400 psi). The reaction mixture 
was stirred at 40 oC for 55-120 hours. After cooling to room temperature and the release of the 
hydrogen gas, the autoclave was opened. To the mixture added sodium cyanoborohydride (7.5 mg, 
0.12 mmol). The mixture was stirred under room temperature for 2 hours, then the volatiles were 
removed under the reduced pressure. The crude residue was purified by column chromatography 
on silica gel using hexanes/ethyl acetate (10:1-5:1) as eluent to give the chiral reductive products 
3’ and 4. 

The racemates were prepared by reduction of lactones 3 with sodium borohydride in methanol.
_______________________________________________________________________________

(+)-Ethyl 2-benzyl-3-hydroxy-2-(2-hydroxybenzyl)propanoate (4a):
React for 55 h. 48 mg, 52% yield, colorless oil, new compound, Rf = 0.40 (hexanes/ethyl acetate 

5/1), 70.8% ee, [α]20
D = +4.90 (c 0.96, CHCl3). 1H NMR (400 MHz, CDCl3) δ 

7.26-7.02 (m, 7H), 7.01-6.80 (m, 2H), 4.27-4.06 (m, 2H), 3.71 (d, J = 11.7 Hz, 
1H), 3.39 (d, J = 11.7 Hz, 1H), 3.26-3.17 (m, 2H), 3.01 (d, J = 14.1 Hz, 1H), 

2.86 (d, J = 13.5 Hz, 1H), 1.27 (t, J = 7.2 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 175.2, 155.6, 
136.6, 132.5, 129.8, 128.7, 128.4, 126.9, 122.5, 120.5, 117.2, 61.7, 61.1, 53.6, 40.7, 34.7, 14.1. 
HPLC: Chiral-pak IB column, 230 nm, 30 oC, n-Hexane/i-PrOH = 95/5, flow = 0.8 mL/min, 
retention time 9.6 min and 10.3 min (major). HRMS Calculated for C19H22O4Na [M+H]+ 
337.1410, found: 337.1416.
_______________________________________________________________________________

(+)-Ethyl (S)-3-benzyl-2-oxochromane-3-carboxylate (3a’):
Kinetic resolution from hydrogenation of 3a. 44 mg, 47% yield, 93.0% ee, [α]20

D = +34.18 (c 0.88, 
CHCl3). HPLC: Chiralpak AS-H column, 230 nm, 30 oC, n-Hexane/i-PrOH = 90/10, flow = 0.8 
mL/min, retention time 9.5 min (major) and 10.7 min.
_______________________________________________________________________________

(+)-Ethyl 3-hydroxy-2-(2-hydroxybenzyl)-2-(4-methylbenzyl)propanoate (4b):
React for 55 h. 52 mg, 54% yield, colorless oil, new compound, Rf = 0.37 (hexanes/ethyl acetate 
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5/1), 61.6% ee, [α]20
D = +7.31 (c 1.04, CHCl3). 1H NMR (400 MHz, CDCl3) δ 8.20 (brs, 1H), 

7.19-7.11 (m, 2H), 7.05 (d, J = 7.8 Hz, 2H), 6.97 (d, J = 7.9 Hz, 2H), 
6.93-6.82 (m, 2H), 4.25-4.09 (m, 2H), 3.69 (d, J = 11.3 Hz, 1H), 3.40 (d, 
J = 11.7 Hz, 2H), 3.25-3.14 (m, 2H), 3.02 (d, J = 14.1 Hz, 1H), 2.85 (d, 
J = 13.5 Hz, 1H), 2.30 (s, 3H), 1.28 (t, J = 7.2 Hz, 3H). 13C NMR (100 
MHz, CDCl3) δ 175.4, 155.7, 136.4, 133.4, 132.5, 129.6, 129.1, 128.7, 

122.5, 120.4, 117.3, 61.9, 61.1, 53.5, 40.2, 34.7, 21.1, 14.2. HPLC: Chiralpak IB column, 230 nm, 
30 oC, n-Hexane/i-PrOH = 95/5, flow = 0.8 mL/min, retention time 9.1 min and 10.3 min (major). 
HRMS Calculated for C20H25O4 [M+H]+ 329.1747, found: 329.1755.
_______________________________________________________________________________

(+)-Ethyl 3-(4-methylbenzyl)-2-oxochromane-3-carboxylate (3b’):
Kinetic resolution from hydrogenation of 3b. 43 mg, 44% yield, 84.1% ee, [α]20

D = +35.11 (c 0.86, 
CHCl3). HPLC: Chiralpak AS-H column, 230 nm, 30 oC, n-Hexane/i-PrOH = 90/10, flow = 0.8 
mL/min, retention time 8.0 min (major) and 9.1 min.
_______________________________________________________________________________

(+)-Ethyl 2-(4-fluorobenzyl)-3-hydroxy-2-(2-hydroxybenzyl)propanoate (4c):
React for 72 h. 61 mg, 61% yield, colorless oil, new compound, Rf = 0.30 (hexanes/ethyl acetate 

5/1), 60.1% ee, [α]20
D = +5.66 (c 1.22, CHCl3). 1H NMR (400 MHz, 

CDCl3) δ 8.41 (brs, 1H), 7.19-7.05 (m, 4H), 6.97-6.77 (m, 4H), 4.27-3.82 
(m, 3H), 3.63 (d, J = 11.8 Hz, 1H), 3.44 (d, J = 11.7 Hz, 1H), 3.21-2.91 (m, 
4H), 1.23 (t, J = 7.2 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 174.8, 161.8 

(d, 1JF-C = 245.0 Hz), 155.2, 132.4 (d, 4JF-C = 3.0 Hz), 132.3, 131.3 (d, 3JF-C = 7.8 Hz), 128.7, 
122.8 , 120.7, 116.7, 115.2 (d, 2JF-C = 21.1 Hz), 61.0, 60.9, 53.8, 39.9, 34.6, 14.1. 19F NMR (376 
MHz, CDCl3) δ -115.88. HPLC: Chiralpak IB column, 230 nm, 30 oC, n-Hexane/i-PrOH = 95/5, 
flow = 0.8 mL/min, retention time 10.2 min and 10.7 min (major). HRMS Calculated for C19H22 

FO4 [M+H]+ 333.1497, found: 333.1498.
_______________________________________________________________________________

(+)-Ethyl 3-(4-fluorobenzyl)-2-oxochromane-3-carboxylate (3c’):
Kinetic resolution from hydrogenation of 3c. 37 mg, 38% yield, 98.3% ee, [α]20

D = +33.17 (c 0.74, 
CHCl3). HPLC: Chiralpak AS-H column, 230 nm, 30 oC, n-Hexane/i-PrOH = 90/10, flow = 0.8 
mL/min, retention time 9.3 min (major) and 11.2 min.
_______________________________________________________________________________

(+)-Ethyl 3-hydroxy-2-(2-hydroxybenzyl)-2-(naphthalen-2-ylmethyl)propanoate (4d):
React for 120 h. 49 mg, 45% yield, colorless oil, new compound, Rf = 0.30 (hexanes/ethyl acetate 
5/1), 67.1% ee, [α]20

D = +3.74 (c 0.98, CHCl3). 1H NMR (400 MHz, CDCl3) δ 8.33 (brs, 1H), 
7.79-7.66 (m, 3H), 7.56 (s, 1H), 7.46-7.37 (m, 2H), 7.22 (d, J = 7.7 Hz, 
1H), 7.17-7.08 (m, 2H), 6.95-6.80 (m, 2H), 4.14 (q, J = 7.1 Hz, 2H), 
3.68 (d, J = 11.7 Hz, 2H), 3.48 (d, J = 11.7 Hz, 1H), 3.34 (d, J = 13.4 Hz, 
1H), 3.24 (d, J = 14.1 Hz, 1H), 3.16-3.02 (m, 2H), 1.21 (t, J = 7.1 Hz, 

3H). 13C NMR (100 MHz, CDCl3) δ 175.2, 155.5, 134.3, 133.4, 132.5, 132.4, 128.7, 128.6, 128.1, 
127.9, 127.62, 127.59, 126.1, 125.7, 122.7, 120.6, 117.0, 61.5, 61.1, 53.9, 40.8, 34.8, 14.2. HPLC: 
Chiralpak IA column, 230 nm, 30 oC, n-Hexane/i-PrOH = 95/5, flow = 0.8 mL/min, retention time 
18.7 min (minor) and 26.5 min (major). HRMS Calculated for C23H25O4 [M+H]+ 365.1747, found: 
365.1750.
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_______________________________________________________________________________

(+)-Ethyl 3-(naphthalen-2-ylmethyl)-2-oxochromane-3-carboxylate (3d’):
Kinetic resolution from hydrogenation of 3d. 60 mg, 55% yield, 59.7% ee, [α]20

D = +14.32 (c 1.20, 
CHCl3). HPLC: Chiralpak AS-H column, 230 nm, 30 oC, n-Hexane/i-PrOH = 90/10, flow = 0.8 
mL/min, retention time 11.4 min (major) and 13.5 min.
_______________________________________________________________________________

(+)-Ethyl 3-hydroxy-2-(2-hydroxybenzyl)-2-methylpropanoate (4e):
React for 72 h. 45 mg, 64% yield, colorless oil, new compound, Rf = 0.34 (hexanes/ethyl acetate 

5/1), 53.8% ee, [α]20
D = +6.88 (c 0.90, CHCl3). 1H NMR (400 MHz, CDCl3) δ 

8.20 (brs, 1H), 7.23-7.09 (m, 1H), 7.05 (d, J = 6.5 Hz, 1H), 6.93-6.67 (m, 2H), 
4.22 (q, J = 7.1 Hz, 2H), 3.78 (d, J = 11.7 Hz, 1H), 3.31-3.08 (m, 2H), 2.79 (d, 

J = 14.1 Hz, 1H), 1.30 (t, J = 7.1 Hz, 3H), 1.14 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 177.6, 
155.8, 132.9, 128.6, 122.2, 120.2, 117.2, 65.6, 61.3, 48.0, 34.0, 19.3, 14.2. HPLC: Chiralpak IB 
column, 230 nm, 30 oC, n-Hexane/i-PrOH = 95/5, flow = 0.8 mL/min, retention time 12.3 min and 
13.9 min (major). HRMS Calculated for C13H19O4 [M+H]+ 239.1278, found: 239.1271.
_______________________________________________________________________________

(+)-Ethyl 3-methyl-2-oxochromane-3-carboxylate (3e’):
Kinetic resolution from hydrogenation of 3e. 25 mg, 35% yield, 98.4% ee, [α]20

D = +11.34 (c 0.50, 
CHCl3). HPLC: Chiralpak AS-H column, 230 nm, 30 oC, n-Hexane/i-PrOH = 90/10, flow = 0.8 
mL/min, retention time 9.8 min (major) and 11.0 min.
_______________________________________________________________________________

(+)-Ethyl 2-(2-hydroxy-5-methylbenzyl)-2-(hydroxymethyl)butanoate (4f):
React for 60 h. 36 mg, 49% yield, colorless oil, new compound, Rf = 0.38 (hexanes/ethyl acetate 

5/1), 80.5% ee, [α]20
D = +7.71 (c 0.72, CHCl3). 1H NMR (400 MHz, CDCl3) δ 

8.33 (brs, 1H), 7.18-7.10 (m, 1H), 7.08-7.00 (m, 1H), 6.93-6.79 (m, 2H), 4.23 
(q, J = 7.1 Hz, 2H), 3.86 (d, J = 11.6 Hz, 2H), 3.32 (d, J = 11.6 Hz, 1H), 3.18 

(d, J = 14.2 Hz, 1H), 2.85 (d, J = 14.2 Hz, 1H), 1.80-1.67 (m, 1H), 1.60-1.49 (m, 1H), 1.30 (t, J = 
7.1 Hz, 3H), 0.87 (t, J = 7.5 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 176.3, 155.6, 132.5, 128.5, 
122.6, 120.3, 117.0, 63.1, 61.1, 52.7, 33.0, 26.6, 14.3, 8.9. The HPLC: Chiralpak IB column, 230 
nm, 30 oC, n-Hexane/i-PrOH = 90/10, flow = 0.8 mL/min, retention time 9.8 min and 11.2 min 
(major). HRMS Calculated for C14H20O4Na [M+Na]+ 275.1254, found: 275.1253.
_______________________________________________________________________________

(+)-Ethyl 3-ethyl-6-methyl-2-oxochromane-3-carboxylate (3f’):
Kinetic resolution from hydrogenation of substrate lactone 3f. 35 mg, 47% yield, 88.6% ee, [α]20

D 
= +14.91 (c 0.70, CHCl3). The HPLC: Chiralpak AS-H column, 230 nm, 30 oC, n-Hexane/i-PrOH 
= 90/10, flow = 0.8 mL/min, retention time 7.9 min (major) and 9.7 min (minor).
_______________________________________________________________________________

(+)-Ethyl 2-(2-hydroxybenzyl)-2-(hydroxymethyl)pentanoate (4g):
React for 72 h. 47 mg, 57% yield, colorless oil, new compound, Rf = 0.40 (hexanes/ethyl acetate 
5/1), 75.0% ee, [α]20

D = +10.32 (c 0.94, CHCl3). 1H NMR (400 MHz, 
CDCl3) δ 8.30 (brs, 1H), 7.19-7.09 (m, 1H), 7.08-6.99 (m, 1H), 6.94-6.74 
(m, 2H), 4.31-4.15 (m, 2H), 3.82 (t, J = 29.3 Hz, 2H), 3.30 (d, J = 11.7 Hz, 
1H), 3.18 (d, J = 14.2 Hz, 1H), 2.84 (d, J = 14.2 Hz, 1H), 1.74-1.64 (m, 1H), 
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1.53-1.43 (m, 1H), 1.33-1.18 (m, 7H), 0.89 (t, J = 7.2 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 
176.5, 155.7, 132.6, 128.5, 122.6, 120.2, 117.1, 63.5, 61.0, 52.2, 33.5, 33.3, 26.7, 23.2, 14.3, 13.9. 
HPLC: Chi- ralpak IB column, 230 nm, 30 oC, n-Hexane/i-PrOH = 95/5, flow = 0.8 mL/min, 
retention time 8.9 min and 9.4 min (major). HRMS Calculated for C16H24O4Na [M+Na]+ 303.1567, 
found: 303.1572.
_______________________________________________________________________________

(+)-Ethyl 2-oxo-3-propylchromane-3-carboxylate (3g’):
Kinetic resolution from hydrogenation of 3g. 36 mg, 43% yield, 99.0% ee, [α]20

D = +15.97 (c 0.72, 
CHCl3). HPLC: Chiralpak AS-H column, 230 nm, 30 oC, n-Hexane/i-PrOH = 90/10, flow = 0.8 
mL/min, retention time 7.1 min (major) and 8.6 min.
_______________________________________________________________________________

(+)-Ethyl 2-(2-hydroxybenzyl)-2-(hydroxymethyl)-4-methoxybutanoate (4h):
React for 66 h. 39 mg, 46% yield, colorless oil, new compound, Rf = 0.20 (hexanes/ethyl acetate 

5/1), 84.4% ee, [α]20
D = +20.99 (c 0.78, CHCl3). 1H NMR (400 MHz, CDCl3) 

δ 7.16-7.09 (m, 1H), 7.05-6.97 (m, 1H), 6.89 (d, J = 7.9 Hz, 1H), 6.84-6.74 
(m, 1H), 4.16 (q, J = 7.1 Hz, 2H), 3.77 (d, J = 12.1 Hz, 1H), 3.59-3.37 (m, 

3H), 3.33 (s, 3H), 2.99 (dd, J = 35.6, 14.1 Hz, 2H), 2.19-2.07 (m, 1H), 1.94-1.85 (m, 1H), 1.25 (t, 
J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 175.6, 155.9, 132.2, 128.6, 122.5, 120.2, 117.3, 
69.0, 62.8, 61.1, 58.8, 51.4, 34.6, 33.9, 14.1. HPLC: Chiralpak IB column, 230 nm, 30 oC, n-He-
xane/i-PrOH = 95/5, flow = 0.8 mL/min, retention time 14.1 min and 17.5 min (major). HRMS 
Calculated for C15H22O5Na [M+Na]+ 303.1359, found: 303.1364.
_______________________________________________________________________________

(+)-Ethyl 3-(2-methoxyethyl)-2-oxochromane-3-carboxylate (3h’):
Kinetic resolution from hydrogenation of 3h. 44 mg, 53% yield, 66.4% ee, [α]20

D = +17.33 (c 0.88, 
CHCl3). HPLC: Chiralpak AS-H column, 230 nm, 30 oC, n-Hexane/i-PrOH = 90/10, flow = 0.8 
mL/min, retention time 9.2 min (major) and 10.1 min.
_______________________________________________________________________________

(+)-Ethyl 3-cyclopropyl-2-(2-hydroxybenzyl)-2-(hydroxymethyl)propanoate (4i):
React for 72 h. 56 mg, 68% yield, colorless oil, new compound, Rf = 0.30 (hexanes/ethyl acetate 
5/1), 39.8% ee, [α]20

D = +9.10 (c 1.12, CHCl3). 1H NMR (400 MHz, CDCl3) δ 8.30 (brs, 1H), 
7.20-7.11 (m, 1H), 7.07-6.95 (m, 1H), 6.95-6.74 (m, 2H), 4.33-4.16 (m, 2H), 
4.09 (d, J = 11.7 Hz, 1H), 3.39 (d, J = 11.7 Hz, 2H), 3.18 (d, J = 14.2 Hz, 1H), 
2.83 (d, J = 14.2 Hz, 1H), 1.90-1.80 (m, 1H), 1.33 (t, J = 7.1 Hz, 3H), 0.65-
0.51 (m, 1H), 0.49-0.36 (m, 2H), 0.08-0.03 (m, 2H). 13C NMR (100 MHz, 

CDCl3) δ 176.7, 155.9, 132.6, 128.6, 122.3, 120.2, 117.4, 63.4, 61.1, 52.8, 39.0, 34.0, 14.2, 6.5, 
5.3, 4.1. HPLC: Chiralpak IB column, 230 nm, 30 oC, n-Hexane/i-PrOH = 95/5, flow = 0.8 mL/ 
min, retention time 9.9 min and 11.4 min (major). HRMS Calculated for C16H23O4 [M+H]+ 
279.1591, found: 279.1597.
_______________________________________________________________________________

(+)-Ethyl 3-(cyclopropylmethyl)-2-oxochromane-3-carboxylate (3i’):
Kinetic resolution from hydrogenation of 3i. 26 mg, 32% yield, 98.8% ee, [α]20

D = +32.66 (c 0.52, 
CHCl3). HPLC: Chiralpak AS-H column, 230 nm, 30 oC, n-Hexane/i-PrOH = 90/10, flow = 0.8 
mL/min, retention time 7.6 min (major) and 9.6 min.
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_______________________________________________________________________________

(+)-Ethyl 3-cyclobutyl-2-(2-hydroxybenzyl)-2-(hydroxymethyl)propanoate (4j):
React for 55 h under 50 oC. 58 mg, 67% yield, colorless oil, new compound, Rf = 0.25 (hexanes/ 

ethyl acetate 5/1), 48.0% ee, [α]20
D = +2.33 (c 1.16, CHCl3). 1H NMR (400 

MHz, CDCl3) δ 8.44 (brs, 1H), 7.17-7.10 (m, 1H), 7.08-6.98 (m, 1H), 6.91-
6.73 (m, 2H), 4.24-4.12 (m, 2H), 3.82 (d, J = 11.7 Hz, 2H), 3.29 (d, J = 11.7 
Hz, 1H), 3.13 (d, J = 14.1 Hz, 1H), 2.83 (d, J = 14.2 Hz, 1H), 2.37-2.26 (m, 

1H), 2.02-1.92 (m, 2H), 1.89-1.76 (m, 2H), 1.74-1.54 (m, 4H), 1.30 (t, J = 7.1 Hz, 3H). 13C NMR 
(100 MHz, CDCl3) δ 176.4, 155.7, 132.6, 128.5, 122.6, 120.3, 117.0, 63.1, 61.0, 51.9, 41.2, 33.7, 
32.5, 30.1, 29.2, 18.8, 14.2. HPLC: Chiralpak IB column, 230 nm, 30 oC, n-Hexane/i-PrOH = 95/5, 
flow = 0.8 mL/min, retention time 9.1 min and 9.9 min (major). HRMS Calculated for C17H24 

O4Na [M+Na]+ 315.1567, found: 315.1567.
_______________________________________________________________________________

(+)-Ethyl 3-(cyclobutylmethyl)-2-oxochromane-3-carboxylate (3j’):
Kinetic resolution from hydrogenation of 3j. 28 mg, 33% yield, 95.6% ee, [α]20

D = +24.69 (c 0.56, 
CHCl3). HPLC: Chiralpak AS-H column, 230 nm, 30 oC, n-Hexane/i-PrOH = 90/10, flow = 0.8 
mL/min, retention time 7.6 min (major) and 8.9 min.
_______________________________________________________________________________

(+)-Ethyl 3-cyclohexyl-2-(2-hydroxybenzyl)-2-(hydroxymethyl)propanoate (4k):
React for 72 h. 62 mg, 64% yield, colorless oil, new compound, Rf = 0.30 (hexanes/ethyl acetate 

5/1), 55.0% ee, [α]20
D = +6.51 (c 1.04, CHCl3). 1H NMR (400 MHz, CDCl3) δ 

8.27 (brs, 1H), 7.20-7.10 (m, 1H), 7.07-7.00 (m, 1H), 6.98-6.87 (m, 1H), 
6.86-6.76 (m, 1H), 4.22 (q, J = 7.1 Hz, 2H), 3.96 (d, J = 11.7 Hz, 1H), 3.44 
(brs, 1H), 3.26 (d, J = 11.9 Hz, 1H), 3.16 (d, J = 14.1 Hz, 1H), 2.75 (d, J = 

14.1 Hz, 1H), 1.79-1.70 (m, 1H), 1.67-1.59 (m, 4H), 1.52 (d, J = 13.2 Hz, 1H), 1.47-1.40 (m, 1H), 
1.32 (t, J = 7.1 Hz, 3H), 1.25-1.08 (m, 4H), 0.98-0.85 (m, 2H). 13C NMR (100 MHz, CDCl3) δ 
177.2, 155.8, 132.7, 128.5, 122.5, 120.2, 117.2, 63.2, 61.0, 51.4, 41.3, 34.9, 34.7, 34.1, 33.7, 26.4, 
26.3, 26.1, 14.1. HPLC: Chiralpak AS-H column, 230 nm, 30 oC, n-Hexane/i-PrOH = 90/10, flow 
= 0.8 mL/min, retention time 6.2 min (major) and 7.2 min. HRMS Calculated for C19H28O4Na 
[M+Na]+ 339.1567, found: 339.1534.
_______________________________________________________________________________

(+)-Ethyl 3-(cyclohexylmethyl)-2-oxochromane-3-carboxylate (3k’):
Kinetic resolution from hydrogenation of 3k. 34 mg, 36% yield, 97.0% ee, [α]20

D = +14.87 (c 0.68, 
CHCl3). HPLC: Chiralcel OD-H column, 230 nm, 30 oC, n-Hexane/i-PrOH = 90/10, flow = 0.8 
mL/min, retention time 5.6 min (major) and 6.2 min.
_______________________________________________________________________________

(+)-Methyl 2-benzyl-3-hydroxy-2-(2-hydroxybenzyl)propanoate (4l):
React for 50 h. 46 mg, 51% yield, colorless oil, new compound, Rf = 0.35 (hexanes/ethyl acetate 

5/1), 77.4% ee, [α]20
D = +13.75 (c 0.64, CHCl3). 1H NMR (400 MHz, CDCl3) 

δ 8.08 (brs, 1H), 7.27-7.04 (m, 7H), 6.93-6.81 (m, 2H), 3.69 (s, 3H), 3.68-
3.28 (m, 3H), 3.27-3.14 (m, 2H), 3.04 (d, J = 14.1 Hz, 1H), 2.90 (d, J = 13.5 

Hz, 1H). 13C NMR (100 MHz, CDCl3) δ 175.6, 155.6, 136.6, 132.4, 129.7, 128.7, 128.5, 126.9, 
122.4, 120.5, 117.2, 61.6, 53.8, 51.8, 40.7, 34.7. HPLC: Chiralpak IB column, 230 nm, 30 oC, n-
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Hexane/i-PrOH = 97/3, flow = 1.0 mL/ min, retention time 13.8 min and 15.0 min (major). HRMS 
Calculated for C18H20O4Na [M+Na]+ 323.1254, found: 323.1268.
_______________________________________________________________________________

(+)-Methyl 3-benzyl-2-oxochromane-3-carboxylate (3l’):
Kinetic resolution from hydrogenation of 3l. 45 mg, 48% yield, 72.0% ee, [α]20

D = +32.00 (c 0.60, 
CHCl3). HPLC: Chiralpak AS-H column, 230 nm, 30 oC, n-Hexane/i-PrOH = 90/10, flow = 0.8 
mL/min, retention time 12.0 min and 23.5 min (major).
_______________________________________________________________________________

(+)-Isopropyl 2-benzyl-3-hydroxy-2-(2-hydroxybenzyl)propanoate (4m):
React for 72 h. 52 mg, 53% yield, colorless oil, new compound, Rf = 0.35 (hexanes/ethyl acetate 

5/1), 71.2% ee, [α]20
D = +7.61 (c 1.04, CHCl3). 1H NMR (400 MHz, CDCl3) δ 

8.41 (brs, 1H), 7.26-7.07 (m, 7H), 6.94-6.80 (m, 2H), 5.09-4.89 (m, 1H), 3.70 
(t, J = 36.4 Hz, 2H), 3.41 (d, J = 11.7 Hz, 1H), 3.25-3.11 (m, 2H), 3.03 (d, J = 

14.1 Hz, 1H), 2.91 (d, J = 13.5 Hz, 1H), 1.24-1.05 (m, 6H). 13C NMR (100 MHz, CDCl3) δ 174.8, 
155.5, 136.7, 132.6, 130.0, 128.7, 128.3, 126.8, 122.7, 120.4, 117.1, 69.0, 61.5, 53.5, 40.6, 34.8, 
21.81, 21.75. HPLC: Chiralpak IB column, 230 nm, 30 oC, n-Hexane/i-PrOH = 95/5, flow = 0.8 
mL/ min, retention time 8.6 min and 9.6 min (major). HRMS Calculated for C20H24O4Na [M+Na]+ 
351.1567, found: 351.1574.
_______________________________________________________________________________

(+)-Isopropyl 3-benzyl-2-oxochromane-3-carboxylate (3m’):
Kinetic resolution from hydrogenation of 3l. 45 mg, 46% yield, 80.8% ee, [α]20

D = +7.62 (c 0.90, 
CHCl3). HPLC: Chiralpak AS-H column, 230 nm, 30 oC, n-Hexane/i-PrOH = 90/10, flow = 0.8 
mL/min, retention time 7.6 min (major) and 8.1 min.
_______________________________________________________________________________

(+)-Ethyl 2-benzyl-3-hydroxy-2-(2-hydroxy-4-methylbenzyl)propanoate (4n):
React for 56 h. 50 mg, 50% yield, colorless oil, new compound, Rf = 0.40 (hexanes/ethyl acetate 

5/1), 78.1% ee, [α]20
D = +9.79 (c 1.00, CHCl3). 1H NMR (400 MHz, 

CDCl3) δ 8.05 (brs, 1H), 7.26-7.18 (m, 3H), 7.12-6.96 (m, 3H), 6.82-6.58 
(m, 2H), 4.24-4.08 (m, 2H), 3.68 (d, J = 11.5 Hz, 1H), 3.39 (d, J = 11.8 

Hz, 1H), 3.18 (d, J = 13.8 Hz, 2H), 3.01-2.82 (m, 2H), 2.27 (s, 3H), 1.25 (t, J = 7.1 Hz, 3H). 13C 
NMR (100 MHz, CDCl3) δ 175.4, 155.5, 138.7, 136.7, 132.3, 129.8, 128.4, 126.9, 121.3, 119.2, 
117.8, 61.8, 61.0, 53.5, 40.6, 34.5, 21.1, 14.2. The HPLC: Chiralpak IA column, 230 nm, 30 oC, n-
Hexane/i-PrOH = 95/5, flow = 0.8 mL/min, retention time 14.9 min and 18.1 min (major). HRMS 
Calculated for C20H24O4Na [M+Na]+ 351.1567, found: 351.1568.
_______________________________________________________________________________

(+)-Ethyl 3-benzyl-7-methyl-2-oxochromane-3-carboxylate (3n’):
Kinetic resolution from hydrogenation of 3m. 49 mg, 50% yield, 88.1% ee, [α]20

D = +29.00 (c 
0.98, CHCl3). HPLC: Chiralpak IB column, 230 nm, 30 oC, n-Hexane/i-PrOH = 97/3, flow = 0.8 
mL/min, retention time 9.0 min (major) and 10.6 min.
_______________________________________________________________________________

(+)-Ethyl 2-benzyl-2-(4-chloro-2-hydroxybenzyl)-3-hydroxypropanoate (4o):
React for 72 h. 51 mg, 50% yield, colorless oil, new compound, Rf = 0.40 (hexanes/ethyl acetate 
5/1), 59.3% ee, [α]20

D = +10.33 (c 1.02, CHCl3). 1H NMR (400 MHz, CDCl3) δ 8.52 (brs, 1H), 
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7.26-7.18 (m, 3H), 7.13-7.00 (m, 3H), 6.91 (d, J = 2.1 Hz, 1H), 6.86-6.77 (m, 1H), 4.18-4.09 (m, 
2H), 3.64 (d, J = 11.7 Hz, 1H), 3.41 (d, J = 11.7 Hz, 1H), 3.16 (d, J = 13.5 Hz, 2H), 2.98 (d, J = 

14.2 Hz, 1H), 2.87 (d, J = 13.5 Hz, 1H), 1.23 (t, J = 7.2 Hz, 3H). 13C 
NMR (100 MHz, CDCl3) δ 175.0, 156.5, 136.4, 133.7, 133.2, 129.8, 128.4, 
127.0, 121.2, 120.6, 117.5, 61.6, 61.2, 53.5, 40.7, 34.2, 14.1. HPLC: 

Chiralpak IB column, 230 nm, 30 oC, n-Hexane/i-PrOH = 95/5, flow = 0.8 mL/min, retention time 
14.2 min (major) and 15.5 min. HRMS Calculated for C19H21ClO4Na [M+Na]+ 371.1021 (35Cl), 
found: 371.1027 (35Cl). [M+H]+ 373.1004 (37Cl), found: 373.1003 (37Cl).
_______________________________________________________________________________

(+)-Ethyl 3-benzyl-7-chloro-2-oxochromane-3-carboxylate (3o’):
Kinetic resolution from hydrogenation of 3n. 51 mg, 49% yield, 82.1% ee, [α]20

D = +32.32 (c 1.02, 
CHCl3). HPLC: Chiralpak AS-H column, 230 nm, 30 oC, n-Hexane/i-PrOH = 97/3, flow = 0.8 
mL/min, retention time 9.3 min (major) and 10.0 min.
_______________________________________________________________________________

(+)-Ethyl 2-benzyl-3-hydroxy-2-(2-hydroxy-4-methoxybenzyl)propanoate (4p):
React for 72 h. 67 mg, 65% yield, colorless oil, new compound, Rf = 0.25 (hexanes/ethyl acetate 

5/1), 49.5% ee, [α]20
D = +14.74 (c 1.34, CHCl3). 1H NMR (400 MHz, 

CDCl3) δ 8.47 (brs, 1H), 7.24-7.15 (m, 3H), 7.12-7.05 (m, 2H), 7.00 (d, 
J = 8.4 Hz, 1H), 6.53-6.36 (m, 2H), 4.18-4.06 (m, 2H), 3.72 (d, J = 2.2 

Hz, 3H), 3.65 (d, J = 11.6 Hz, 1H), 3.42 (d, J = 11.6 Hz, 1H), 3.20-3.09 (m, 2H), 3.01-2.84 (m, 
2H), 1.22 (t, J = 7.2 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 175.3, 160.0, 156.5, 136.8, 132.9, 
129.8, 128.4, 126.8, 114.8, 106.7, 102.4, 61.5, 61.0, 55.3, 53.7, 40.7, 34.1, 14.1. HPLC: Chiralpak 
IC column, 230 nm, 30 oC, n-Hexane/i-PrOH = 80/20, flow = 0.8 mL/min, retention time 9.0 min 
(major) and 11.3 min. HRMS Calculated for C20H25O5 [M+H]+ 345.1697, found: 345.1697.
_______________________________________________________________________________

(+)-Ethyl 3-benzyl-7-methoxy-2-oxochromane-3-carboxylate (3p’):
Kinetic resolution from hydrogenation of 3o. 36 mg, 35% yield, 97.9% ee, [α]20

D = +42.97 (c 0.72, 
CHCl3). HPLC: Chiralcel OD-H column, 230 nm, 30 oC, n-Hexane/i-PrOH = 90/10, flow = 0.8 
mL/min, retention time 9.6 min (major) and 10.8 min.
_______________________________________________________________________________
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5. Experiment at Gram Scale

O O

CO2Et

Pd(OCOCF3)2 (2.5 mol%)
(R,R)-TMS-QunioxP* (3 mol%)

H2 (400 psi), HFIP/Toluene = 5:1
30 oC

OH

CO2Et

OH

1a
(1.090 g, 5 mmol)

2a
(1.032 g, 92% yield, 90% ee)
(98% yield, 91% ee at 0.2 mmol)

N

N
TMS

TMS

P

P

Me

tBu

Me

tBu
(R,R)-TMS-QuinoxP*

The metal precursor Pd(OCOCF3)2 (0.125 mmol, 40.3 mg, 2.5 mol%), chiral ligand (R,R)-
TMS-QuinoxP* (0.15 mmol, 71.9 mg, 3 mol%) and degassed anhydrous acetone (10 mL) were 
placed in a dried Schlenk tube under nitrogen atmosphere. The mixture was stirred under room 
temperature for 2 hour. The solvent was removed under vacuum to give the chiral catalyst. This 
catalyst was taken into a glove box filled with nitrogen and dissolved in solvent (HFIP/toluene = 
5:1, 6.0 mL). To the mixture of lactone 1a (5 mmol, 1.090 g) and solvent (HFIP/toluene = 5:1, 6.0 
mL) was added the above catalyst solution, and the mixture was transferred to an autoclave, which 
was charged hydrogen gas (400 psi). The reaction mixture was stirred at 30 oC for 120 hours. 
After the release of hydrogen gas, the autoclave was opened and the volatiles were removed under 
the reduced pressure. Then, the residue was purified by column chromatography on silica gel 
using using dicholormethane/methanol (40:1) as eluent to give the pure reductive product 2a 
(1.032 g, 92% yield, 90% ee).

The enantiomeric excess of the reductive product 2a was determined by the chiral HPLC with 
the Chiralpak AS-H column.
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6. Product Elaboration
6.1 Transesterification

Toluene, 60 oC, 72 h

(+)-2a 90% ee 30 mg, 84% yield (+)-5 89% ee

OH

CO2Et

OH O

OH

OTsOH H2O•

To a Schlenk tube, reductive product ethyl 3-hydroxy-2-(2-hydroxybenzyl)propanoate (+)-2a 
(90% ee, 44.8 mg, 0.2 mmol), toluene (4.0 mL) and p-toluenesulfonic acid monohydrate (3.8 mg, 
0.02 mmol) were added under nitrogen gas. Then the mixture was stirred for 72 hours under 60 oC. 
After completion of reaction (monitored by TLC), water (10 mL) and ethyl acetate (5 mL) were 
added, and the water layer was extracted with ethyl acetate three times. The combined organic 
layers were dried over anhydrous sodium sulfate, filtered and concentrated under the reduced 
pressure. The crude residue was purified by flash column chromatography on silica gel using dich-
loromethane/methanol (40:1) as eluent to give the chiral transesterification product (-)-5 without 
any loss of optical purity.
_______________________________________________________________________________

(-)-3-(Hydroxymethyl)chroman-2-one (5)
30 mg, 84% yield, viscous oil, new compound, Rf = 0.60 (dichloromethane/methanol 40/1), 89% 
ee, [α]20

D = -14.09 (c 0.44, CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.28-7.20 (m, 2H), 7.17-7.02 
(m, 2H), 4.17-3.84 (m, 2H), 3.04 (t, J = 14.3 Hz, 1H), 2.97-2.79 (m, 2H), 2.63 (t, J = 6.5 Hz, 1H). 
13C NMR (100 MHz, CDCl3) δ 171.0, 151.2, 128.4, 128.2, 124.7, 122.5, 116.8, 61.8, 41.6, 26.3. 
HPLC: Chiralpak AS-H column, 230 nm, 30 oC, n-Hexane/i-PrOH = 90/10, flow = 0.8 mL/min, 
retention time 31.1 min (major) and 32.8. HRMS Calculated for C10H11O3 [M+H]+ 179.0703, 
found: 179.0697.
_______________________________________________________________________________

6.2 Appel Reaction

DCM, 0 oC to rt

(+)-2a 90% ee 56 mg, 98% yield (+)-6 90% ee

OH

CO2Et

OH CBr4, PPh3
OH

CO2Et

Br

To a Schlenk tube, reductive product ethyl 3-hydroxy-2-(2-hydroxybenzyl)propanoate (+)-2a 
(90% ee, 44.8 mg, 0.2 mmol), dichloromethane (2.0 mL) and carbon tetrabromide (73.0 mg, 0.22 
mmol) were added under nitrogen gas. Then triphenylphosphine (78.7 mg, 0.3 mmol) in 
dichloromethane (2.0 mL) was added dropwise at 0 oC. The mixture was allowed to reach room 
temperature and stirred for 72 hours. After completion of reaction (monitored by TLC), water (10 
mL) and ethyl acetate (5 mL) were added, and the water layer was extracted with ethyl acetate 
three times. The combined organic layers were dried over anhydrous sodium sulfate, filtered and 
concentrated under the reduced pressure. The crude residue was purified by flash column chroma-
tography on silica gel using hexanes/ethyl acetate (10/1) as eluent to give the chiral brominated 
product (-)-6 without any loss of optical purity.
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_______________________________________________________________________________

(-)-Ethyl 3-bromo-2-(2-hydroxybenzyl)propanoate (6)
56 mg, 98% yield, viscous oil, new compound, Rf = 0.40 (hexanes/ethyl acetate 10/1), 90% ee, 
[α]20

D = -1.52 (c 1.12, CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.17-7.07 (m, 2H), 6.93-6.71 (m, 
2H), 6.21 (brs, 1H), 4.27-4.12 (m, 2H), 3.60 (d, J = 5.7 Hz, 2H), 3.29-3.18 (m, 1H), 3.13 (dd, J = 
13.8, 7.9 Hz, 1H), 2.88 (dd, J = 13.8, 6.0 Hz, 1H), 1.23 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, 
CDCl3) δ 173.7, 154.1, 131.3, 128.4, 124.4, 120.9, 116.4, 61.6, 48.1, 33.0, 31.2, 14.1. The HPLC: 
Chiralcel OD-H column, 230 nm, 30 oC, n-Hexane/i-PrOH = 75/25, flow = 0.8 mL/min, retention 
time 9.9 min and 12.2 (major). HRMS Calculated for C12H16BrO3 [M+H]+ 287.0283 (79Br), found: 
287.0278 (79Br). [M+H]+ 289.0263 (81Br), found: 289.0257 (81Br).
_______________________________________________________________________________

6.3 Single Acyl Protection

THF, rt

(+)-2a 90% ee 45 mg, 85% yield (+)-7 88% ee

OH

CO2Et

OH K2CO3, Ac2O
OAc

CO2Et

OH

To a Schlenk tube, reductive product ethyl 3-hydroxy-2-(2-hydroxybenzyl)propanoate (+)-2a 
(90% ee, 44.8 mg, 0.2 mmol), tetrahydrofuran (3.0 mL) and potassium carbonate (56.0 mg, 0.4 
mmol) were added under nitrogen gas. Then acetic anhydride (23 μL, 0.25 mmol) in was slowly 
added and stirred for 9 hours. After completion of reaction (monitored by TLC), water (10 mL) 
and ethyl acetate (5 mL) were added, and the water layer was extracted with ethyl acetate three 
times. The combined organic layers were dried over anhydrous sodium sulfate, filtered and 
concentrated under the reduced pressure. The crude residue was purified by flash column 
chromatography on silica gel using dicholormethane/methanol (40:1) as eluent to give the single 
protected product (+)-7 without any loss of optical purity.
_______________________________________________________________________________

(+)-Ethyl 2-(2-acetoxybenzyl)-3-hydroxypropanoate (7)
45 mg, 85% yield, viscous oil, new compound, Rf = 0.60 (dicholormethane/methanol 40/1), 88% 
ee, [α]20

D = +7.83 (c 0.90, CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.27 (s, 2H), 7.22-7.13 (m, 1H), 
7.05 (d, J = 7.9 Hz, 1H), 4.16 (q, J = 7.0 Hz, 2H), 3.85-3.71 (m, 1H), 3.69-3.61 (m, 1H), 3.02-2.89 
(m, 1H), 2.89-2.71 (m, 2H), 2.34 (s, 4H), 1.23 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 
174.6, 169.6, 149.1, 131.1, 130.7, 128.0, 126.2, 122.6, 61.9, 60.9, 47.6, 28.9, 21.0, 14.2. HPLC: 
Chiralcel OJ-H column, 230 nm, 30 oC, n-Hexane/i-PrOH = 70/30, flow = 0.8 mL/min, retention 
time 6.9 min (major) and 8.0. HRMS Calculated forC14H19O5 [M+H]+ 267.1227, found: 267.1242.
_______________________________________________________________________________

6.4 Double Acyl Protection

DCM, rt

(+)-2a 90% ee 61 mg, 99% yield (+)-8 90% ee

OH

CO2Et

OH Et3N, Ac2O
OAc

CO2Et

OAc

To a Schlenk tube, reductive product ethyl 3-hydroxy-2-(2-hydroxybenzyl)propanoate (+)-2a 
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(90% ee, 44.8 mg, 0.2 mmol), dichloromethane (2.0 mL) and triethylamine (69 μL, 0.5 mmol) 
were added under nitrogen gas. Then acetic anhydride (47 μL, 0.5 mmol) in was slowly added and 
stirred overnight. After completion of reaction (monitored by TLC), water (10 mL) and ethyl 
acetate (5 mL) were added, and the water layer was extracted with ethyl acetate three times. The 
combined organic layers were dried over anhydrous sodium sulfate, filtered and concentrated 
under the reduced pressure. The crude residue was purified by flash column chromatography on 
silica gel using hexanes/ethyl acetate (5/1) as eluent to give the double acyl protected product (-)-8 
without any loss of optical purity.
_______________________________________________________________________________

(-)-Ethyl 3-acetoxy-2-(2-acetoxybenzyl)propanoate (8)
61 mg, 99% yield, viscous oil, new compound, Rf = 0.50 (hexanes/ethyl acetate 5/1), 90% ee, 
[α]20

D = -2.75 (c 1.20, CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.29-7.03 (m, 4H), 4.28-4.16 (m, 
2H), 4.16-4.04 (m, 2H), 3.04-2.87 (m, 2H), 2.81-2.68 (m, 1H), 2.34 (s, 3H), 2.02 (s, 3H), 1.17 (t, J 
= 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 172.7, 170.6, 169.3, 149.2, 130.9, 130.1, 128.1, 
126.2, 122.6, 64.0, 60.9, 45.1, 29.7, 20.9, 20.8, 14.1. HPLC: Chiralcel OD-H column, 254 nm, 30 
oC, n-Hexane/i-PrOH = 95/5, flow = 0.8 mL/min, retention time 13.3 min and 14.0 (major). The 
HRMS Calculated forC16H21O6 [M+H]+ 309.1333, found: 309.1337.
_______________________________________________________________________________
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7. Determination of Absolute Configuration
7.1 Absolute Configuration of Product (+)-2o

To determine the absolute configuration of (+)-ethyl 3-hydroxy-2-((2-hydroxynaphthalen-1-yl) 
methyl)propanoate (2o, >99% ee): (+)-2o was completely dissolved in ethyl acetate (1.0 mL), n-
hexane (5.0 mL) was added slowly at room temperature.The solvent diffused slowly, and the 
single crystal was obtained after 14 days. The structure in Figure S1 showed the absolute configu-
ration is (R). The CCDC number is 2247354. These details can be obtained free of charge via 
www.ccdc.com.ac.uk/data_request/cif from the Cambridge Crystallographic Data Centre.

(R)

OH OH

CO2Et

(+)-(R)-2o

Figure S1. X-Ray Structure of Chiral Reductive Product (+)-(R)-2o
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Crystal Data and Structure Refinement for cu_d8v21614_0m for (+)-(R)-2n

Identification code cu_d8v23129_0m

Empirical formula C16 H18 O4

Formula weight 274.30

Temperature 293(2) K

Wavelength 1.54178 Å

Crystal system Orthorhombic

Space group P 21 21 21

Unit cell dimensions a = 7.0614(3) Å = 90°

b = 10.6993(4) Å = 90°

c = 18.6749(8) Å  = 90°

Volume 1410.93(10) Å3

Z 4

Density (calculated) 1.291 Mg/m3

Absorption coefficient 0.756 mm-1

F(000) 584

Crystal size 0.180 x 0.140 x 0.100 mm3

Theta range for data collection 4.763 to 67.464°.

Index ranges -8<=h<=8, -12<=k<=12, -22<=l<=20

Reflections collected 9206

Independent reflections 2510 [R(int) = 0.0598]

Completeness to theta = 67.679° 98.1 % 

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.7533 and 0.4628

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 2510 / 0 / 185

Goodness-of-fit on F2 1.073

Final R indices [I>2sigma(I)] R1 = 0.0464, wR2 = 0.1241

R indices (all data) R1 = 0.0519, wR2 = 0.1296

Absolute structure parameter 0.05(15)

Extinction coefficient 0.029(5)

Largest diff. peak and hole 0.158 and -0.140 e.Å-3
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7.2 Absolute Configuration of Product (+)-3a’

To determine the absolute configuration of (+)-ethyl 3-benzyl-2-oxochromane-3-carboxylate 
(3a’, >99% ee): (+)-3a’ was completely dissolved in dicholormethane (0.1 mL), n-hexane (0.5 mL) 
was added slowly at room temperature.The solvent diffused slowly, and the single crystal was 
obtained after two days. The structure in Figure S2 showed the absolute configuration is (S). The 
CCDC number is 2247355. These details can be obtained free of charge via www.ccdc.com.ac.uk/ 
data_request/ cif from the Cambridge Crystallographic Data Centre.

(+)-(S)-3a'

(S)

O O

CO2Et

Ph

Figure S2.X-Ray Structure of Chiral Compound (+)-(S)-3a’
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Crystal Data and Structure Refinement for cu_d8v21614_0m for (+)-(S)-3a’

Identification code cu_d8v23127_0m

Empirical formula C19 H18 O4

Formula weight 310.33

Temperature 293(2) K

Wavelength 1.54178 Å

Crystal system Triclinic

Space group P -1

Unit cell dimensions a = 8.2353(3) Å = 82.2410(10)°

b = 9.8484(4) Å = 70.296(2)°

c = 11.7427(5) Å  = 66.5120(10)°

Volume 822.33(6) Å3

Z 2

Density (calculated) 1.253 Mg/m3

Absorption coefficient 0.714 mm-1

F(000) 328

Crystal size 0.200 x 0.150 x 0.120 mm3

Theta range for data collection 3.999 to 67.492°.

Index ranges -9<=h<=9, -11<=k<=11, -14<=l<=14

Reflections collected 28232

Independent reflections 2856 [R(int) = 0.0623]

Completeness to theta = 67.679° 96.4 % 

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.7456 and 0.5300

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 2856 / 0 / 210

Goodness-of-fit on F2 1.046

Final R indices [I>2sigma(I)] R1 = 0.0489, wR2 = 0.1336

R indices (all data) R1 = 0.0505, wR2 = 0.1352

Extinction coefficient 0.059(11)

Largest diff. peak and hole 0.209 and -0.127 e.Å-3
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8. Proposed Mechanism of DKR
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10. Copy of NMR and HPLC Spectra
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13C NMR (100 MHz, CDCl3)

OH OH

CO2Et



S164

          
(+/-)-4d

OH

CO2Et

OH

(+)-4d

OH OH

CO2Et



S165

4e
1H NMR (400 MHz, CDCl3)

OH OH

CO2Et
Me



S166

4e
13C NMR (100 MHz, CDCl3)

OH OH

CO2Et
Me



S167

          

(+/-)-4e

OH

CO2Et

OH

Me
(+)-4e

OH OH

CO2Et
Me



S168

4f
1H NMR (400 MHz, CDCl3)

OH OH

CO2Et
Et



S169

4f
13C NMR (100 MHz, CDCl3)

OH OH

CO2Et
Et



S170

          

(+/-)-4f

OH

CO2Et

OH

Et
(+)-4f

OH OH

CO2Et
Et



S171

4g
1H NMR (400 MHz, CDCl3)

OH OH

CO2Et



S172

4g
13C NMR (100 MHz, CDCl3)

OH OH

CO2Et



S173

          

(+/-)-4g

OH OH

CO2Et

(+)-4g

OH OH

CO2Et



S174

4h
1H NMR (400 MHz, CDCl3)

OH OH

CO2Et

OMe



S175

4h
13C NMR (100 MHz, CDCl3)

OH OH

CO2Et

OMe



S176

          

(+/-)-4h

OH

CO2Et

OH

OMe
(+)-4h

OH OH

CO2Et

OMe



S177

4i
1H NMR (400 MHz, CDCl3)

OH OH

CO2Et



S178

4i
13C NMR (100 MHz, CDCl3)

OH OH

CO2Et



S179

          

(+/-)-4i

OH

CO2Et

OH

(+)-4i

OH OH

CO2Et



S180

4j
1H NMR (400 MHz, CDCl3)

OH OH

CO2Et



S181

4j
13C NMR (100 MHz, CDCl3)

OH OH

CO2Et



S182

          

(+/-)-4j

OH

CO2Et

OH

(+)-4j

OH OH

CO2Et



S183

4k
1H NMR (400 MHz, CDCl3)

OH OH

CO2Et



S184

4k
13C NMR (100 MHz, CDCl3)

OH OH

CO2Et



S185

          

(+/-)-4k

OH

CO2Et

OH

(+)-4k

OH OH

CO2Et



S186

4l
1H NMR (400 MHz, CDCl3)

OH OH

CO2Me
Bn



S187

4l
13C NMR (100 MHz, CDCl3)

OH OH

CO2Me
Bn



S188

          

(+/-)-4l

OH

CO2Me

OH

Bn
(+)-4l

OH OH

CO2Me
Bn



S189

4m
1H NMR (400 MHz, CDCl3)

OH OH

CO2iPr
Bn



S190

4m
13C NMR (100 MHz, CDCl3)

OH OH

CO2iPr
Bn



S191

          

(+/-)-4m

OH

CO2iPr

OH

Bn
(+)-4m

OH OH

CO2iPr
Bn



S192

4n
1H NMR (400 MHz, CDCl3)

OH OH

CO2Et
Bn

Me



S193

4n
13C NMR (100 MHz, CDCl3)

OH OH

CO2Et
Bn

Me



S194

          

(+/-)-4n

OH

CO2Et

OH

Bn

Me

(+)-4n

OH OH

CO2Et
Bn

Me



S195

4o
1H NMR (400 MHz, CDCl3)

OH OH

CO2Et
Bn

Cl



S196

4o
13C NMR (100 MHz, CDCl3)

OH OH

CO2Et
Bn

Cl



S197

          

(+/-)-4o

OH

CO2Et

OH

Bn

Cl

(+)-4o

OH OH

CO2Et
Bn

Cl



S198

-

4p
1H NMR (400 MHz, CDCl3)

OH OH

CO2Et
Bn

MeO



S199

4p
13C NMR (100 MHz, CDCl3)

OH OH

CO2Et
Bn

MeO



S200

          

(+/-)-4p

OH

CO2Et

OH

Bn

MeO

(+)-4p

OH OH

CO2Et
Bn

MeO



S201

5
1H NMR (400 MHz, CDCl3)

O O

OH



S202

5
13C NMR (100 MHz, CDCl3)

O O

OH



S203

          

(+/-)-5

O O

OH

(-)-5

O O

OH



S204

6
1H NMR (400 MHz, CDCl3)

OH Br

CO2Et



S205

6
13C NMR (100 MHz, CDCl3)

OH Br

CO2Et



S206

          

(+/-)-6

OH Br

CO2Et

(-)-6

OH Br

CO2Et



S207

7
1H NMR (400 MHz, CDCl3)

OAc OH

CO2Et



S208

7
13C NMR (100 MHz, CDCl3)

OAc OH

CO2Et



S209

          

(+/-)-7

OAc OH

CO2Et

(-)-7

OAc OH

CO2Et



S210

8
1H NMR (400 MHz, CDCl3)

OAc OAc

CO2Et



S211

8
13C NMR (100 MHz, CDCl3)

OAc OAc

CO2Et



S212

          

(+/-)-8

OAc OAc

CO2Et

(-)-8

OAc OAc

CO2Et


