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I. General Information.

Commercially available materials were used as received, unless otherwise noted, all reactions 
and manipulations involving air- or moisture-sensitive compounds were performed using 
standard Schlenk technique. All solvents were purified and dried using standard procedures. 
Proton nuclear magnetic resonance (1H NMR) spectra were recorded on a Bruker AVANCE III 
HD400 (400 MHz) spectrometer. Chemical shifts were recorded in parts per million (ppm, δ) 
relative to tetramethylsilane (δ = 0.00 ppm) or chloroform (δ = 7.26 ppm). 1H NMR splitting 
patterns are designated as singlet (s), doublet (d), triplet (t), quartet (q), dd (doublet of doublets); 
m (multiplet), and etc. All first-order splitting patterns were assigned on the basis of the 
appearance of the multiplet. Splitting patterns that could not be easily interpreted are designated 
as multiplet (m) or broad (br). Carbon nuclear magnetic resonance (13C NMR) spectra were 
recorded on a Bruker AVANCE III HD400 (400 MHz) (100 MHz) spectrometer. High resolution 
mass spectral analysis (HRMS) was performed on Thermo Fisher Scientific LTQ FT Ultra mass 
spectrometer. The determination of e.e. was performed via chiral HPLC analysis using Shimadzu 
LC-20AD HPLC workstation. X-ray crystallography analysis was performed on Agilent 
SuperNova X-ray diffractionmeter. Optical rotations were measured using a 1 mL cell with a 
5dm path length on an INESA SGW-1 polarimeter and are reported as follows: [α]rt

D (c in g per 
100 mL solvent). Analytical thin-layer chromatography (TLC) was carried out on WFH-203 
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F254 pre-coated silica gel plate (0.2 mm thickness). Visualization was performed using a UV 
lamp or 2,4-Dinitrophenylhydrazine or potassium permanganate stain.

II. X-ray crystallographic analysis

Table S1 Crystal data and structure refinement for 

2k.

Identification code 2k

Empirical formula C96H88O16S4

Formula weight 1625.90

Temperature/K 293(2)

Crystal system orthorhombic

Space group P212121

a/Å 6.7899(4)

b/Å 16.6281(11)

c/Å 18.1779(16)

α/° 90

β/° 90

γ/° 90

Volume/Å3 2052.3(3)

Z 1

ρcalcg/cm3 1.316

μ/mm-1 0.185

F(000) 856.0

Radiation MoKα (λ = 0.71073)

2Θ range for data 

collection/°
6.406 to 54.946

Index ranges
-8 ≤ h ≤ 8, -21 ≤ k ≤ 21, 

-23 ≤ l ≤ 22

Reflections collected 17037

Independent reflections
4671 [Rint = 0.0244, Rsigma = 

0.0254]

Data/restraints/paramet

ers
4671/0/264

Goodness-of-fit on F2 1.033

Final R indexes [I>=2σ 

(I)]
R1 = 0.0402, wR2 = 0.1104

Final R indexes [all R1 = 0.0417, wR2 = 0.1122
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data]

Largest diff. peak/hole 

/ e Å-3
0.30/-0.20

Flack parameter 0.167(16)

III. 1. Typical procedure for the preparation of substrate
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To a stirred suspension of potassium carbonate (4.26 g, 30.9 mmol) and terta-n-butyl ammonium 
iodide (1.52 g, 4.11 mmol) in DMF (10 mL), β-ketoester S1a (5.93 g, 30.9 mmol) was 
introduced at room temperature under argon atmosphere. After an additional 20 minutes stirring, 
benzyl bromide S2a (5.00 g, 20.6 mmol) was added at the same temperature. After stirring for 10 
h, the reaction was quenched with water, and then extracted with ethyl acetate (2 x 200 mL). The 
organic layers were combined, dried over Na2SO4 and concentrated under reduced pressure. The 
residue was purified by flash column chromatography (petroleum ether/ethyl acetate, v:v = 20:1) 
to give the product S3a (6.0 g, 82% yield).

To the flask connected with a condenser, potassium carbonate (1.17 g, 8.5 mmol) in DMF (15 
mL) was added at room temperature. After a few minutes stirring, S3a (1.49 g, 4.2 mmol) in 
DMF (5.0 mL) was added dropwise at the same temperature. After 10 minutes additional 
stirring, allyl bromide (1.02 g, 8.5 mmol) was introduced to the reaction mixture. The reaction 
mixture was warmed to 100 °C and stirred for 10 h. The reaction was quenched with water, and 
extracted with ethyl acetate (2 x 200 mL). The combined organic layers were dried over Na2SO4 
and concentrated under reduced pressure. The residue was purified by flash chromatography 
(petroleum ether/ethyl acetate, v:v = 20:1) to give S4a (1.3 g, 79% yield).

To a stirred solution of S4a (1.32 g, 3.35 mmol) in acetone (27 mL) was added 1 M HCl (33.50 
mL, 33.50 mmol) dropwise at room temperature. After stirring for 10 h, the reaction was 
quenched with water, and then extracted ethyl acetate (2 x 100 mL). The organic layers were 
combined, washed with water (100 mL), dried over Na2SO4 and concentrated under reduced 
pressure to give 1a (1.1 g, 95% yield).

2. Typical procedure for the benzoin reaction

2a (S)-1a

O
OEt

O

OHC

O

EtO2C

HO

rac-1a

O
OEt

O

OHC

NaOAc (15 mol%), pyrocatechol (15 mol%)

(15 mol%)

THF, rt, 4 h

O

N
N
N

BF4

Cl

Cl
Cl

Under argon atmosphere, to a 50 mL Schlenk tube was taken sodium acetate (12.30 mg, 0.15 
mmol), catalyst (71.85 mg, 0.15 mmol), pyrocatechol (16.5 mg, 0.15 mmol). The flask was 
evacuated and refilled with dry argon. To this mixture 9 mL of THF was added and then the 
solution of substrate 1a (350.20 mg, 1.0 mmol) in THF (1 mL) was added dropwise via syringe 
and the resulting mixture was stirred for 4 h. After 4 h stirring the solvent was removed under 
reduced pressure and the residue was purified by flash chromatography with petroleum 
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ether/ethyl acetate (v:v = 10:1) as eluent to afford the benzoin product 2a (175.1 mg, 50% yield) 
and recovered chiral starting material 1a (150.6 mg, 43% yield).

VI. Characterizations of new compounds.

 (S)-1a

O
OEt

O

OHC

ethyl (S)-2-benzoyl-2-(2-formylbenzyl)pent-4-enoate (1a): Yellow solid, mp 64‒65 °C, 150.6 
mg, 43% yield. 1H NMR (400 MHz, CDCl3) δ 10.21 (s, 1H), 7.82 (dd, J = 7.7, 1.0 Hz, 1H), 7.77 
(d, J = 7.5 Hz, 2H), 7.51 (t, J = 7.4 Hz, 1H), 7.45 (td, J = 7.5, 1.3 Hz, 1H), 7.417.35 (m, 8.2 Hz, 
3H), 7.27 (d, J = 7.3 Hz, 1H), 5.735.63 (m, 1H), 5.10 (d, J = 10.2 Hz, 1H), 5.01 (dd, J = 16.9, 
1.4 Hz, 1H), 4.05–3.99 (m, 2H), 3.90–3.82 (m, 1H), 3.71 (d, J = 14.4 Hz, 1H), 2.81 (d, J = 7.2 
Hz, 2H), 0.91 (t, J = 7.1 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 196.4, 191.6, 172.4, 139.2, 
136.2, 135.4, 133.3, 132.8, 132.7, 132.0, 130.5, 128.64, 128.58, 127.6, 119.9, 62.2, 61.7, 38.6, 
33.5, 13.6; HRMS (ESI, m/z): calcd. for C22H22O4H+ 351.1591, found 351.1591; [α]D

28: +28.4 (c 
0.94, CHCl3); HPLC analysis: 94% ee (Chiralcel AD-H, 02:98 iPrOH/Hexanes, 1 mL/min), Rt 

(major) = 14.6 min, Rt (minor) = 12.6 min; IR (KBr thin film, cm-1): ν 1733, 1683, 1598, 1447, 
1275, 1243, 1209, 758.

(S)-1b

O
OEt

O

Bn

OHC

ethyl (S)-2-benzyl-2-(2-formylbenzyl)-3-oxo-3-phenylpropanoate (1b): Yellow oil, 188.1 mg, 
46% yield. 1H NMR (400 MHz, CDCl3) δ 10.18 (s, 1H), 7.78 (d, J = 7.6 Hz, 1H), 7.63 (d, J = 7.9 
Hz, 2H), 7.46–7.29 (m, 6H), 7.20–7.19 (m, 3H), 7.06 (s, 2H), 3.94 (d, J = 14.1 Hz, 1H), 3.85–
3.69 (m, 3H), 3.54 (dd, J = 21.0, 14.1 Hz, 2H), 0.70 (t, J = 7.1 Hz, 3H); 13C NMR (101 MHz, 
CDCl3) δ 196.9, 191.7, 172.4, 139.4, 136.6, 135.9, 135.2, 133.2, 132.8, 132.6, 130.54, 130.48, 
128.6, 128.33, 128.29, 127.4, 127.1, 63.6, 61.4, 42.1, 34.9, 13.2; HRMS (ESI, m/z): calcd. for 
C26H24O4H+ 401.1747, found 401.1747; [α]D

26: +14.4 (c 0.48, CHCl3); HPLC analysis: 95% ee 
(Chiralcel AD-H, 02:98 iPrOH/Hexanes, 1 mL/min), Rt (major) = 20.9 min, Rt (minor) = 22.7 
min; IR (KBr thin film, cm-1): ν 1731, 1682, 1599, 1448, 1244, 1207, 754. 
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(S)-1c

O
OEt

O

OHC

ethyl (S)-2-(2-formylbenzyl)-2-(4-methylbenzyl)-3-oxo-3-phenylpropanoate (1c): White 
solid, mp 77‒78 ºC, 169.8 mg, 41% yield. 1H NMR (400 MHz, CDCl3) δ 10.09 (s, 1H), 7.70 (d, J 
= 7.7 Hz, 1H), 7.37–7.30 (m, 3H), 7.28–7.22 (m, 2H), 7.18–7.10 (m, 5H), 7.03–6.95 (m, 2H), 
3.83 (d, J = 14.1 Hz, 1H), 3.783.70 (m, 1H), 3.69–3.59 (m, 2H), 3.48–3.40 (m, 2H), 2.21 (s, 
3H), 0.64 (t, J = 7.2 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 197.0, 191.8, 172.5, 139.7, 136.8, 
136.7, 135.3, 133.2, 132.8, 132.6, 130.4, 129.3, 129.1, 128.7, 128.4, 128.2, 127.4, 63.7, 61.4, 
41.8, 34.8, 21.2, 13.3; HRMS (ESI, m/z): calcd. for C27H26O4H+ 415.1904, found 415.1904; 
[α]D

24: ‒13.8 (c 1.4, CHCl3); HPLC analysis: 96% ee (Chiralcel AD-H, 10:90 iPrOH/Hexanes, 1 
mL/min), Rt (major) = 7.5 min, Rt (minor) = 9.6 min; IR (KBr thin film, cm-1): ν 1725, 1682, 
1602, 1455, 1282,1195, 739, 704.

(S)-1d

O
OEt

O

Bn

OHC

Cl

ethyl (S)-2-benzyl-3-(4-chlorophenyl)-2-(2-formylbenzyl)-3-oxopropanoate (1d): White 
solid, mp 115‒116 ºC, 199.7 mg, 46% yield. 1H NMR (600 MHz, CDCl3) δ 10.15 (s, 1H), 7.78 
(dd, J = 7.6, 1.3 Hz, 1H), 7.53–7.51 (m, 2H), 7.43 (td, J = 7.5, 1.5 Hz, 1H), 7.37–7.33 (m, 2H), 
7.29–7.26 (m, 2H), 7.22–7.19 (m, 3H), 7.06–7.03 (m, 2H), 3.90 (d, J = 14.2 Hz, 1H), 3.86–3.80 
(m, 1H), 3.78–3.71 (m, 2H), 3.54–3.45 (m, 2H), 0.74 (t, J = 7.1 Hz, 3H); 13C NMR (151 MHz, 
CDCl3) δ 195.9, 191.9, 172.3, 139.2, 139.0, 135.7, 135.3, 135.0, 133.3, 132.9, 131.0, 130.5, 
130.1, 128.6, 128.4, 127.6, 127.3, 63.7, 61.6, 42.2, 35.3, 13.3; HRMS (ESI, m/z): calcd. for 
C26H23ClO4H+ 435.1358, found 435.1358; [α]D

26: +9.0 (c 5.7, CHCl3); HPLC analysis: 96% ee 
(Chiralcel AD-H, 02:98 iPrOH/Hexanes, 1 mL/min), Rt (major) = 20.3 min, Rt (minor) = 22.5 
min; IR (KBr thin film, cm-1): ν 1731, 1689, 1588, 1245, 1207, 1093, 755, 701, 554.

(S)-1e

O
OEt

O

Bn

OHC

Br

ethyl (S)-2-benzyl-3-(4-bromophenyl)-2-(2-formylbenzyl)-3-oxopropanoate (1e): White 
solid, mp 116‒117 ºC, 262.9 mg, 55% yield. 1H NMR (400 MHz, CDCl3) δ 10.15 (s, 1H), 7.77 
(d, J = 7.5 Hz, 1H), 7.45–7.40 (m, 5H), 7.35 (dd, J = 11.9, 7.6 Hz, 2H), 7.23–7.17 (m, 3H), 7.06–
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7.03 (m, 2H), 3.90 (d, J = 14.1 Hz, 1H), 3.86–3.69 (m, 3H), 3.56–3.42 (m, 2H), 0.74 (t, J = 7.2 
Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 196.2, 191.9, 172.3, 139.2, 135.8, 135.5, 135.3, 133.3, 
132.9, 131.6, 131.1, 130.5, 130.2, 128.4, 127.8, 127.5, 127.3, 63.7, 61.6, 42.3, 35.3, 13.4; HRMS 
(ESI, m/z): calcd. for C26H23BrO4H+ 479.0852, found 479.0852; [α]D

29: +6.7 (c 0.9, CHCl3); 
HPLC analysis: 53% ee (Chiralcel AD-H, 02:98 iPrOH/Hexanes, 1 mL/min), Rt (major) = 6.1 
min, Rt (minor) = 7.1 min; IR (KBr thin film, cm-1): ν 1731, 1682, 1583, 1245, 1207, 1074, 1009, 
755, 702.

(S)-1f

O
OEt

O

Bn

OHC

O

ethyl (S)-2-benzyl-2-(2-formylbenzyl)-3-(4-methoxyphenyl)-3-oxopropanoate (1f): Yellow 
oil, 182.3 mg, 44% yield. 1H NMR (400 MHz, CDCl3) δ 10.17 (s, 1H), 7.78 (dd, J = 7.6, 0.9 Hz, 
1H), 7.67 (d, J = 9.0 Hz, 2H), 7.44–7.28 (m, 3H), 7.23–7.17 (m, 3H), 7.03 (dd, J = 6.4, 2.8 Hz, 
2H), 6.81 (d, J = 9.0 Hz, 2H), 3.92 (d, J = 14.2 Hz, 1H), 3.88–3.84 (m, 1H), 3.82 (s, 3H), 3.77–
3.66 (m, 2H), 3.58–3.45 (m, 2H), 0.75 (t, J = 7.2 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 195.0, 
191.7, 172.8, 163.0, 139.7, 136.0, 135.3, 133.2, 132.8, 131.2, 130.5, 130.3, 129.2, 128.3, 127.4, 
127.1, 113.6, 63.2, 61.4, 55.5, 42.1, 34.7, 13.3; HRMS (ESI, m/z): calcd. for C27H26O5H+ 
431.1853, found 431.1853; [α]D

26: +22.5 (c 2.3, CHCl3); HPLC analysis: 73% ee (Chiralcel IC, 
10:90 iPrOH/Hexanes, 1 mL/min), Rt (major) = 11.7 min, Rt (minor) = 13.1 min; IR (KBr thin 
film, cm-1): ν 1725, 1682, 1600, 1446, 1281, 1193, 1112, 1055, 759, 738, 702.

(S)-1g

O
OEt

O

Bn

OHC

ethyl (S)-2-benzyl-2-(2-formylbenzyl)-3-oxo-3-(p-tolyl)propanoate (1g): White solid, mp 
98‒99 ºC, 211.2 mg, 51% yield. 1H NMR (600 MHz, CDCl3) δ 10.18 (s, 1H), 7.79 (dd, J = 7.6, 
1.3 Hz, 1H), 7.44–7.41 (m, 2H), 7.39 (d, J = 7.9 Hz, 1H), 7.23–7.17 (m, 5H), 7.07–7.05 (m, 2H), 
3.91 (d, J = 14.2 Hz, 1H), 3.85–3.80 (m, 1H), 3.75–3.68 (m, 2H), 3.55–3.49 (m, 2H), 2.30 (s, 
3H), 0.72 (t, J = 7.1 Hz, 3H); 13C NMR (151 MHz, CDCl3) δ 196.3, 191.8, 172.6, 143.5, 139.7, 
136.0, 135.3, 133.9, 133.2, 132.8, 130.5, 130.4, 129.1, 128.9, 128.3, 127.4, 127.2, 63.5, 61.4, 
42.0, 34.7, 21.7, 13.3; HRMS (ESI, m/z): calcd. for C27H26O4H+ 415.1904, found 415.1904; 
[α]D

30: +12.6 (c 2.9, CHCl3); HPLC analysis: 58% ee (Chiralcel AD-H, 02:98 iPrOH/Hexanes, 1 
mL/min), Rt (major) = 22.4 min, Rt (minor) = 26.2 min; IR (KBr thin film, cm-1): ν 1730, 1681, 
1604, 1245, 1207, 757, 701.
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(S)-1h

O
OEt

O

Bn

OHC

ethyl (S)-2-benzyl-2-(2-formylbenzyl)-3-oxo-3-(m-tolyl)propanoate (1h): Colorless liquid, 
186.4 mg, 45% yield. 1H NMR (600 MHz, CDCl3) δ 10.17 (s, 1H), 7.78 (dd, J = 7.6, 1.3 Hz, 
1H), 7.44–7.37 (m, 3H), 7.36–7.30 (m, 3H), 7.22–7.17 (m, 4H), 7.07–7.04 (m, 2H), 3.90 (d, J = 
14.2 Hz, 1H), 3.86–3.79 (m, 1H), 3.75–3.68 (m, 2H), 3.55–3.48 (m, 2H), 2.30 (s, 3H), 0.72 (t, J 
= 7.1 Hz, 3H); 13C NMR (151 MHz, CDCl3) δ 197.2, 191.8, 172.5, 139.6, 138.2, 136.7, 136.0, 
135.3, 133.4, 133.3, 132.9, 130.6, 130.5, 129.4, 128.4, 128.2, 127.5, 127.2, 125.8, 63.7, 61.4, 
42.3, 35.1, 21.5, 13.3; HRMS (ESI, m/z): calcd. for C27H26O4H+ 415.1904, found 415.1904; 
[α]D

25: +13.0 (c 4.8, CHCl3); HPLC analysis: 84% ee (Chiralcel AD-H, 02:98 iPrOH/Hexanes, 1 
mL/min), Rt (major) = 10.3 min, Rt (minor) = 9.3 min; IR (KBr thin film, cm-1): ν 1725, 1683, 
1602, 1281, 1221, 744, 704. 

(S)-1i

O
OEt

O

Bn

OHC

Ph

ethyl (S)-3-([1,1'-biphenyl]-4-yl)-2-benzyl-2-(2-formylbenzyl)-3-oxopropanoate (1i):Yellow 
oil, mp 115‒116 ºC, 190.4 mg, 40% yield. 1H NMR (600 MHz, CDCl3) δ 10.19 (s, 1H), 7.79 (dd, 
J = 7.7, 1.4 Hz, 1H), 7.73–7.70 (m, 2H), 7.61–7.52 (m, 4H), 7.47–7.41 (m, 3H), 7.40–7.37 (m, 
2H), 7.36–7.32 (m, 1H), 7.23–7.19 (m, 3H), 7.09–7.06 (m, 2H), 3.95 (d, J = 14.2 Hz, 1H), 3.89–
3.83 (m, 1H), 3.80–3.70 (m, 2H), 3.60–3.50 (m, 2H), 0.74 (t, J = 7.2 Hz, 3H); 13C NMR (101 
MHz, CDCl3) δ 196.4, 191.8, 172.5, 145.2, 139.6, 139.5, 135.9, 135.30, 135.26, 133.3, 132.9, 
130.64, 130.55, 129.4, 129.1, 128.42, 128.37, 127.5, 127.3, 127.2, 126.9, 63.6, 61.5, 42.2, 35.0, 
13.3; HRMS (ESI, m/z): calcd. for C32H28O4H+ 477.2060, found 477.2060; [α]D

25: +10.5 (c 1.2, 
CHCl3); HPLC analysis: 89% ee (Chiralcel AD-H, 02:98 iPrOH/Hexanes, 1 mL/min), Rt (major) 
= 12.8 min, Rt (minor) = 11.6 min; IR (KBr thin film, cm-1): ν 1731, 1681, 1601, 1246, 1185, 
757, 699.

(S)-1j

O
OEt

O

Bn

OHC

O

ethyl (S)-2-benzyl-2-(2-formylbenzyl)-3-(furan-2-yl)-3-oxopropanoate (1j): Yellow oil, 136.6 
mg, 35% yield. 1H NMR (600 MHz, CDCl3) δ 10.18 (s, 1H), 7.78 (dd, J = 7.7, 1.4 Hz, 1H), 7.42 
(td, J = 7.7, 1.6 Hz, 1H), 7.40–7.38 (m, 1H), 7.36–7.31 (m, 2H), 7.24–7.18 (m, 4H),  7.07–7.04 
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(m, 2H), 6.47 (dd, J = 3.7, 1.7 Hz, 1H), 3.88–3.84 (m, 2H), 3.76–3.68 (m, 2H), 3.50 (q, J = 12.6 
Hz, 2H), 0.78 (t, J = 7.1 Hz, 3H); 13C NMR (151 MHz, CDCl3) δ 191.7, 185.5, 171.3, 152.6, 
145.8, 139.4, 135.9, 135.2, 133.2, 133.0, 130.5, 130.3, 128.4, 127.4, 127.2, 118.3, 112.5, 63.0, 
61.3, 41.0, 33.8, 13.6; HRMS (ESI, m/z): calcd. for C24H22O5H+ 391.1540, found 391.1540; 
[α]D

29: +15.7 (c 1.0, CHCl3); HPLC analysis: 84% ee (Chiralcel AD-H, 10:90 iPrOH/Hexanes, 1 
mL/min), Rt (major) = 19.5 min, Rt (minor) = 17.8 min; IR (KBr thin film, cm-1): ν 1732, 1680, 
1599, 1562, 1464, 1278, 1218, 1013, 757, 701.

(S)-1k

O
OEt

O

Bn

OHC

S

ethyl (S)-2-benzyl-2-(2-formylbenzyl)-3-oxo-3-(thiophen-2-yl)propanoate (1k): White solid, 
mp 87‒88 ºC, 203.1 mg, 50% yield. 1H NMR (400 MHz, CDCl3) δ 10.13 (s, 1H), 7.77 (d, J = 7.5 
Hz, 1H), 7.59 (d, J = 4.8 Hz, 1H), 7.45–7.30 (m, 4H), 7.24–7.18 (m, 3H), 7.08–7.02 (m, 2H), 
6.98 (t, J = 4.2 Hz, 1H), 3.95–3.85 (m, 2H), 3.83–3.73 (m, 2H), 3.54 (s, 2H), 0.83 (t, J = 7.1 Hz, 
3H); 13C NMR (101 MHz, CDCl3) δ 191.8, 189.1, 171.9, 143.3, 139.1, 135.5, 135.1, 133.9, 
133.1, 132.5, 131.5, 130.7, 130.2, 128.2, 128.1, 127.3, 127.0, 63.6, 61.6, 41.8, 34.1, 13.3; HRMS 
(ESI, m/z): calcd. C24H22O4SH+ 407.1312, found 407.1312; [α]D

25: ‒10.6 (c 2.0, CHCl3); HPLC 
analysis: 80% ee (Chiralcel AD-H, 02:98 iPrOH/Hexanes, 1 mL/min), Rt (major) = 9.0 min, Rt 
(minor) = 7.9 min; IR (KBr thin film, cm-1): ν 1730, 1694, 1659, 1599, 1411, 1251, 1208, 1064, 
734, 701.

(S)-1l

O
OBn

O

Bn

OHC

benzyl (S)-2-benzyl-2-(2-formylbenzyl)-3-oxo-3-phenylpropanoate (1l): Colorless oil, 170.0 
mg, 37% yield. 1H NMR (600 MHz, CDCl3) δ 10.13 (s, 1H), 7.74 (dd, J = 8.0, 1.5 Hz, 1H), 
7.52–7.50 (m, 2H), 7.417.35 (m, 3H), 7.31 (d, J = 7.4 Hz, 2H), 7.23–7.11 (m, 9H), 7.03–7.00 
(m, 2H), 6.81–6.78 (m, 2H), 4.79 (d, J = 12.0 Hz, 1H), 4.66 (d, J = 12.0 Hz, 1H), 3.90 (d, J = 
14.2 Hz, 1H), 3.80 (d, J = 14.2 Hz, 1H), 3.53 (d, J = 2.4 Hz, 2H); 13C NMR (101 MHz, CDCl3) δ 
196.8, 191.8, 172.2, 139.2, 136.5, 135.7, 135.2, 134.1, 133.2, 132.7, 132.5, 130.9, 130.5, 128.7, 
128.63, 128.56, 128.32, 128.30, 128.2, 127.4, 127.2, 67.3, 63.7, 42.1, 35.1; HRMS (ESI, m/z): 
calcd. for C31H26O4H+ 463.1904, found 463.1904; [α]D

25: +8.2 (c 2.6, CHCl3); HPLC analysis: 
96% ee (Chiralcel AD-H, 02:98 iPrOH/Hexanes, 1 mL/min), Rt (major) = 52.0 min, Rt (minor) = 
56.6 min; IR (KBr thin film, cm-1): ν 1731, 1682, 1598, 1453, 743, 698.
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(S)-1m

O
OEt

O

OHC

O

ethyl (S)-2-(2-formylbenzyl)-3-(4-methoxyphenyl)-2-(4-methylbenzyl)-3-oxopropanoate 
(1m); Light brown oil, 253.2 mg, 57% yield. 1H NMR (600 MHz, CDCl3) δ 10.19 (s, 1H), 7.78 
(dd, J = 7.7, 1.4 Hz, 1H), 7.69–7.66 (m, 2H), 7.43–7.36 (m, 2H), 7.34–7.30 (m, 1H), 7.01 (d, J = 
7.7 Hz, 2H), 6.91 (d, J = 8.0 Hz, 2H), 6.83–6.79 (m, 2H), 3.90–3.84 (m, 2H), 3.83 (s, 3H), 3.75–
3.65 (m, 2H), 3.50 (s, 2H), 2.28 (s, 3H), 0.76 (t, J = 7.2 Hz, 3H); 13C NMR (151 MHz, CDCl3) δ 
195.1, 191.7, 172.9, 163.1, 139.9, 136.8, 135.3, 133.2, 132.9, 132.8, 131.2, 130.4, 130.1, 129.3, 
129.1, 127.4, 113.6, 63.3, 61.4, 55.6, 41.8, 34.6, 21.2, 13.4; HRMS (ESI, m/z): calcd. for 
C28H28O5H+ 445.2010, found 445.2010; [α]D

25: +12.17 (c 3.9, CHCl3); HPLC analysis: 60% ee 
(Chiralcel IA, 10:90 iPrOH/Hexanes, 1 mL/min), Rt (major) = 19.1 min, Rt (minor) = 21.4 min; 
IR (KBr thin film, cm-1): ν 1730, 1674, 1600, 1575, 1456, 1257, 1171, 842, 757. 

(S)-1n

O
OEt

O

OHC

O

ethyl (S)-2-(2-formylbenzyl)-2-(4-methoxybenzoyl)pent-4-enoate (1n): Yellow oil, 209.1 mg, 
55% yield. 1H NMR (400 MHz, CDCl3) δ 10.22 (s, 1H), 7.85–7.77 (m, 3H), 7.45 (td, J = 7.4, 1.4 
Hz, 1H), 7.36 (t, J = 7.7 Hz, 1H), 7.25 (s, 1H), 6.87 (d, J = 9.0 Hz, 1H), 5.73–5.61 (m, 1H), 5.10 
(d, J = 10.2 Hz, 1H), 5.02 (dd, J = 16.7, 1.4 Hz, 1H), 4.06–3.98 (m, 2H), 3.92–3.83 (m, 1H), 3.85 
(s, 3H), 3.67 (d, J = 14.4 Hz, 1H), 2.79 (d, J = 7.2 Hz, 2H), 0.95 (t, J = 7.1 Hz, 3H); 13C NMR 
(101 MHz, CDCl3) δ 194.6, 191.6, 172.7, 163.3, 139.4, 135.4, 133.4, 132.8, 132.2, 131.1, 130.2, 
128.8, 127.6, 119.9, 113.8, 61.9, 61.7, 55.6, 38.6, 33.4, 13.7; HRMS (ESI, m/z): calcd. for 
C23H24O5H+ 381.1697, found 381.1697; [α]D

29: +11.1 (c 1.3, CHCl3); HPLC analysis: 29% ee 
(Chiralcel IA, 10:90 iPrOH/Hexanes, 1 mL/min), Rt (major) = 10.0 min, Rt (minor) = 8.0 min; IR 
(KBr thin film, cm-1): ν 1724, 1682, 1603, 1510, 1280, 1179, 1038, 829, 738.

(S)-1o

O
OEt

O

Bn

OHC

ethyl (S)-2-benzyl-3-cyclopropyl-2-(2-formylbenzyl)-3-oxopropanoate (1o): Yellow oil, 
153.0 mg, 42% yield. 1H NMR (400 MHz, CDCl3) δ 10.15 (s, 1H), 7.837.79 (m, 1H), 
7.487.43 (m, 1H), 7.38–7.33 (m, 2H), 7.27–7.20 (m, 3H), 7.14–7.11 (m, 2H), 4.09–4.01 (m, 
1H), 4.00–3.93 (m, 1H), 3.71 (d, J = 14.4 Hz, 1H), 3.62 (d, J = 14.4 Hz, 1H), 3.37 (q, J = 14.2 
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Hz, 2H), 1.64–1.57 (m, 1H), 1.08 (t, J = 7.1 Hz, 3H), 1.05–1.01 (m, 1H), 1.00–0.94 (m, 1H), 
0.82–0.75 (m, 1H), 0.74–0.67 (m, 1H); 13C NMR (101 MHz, CDCl3) δ 206.8, 191.8, 171.8, 
139.7, 136.1, 135.2, 133.3, 132.4, 130.8, 130.3, 128.4, 127.3, 127.1, 66.1, 61.4, 40.5, 33.5, 20.8, 
13.8, 13.2, 13.1; HRMS (ESI, m/z): calcd. for C23H24O4H+ 365.1747, found 365.1747; [α]D

25: 
+26.2 (c 3.4, CHCl3); HPLC analysis: 99% ee (Chiralcel AD-H, 10:90 iPrOH/Hexanes, 1 
mL/min), Rt (major) = 12.8 min, Rt (minor) = 11.9 min; IR (KBr thin film, cm-1): ν 2982, 1732, 
1697, 1600, 1453, 1380, 1208, 755, 701. 

(S)-1p

O
OEt

O

CHO

ethyl (R)-2-benzoyl-2-(3-oxopropyl)pent-4-enoate (1p): Colorless oil, 155.6 mg, 54% yield. 
1H NMR (400 MHz, CDCl3) δ 9.69 (s, 1H), 7.82 (d, J = 8.0 Hz, 2H), 7.53 (t, J = 7.4 Hz, 1H), 
7.42 (t, J = 7.4 Hz, 2H), 5.575.50 (m, 1H), 5.115.00 (m, 2H), 4.20–4.08 (m, 2H), 2.822.77 
(m, 2H), 2.50–2.37 (m, 2H), 2.37–2.24 (m, 2H), 1.07 (t, J = 7.1 Hz, 3H);  13C NMR (101 MHz, 
CDCl3) δ 200.7, 196.3, 172.8, 135.6, 133.1, 131.7, 128.7, 128.5, 119.7, 61.7, 59.6, 38.4, 37.8, 
25.1, 13.9; HRMS (ESI, m/z): calcd. for C17H20O4H+ 289.1434, found 289.1434; [α]D

25: +58.6 (c 
2.2, CHCl3); HPLC analysis: 0% ee (Chiralcel AD-H, 10:90 iPrOH/Hexanes, 1 mL/min), Rt 
(major) = 8.0 min, Rt (minor) = 8.4 min; IR (KBr thin film, cm-1): ν 2980, 1731, 1681, 1641, 
1597, 1580, 1447, 1209, 1095, 924, 693. 

2a

O

EtO2C

HO

ethyl (2R,3S)-2-allyl-3-hydroxy-4-oxo-3-phenyl-1,2,3,4-tetrahydronaphthalene-2-
carboxylate (2a): Colorless oil, 175.1 mg, 50% yield. 1H NMR (600 MHz, CDCl3) δ 8.17 (dd, J 
= 7.8, 1.1 Hz, 1H), 7.64 (td, J = 7.5, 1.1 Hz, 1H), 7.46 (t, J = 7.6 Hz, 1H), 7.31 (t, J = 7.7 Hz, 
1H), 7.26–7.19 (m, 5H), 5.60–5.52 (m, 1H), 5.03–5.00 (m, 1H), 4.83–4.78 (m, 1H), 4.43 (s, 1H), 
4.14–4.08 (m, 2H), 3.44 (d, J = 17.6 Hz, 1H), 3.32–3.28 (m, 1H), 3.09 (d, J = 17.8 Hz, 1H), 1.98 
(dd, J = 14.0, 8.6 Hz, 1H), 1.18 (t, J = 7.2 Hz, 3H); 13C NMR (151 MHz, CDCl3) δ 198.6, 171.8, 
141.9, 139.9, 135.4, 133.3, 131.3, 130.0, 128.4, 128.3, 128.0, 127.5, 126.3, 119.4, 81.1, 61.3, 
56.7, 34.9, 32.1, 14.2; HRMS (ESI, m/z): calcd. for C22H22O4H+ 351.1591, found 351.1591; 
[α]D

25: +14.6 (c 0.3, CHCl3); HPLC analysis: 83% ee (Chiralcel AD-H, 02:98 iPrOH/Hexanes, 1 
mL/min), Rt (major) = 23.7 min, Rt (minor) = 20.8 min; IR (KBr thin film, cm-1): ν 3473, 2924, 
1726, 1684, 1601, 1446, 1287, 1217, 739, 702.
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2b

O

EtO2C

HO

Bn

ethyl (2R,3S)-2-benzyl-3-hydroxy-4-oxo-3-phenyl-1,2,3,4-tetrahydronaphthalene-2-
carboxylate (2b): Colorless oil, 188.1 mg, 47% yield. 1H NMR (600 MHz, CDCl3) δ 8.24 (d, J 
= 6.9 Hz, 1H), 7.71 (td, J = 7.4, 1.2 Hz, 1H), 7.52 (t, J = 7.6 Hz, 1H), 7.31–7.28 (m, 2H), 7.26–
7.16 (m, 7H), 6.83–6.81 (m, 2H), 4.57 (s, 1H), 4.09–3.99 (m, 2H), 3.93 (d, J = 14.0 Hz, 1H), 
3.37 (d, J = 17.9 Hz, 1H), 2.81 (d, J = 17.9 Hz, 1H), 2.52 (d, J = 14.0 Hz, 1H), 1.12 (t, J = 7.1 
Hz, 3H); 13C NMR (151 MHz, CDCl3) δ 198.7, 171.7, 142.1, 139.9, 137.2, 135.6, 131.4, 130.2, 
130.1, 128.42, 128.37, 128.3, 128.1, 127.7, 126.9, 126.3, 81.7, 61.3, 58.2, 36.3, 31.7, 14.1; 
HRMS (ESI, m/z): calcd. for C26H24O4H+ 401.1747, found 401.1747; [α]D

26: +3.4 (c 2.9, 
CHCl3); HPLC analysis: 97% ee (Chiralcel AD-H, 02:98 iPrOH/Hexanes, 1 mL/min), Rt (major) 
= 27.7 min, Rt (minor) = 25.5 min; IR (KBr thin film, cm-1): ν 3473, 2925, 1727, 1681, 1600, 
1447, 1219, 755, 701.

2c

O

EtO2C

HO

ethyl (2R,3S)-3-hydroxy-2-(4-methylbenzyl)-4-oxo-3-phenyl-1,2,3,4-tetrahydronaphthalene-
2-carboxylate (2c): Yellow solid, mp 74‒75 ºC, 207.1 mg, 50% yield. 1H NMR (400 MHz, 
CDCl3) δ 8.24 (d, J = 7.8 Hz, 1H), 7.70 (t, J = 7.5 Hz, 1H), 7.51 (t, J = 7.5 Hz, 1H), 7.277.13 
(m, 5H), 7.05 (s, 2H), 6.98 (s, 1H), 6.82 (s, 2H), 4.54 (s, 1H), 4.124.00 (m, 2H), 3.93 (d, J = 
13.8 Hz, 1H), 3.38 (d, J = 17.9 Hz, 1H), 2.80 (d, J = 17.9 Hz, 1H), 2.52 (d, J = 13.9 Hz, 1H), 
2.25 (s, 3H), 1.15 (t, J = 7.1 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 198.8, 171.8, 142.2, 139.8, 
138.0, 137.2, 135.5, 131.4, 130.2, 130.1, 129.1, 128.3, 128.1, 127.6, 127.2, 126.9, 123.2, 81.7, 
61.2, 58.2, 36.3, 31.8, 21.7, 14.1; HRMS (ESI, m/z): calcd. for C27H26O4H+ 415.1904, found 
415.1904; [α]D

24: ‒15.2 (c 1.2, CHCl3); HPLC analysis: 72% ee (Chiralcel AD-H, 10:90 
iPrOH/Hexanes, 1 mL/min), Rt (major) = 11.7 min, Rt (minor) = 10.3 min; IR (KBr thin film, 
cm-1): ν 3475, 2925, 1726, 1682, 1601, 1455, 1282, 1194, 1084, 738, 703.

2d

O

EtO2C

HO

Bn

Cl

ethyl (2R,3S)-2-benzyl-3-(4-chlorophenyl)-3-hydroxy-4-oxo-1,2,3,4-tetrahydronaphthalene-
2-carboxylate (2d): Colorless oil, 199.7 mg, 46% yield. 1H NMR (400 MHz, CDCl3) δ 8.24 (d, 
J = 7.8 Hz, 1H), 7.72 (td, J = 7.6, 1.2 Hz, 1H), 7.52 (t, J = 7.6 Hz, 1H), 7.28–7.17 (m, 8H), 6.85–
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6.78 (m, 2H), 4.59 (s, 1H), 4.14–4.00 (m, 2H), 3.91 (d, J = 13.9 Hz, 1H), 3.31 (d, J = 18.1 Hz, 
1H), 2.83 (d, J = 18.1 Hz, 1H), 2.50 (d, J = 13.9 Hz, 1H), 1.16 (t, J = 7.2 Hz, 3H); 13C NMR (101 
MHz, CDCl3) δ 198.1, 171.5, 142.0, 138.4, 136.9, 135.9, 134.4, 131.1, 130.3, 130.1, 128.5, 
128.4, 128.3, 127.84, 127.81, 127.0, 81.2, 61.4, 58.1, 36.2, 31.6, 14.2; HRMS (ESI, m/z): calcd. 
for C26H23ClO4H+ 435.1358, found 435.1358; [α]D

30: +30.8 (c 3.2, CHCl3); HPLC analysis: 95% 
ee (Chiralcel AD-H, 02:98 iPrOH/Hexanes, 1 mL/min), Rt (major) = 23.1 min, Rt (minor) = 28.3 
min; IR (KBr thin film, cm-1): ν 3463, 2924, 1725, 1684, 1278, 1263, 1081, 743, 702. 

2e

O

EtO2C

HO

Bn

Br

ethyl (2R,3S)-2-benzyl-3-(4-bromophenyl)-3-hydroxy-4-oxo-1,2,3,4-tetrahydronaphthalene-
2-carboxylate (2e): White solid, mp 74‒75 ºC, 162.6 mg, 34%  yield. 1H NMR (600 MHz, 
CDCl3) δ 8.23 (dd, J = 7.8, 1.1 Hz, 1H), 7.72 (td, J = 7.5, 1.3 Hz, 1H), 7.52 (t, J = 7.6 Hz, 1H), 
7.36–7.32 (m, 2H), 7.27–7.25 (m, 1H), 7.19–7.16 (m, 5H), 6.82–6.79 (m, 2H), 4.59 (s, 1H), 
4.11–4.01 (m, 2H), 3.91 (dd, J = 13.9, 1.0 Hz, 1H), 3.31 (d, J = 17.9 Hz, 1H), 2.83 (d, J = 18.1 
Hz, 1H), 2.50 (d, J = 14.0 Hz, 1H), 1.16 (t, J = 7.1 Hz, 3H); 13C NMR (151 MHz, CDCl3) δ 
198.1, 171.5, 142.0, 138.9, 136.9, 135.9, 131.4, 131.1, 130.3, 130.1, 128.4, 128.3, 128.2, 127.8, 
127.0, 122.7, 81.3, 61.4, 58.1, 36.2, 31.6, 14.2; HRMS (ESI, m/z): calcd. for C26H23BrO4H+ 
479.0852, found 479.0852; [α]D

28: +25.1 (c 2.1, CHCl3); HPLC analysis: 99% ee (Chiralcel AD-
H, 02:98 iPrOH/Hexanes, 1 mL/min), Rt (major) = 13.7 min, Rt (minor) = 15.4 min; IR (KBr thin 
film, cm-1): ν 3473, 2928, 1731, 1682, 1453, 1245, 1074, 755, 702.

2f

O

EtO2C

HO

Bn

O

ethyl (2R,3S)-2-benzyl-3-hydroxy-3-(4-methoxyphenyl)-4-oxo-1,2,3,4-
tetrahydronaphthalene-2-carboxylate (2f): Colorless oil, 202.2 mg, 47% yield. 1H NMR (400 
MHz, CDCl3) δ 8.23 (d, J = 7.8 Hz, 1H), 7.70 (t, J = 7.5 Hz, 1H), 7.51 (t, J = 7.5 Hz, 1H), 7.25–
7.16 (m, 6H), 6.91–6.77 (m, 2H), 6.73 (d, J = 8.9 Hz, 2H), 4.53 (s, 1H), 4.17–4.01 (m, 2H), 3.90 
(d, J = 13.9 Hz, 1H), 3.73 (s, 3H), 3.35 (d, J = 18.1 Hz, 1H), 2.81 (d, J = 18.0 Hz, 1H), 2.50 (d, J 
= 13.9 Hz, 1H), 1.16 (t, J = 7.1 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 198.8, 171.9, 159.4, 
142.1, 137.2, 135.6, 131.9, 131.3, 130.2, 130.1, 128.4, 128.1, 127.63, 127.56, 126.9, 113.6, 81.4, 
61.3, 58.3, 55.3, 36.3, 31.8, 14.2; HRMS (ESI, m/z): calcd. for C27H26O5H+ 431.1853, found 
431.1853; [α]D

24: +13.3 (c 1.2, CHCl3); HPLC analysis: 77% ee (Chiralcel IC, 10:90 
iPrOH/Hexanes, 1 mL/min), Rt (major) = 16.0 min, Rt (minor) = 17.5 min; IR (KBr thin film, 
cm-1): ν 3463, 2929, 1729, 1674, 1256, 1171, 1028, 702.
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2g

O

EtO2C

HO

Bn

ethyl (2R,3S)-2-benzyl-3-hydroxy-4-oxo-3-(p-tolyl)-1,2,3,4-tetrahydronaphthalene-2-
carboxylate (2g): Colorless oil, 186.4 mg, 45% yield. 1H NMR (400 MHz, CDCl3) δ 8.23 (dd, J 
= 9.2, 1.1 Hz, 1H), 7.70 (td, J = 7.5, 1.4 Hz, 1H), 7.51 (t, J = 7.6 Hz, 1H), 7.25 (d, J = 7.8 Hz, 
2H), 7.19–7.14 (m, 4H), 7.01 (d, J = 8.1 Hz, 2H), 6.83–6.80 (m, 2H), 4.53 (s, 1H), 4.13–4.02 
(m,, 2H), 3.91 (d, J = 14.7 Hz, 1H), 3.36 (d, J = 17.8 Hz, 1H), 2.80 (d, J = 18.0 Hz, 1H), 2.51 (d, 
J = 13.9 Hz, 1H), 2.26 (s, 3H), 1.16 (t, J = 7.2 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 198.8, 
171.9, 142.2, 138.2, 137.2, 136.9, 135.5, 130.2, 130.1, 129.0, 128.4, 128.1, 127.6, 126.9, 126.2, 
81.6, 61.3, 58.2, 36.2, 31.8, 21.2, 14.2; HRMS (ESI, m/z): calcd. for C27H26O4H+ 415.1904, 
found 415.1904; [α]D

29: +18.7 (c 2.7, CHCl3); HPLC analysis: 66% ee (Chiralcel AD-H, 02:98 
iPrOH/Hexanes, 1 mL/min), Rt (major) = 31.9 min, Rt (minor) = 28.4 min; IR (KBr thin film, 
cm-1): ν 3475, 2925, 1726, 1682, 1601, 1455, 1282, 1194, 738, 703. 

2h

O

EtO2C

HO

Bn

ethyl (2R,3S)-2-benzyl-3-hydroxy-4-oxo-3-(m-tolyl)-1,2,3,4-tetrahydronaphthalene-2-
carboxylate (2h): Colorless oil, 194.7 mg, 47% yield. 1H NMR (600 MHz, CDCl3) δ 8.24 (dd, J 
= 7.8, 1.1 Hz, 1H), 7.70 (td, J = 7.5, 1.4 Hz, 1H), 7.51 (t, J = 7.6 Hz, 1H), 7.25 (d, J = 7.7 Hz, 
1H), 7.20 (s, 1H), 7.18–7.15 (m, 3H), 7.07–7.03 (m, 2H), 6.98–6.95 (m, 1H), 6.84–6.79 (m, 2H), 
4.54 (s, 1H), 4.10–4.03 (m, 2H), 3.92 (d, J = 13.9 Hz, 1H), 3.37 (d, J = 17.6 Hz, 1H), 2.79 (d, J = 
17.9 Hz, 1H), 2.51 (d, J = 13.9 Hz, 1H), 2.24 (s, 1H), 1.14 (t, J = 7.1 Hz, 3H); 13C NMR (101 
MHz, CDCl3) δ 198.8, 171.8, 142.2, 139.8, 138.0, 137.2, 135.6, 131.4, 130.2, 130.1, 129.2, 
128.4, 128.1, 128.0, 127.6, 127.2, 126.9, 123.2, 81.7, 61.3, 58.2, 36.3, 31.8, 21.8, 14.1; HRMS 
(ESI, m/z): calcd. for C27H26O4H+ 415.1904, found 415.1904; [α]D

26: +66.0 (c 1.9, CHCl3); 
HPLC analysis: 92% ee (Chiralcel AD-H, 02:98 iPrOH/Hexanes, 1 mL/min), Rt (major) = 18.7 
min, Rt (minor) = 17.4 min; IR (KBr thin film, cm-1): ν 3474, 2925, 1726, 1683, 1602, 1455, 
1282, 1195, 704.

2i

O

EtO2C

HO

Bn

Ph

ethyl (2R,3S)-3-([1,1'-biphenyl]-4-yl)-2-benzyl-3-hydroxy-4-oxo-1,2,3,4-
tetrahydronaphthalene-2-carboxylate (2i): Yellow oil, 257.1 mg, 54% yield. 1H NMR (400 
MHz, CDCl3) δ 8.27 (d, J = 7.8 Hz, 1H), 7.72 (td, J = 7.5, 1.2 Hz, 1H), 7.57–7.48 (m, 3H), 7.47–
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7.27 (m, 8H), 7.22–7.17 (m, 3H), 6.86–6.81 (m, 2H), 4.62 (s, 1H), 4.13–4.03 (m, 2H), 3.95 (d, J 
= 13.9 Hz, 1H), 3.43 (d, J = 18.0 Hz, 1H), 2.85 (d, J = 18.1 Hz, 1H), 2.54 (d, J = 13.9 Hz, 1H), 
1.13 (t, J = 7.2 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 198.6, 171.7, 142.1, 141.1, 140.4, 138.9, 
137.1, 135.6, 131.3, 130.2, 130.1, 128.9, 128.4, 128.2, 127.7, 127.6, 127.1, 126.93, 126.88, 126.8, 
81.6, 61.3, 58.2, 36.3, 31.8, 14.1; HRMS (ESI, m/z): calcd. for C32H28O4H+ 477.2060, found 
477.2060; [α]D

24: +13.3 (c 1.2, CHCl3); HPLC analysis: 75% ee (Chiralcel AD-H, 10:90 
iPrOH/Hexanes, 1 mL/min), Rt (major) = 13.7 min, Rt (minor) = 18.0 min; IR (KBr thin film, 
cm-1): ν 3471, 2926, 1726, 1682, 1601, 1486, 1454, 1282, 1237, 1195, 1084,  753, 700.

2j

O

EtO2C

HO

Bn

O

ethyl (2R,3R)-2-benzyl-3-(furan-2-yl)-3-hydroxy-4-oxo-1,2,3,4-tetrahydronaphthalene-2-
carboxylate (2j): Light brown oil, 234.1 mg, 60% yield. 1H NMR (400 MHz, CDCl3) δ 8.19 (d, 
J = 7.8 Hz, 1H), 7.70 (td, J = 7.5, 1.2 Hz, 1H), 7.49 (t, J = 7.6 Hz, 1H), 7.28 (d, J = 7.7 Hz, 1H), 
7.22–7.17 (m, 4H), 6.88–6.79 (m, 3H), 6.62 (dd, J = 3.7, 0.9 Hz, 1H), 5.10 (s, 1H), 4.13 (q, J = 
7.1 Hz, 2H), 3.86 (d, J = 13.2 Hz, 1H), 3.59 (d, J = 18.2 Hz, 1H), 2.93 (d, J = 18.3 Hz, 1H), 2.50 
(d, J = 13.8 Hz, 1H), 1.20 (t, J = 7.2 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 195.3, 171.8, 
143.5, 141.7, 136.9, 135.7, 130.2, 130.0, 129.9, 128.8, 128.4, 127.7, 127.0, 126.9, 125.8, 124.8, 
80.6, 61.6, 57.8, 36.0, 31.8, 14.2; HRMS (ESI, m/z): calcd. for C24H22O5H+ 391.1540, found 
391.1540; [α]D

28: +27.9 (c 1.5, CHCl3); HPLC analysis: 51% ee (Chiralcel AD-H, 10:90 
iPrOH/Hexanes, 1 mL/min), Rt (major) = 27.7 min, Rt (minor) = 34.2 min; IR (KBr thin film, 
cm-1): ν 3456, 2932, 1723, 1686, 1262, 1237, 1197, 1084, 747, 702.

2k

O

EtO2C

HO

Bn

S

ethyl (2R,3S)-2-benzyl-3-hydroxy-4-oxo-3-(thiophen-2-yl)-1,2,3,4-tetrahydronaphthalene-2-
carboxylate (2k): Light brown solid, mp 117‒118 ºC, 174.6 mg, 43% yield. 1H NMR (400 MHz, 
CDCl3) δ 8.19 (d, J = 7.8 Hz, 1H), 7.69 (t, J = 7.5 Hz, 1H), 7.49 (t, J = 7.4 Hz, 1H), 7.29–7.25 
(m, 2H), 7.19–7.17 (m, 3H), 6.85–6.79 (m, 3H), 6.63–6.61 (m, 1H), 5.08 (d, J = 1.7 Hz, 1H), 
4.13 (qd, J = 7.1, 1.7 Hz, 2H), 3.86 (d, J = 13.8 Hz, 1H), 3.60 (d, J = 18.3 Hz, 1H), 2.93 (d, J = 
18.3 Hz, 1H), 2.50 (d, J = 13.8 Hz, 1H), 1.20 (td, J = 7.1, 1.9 Hz, 3H); 13C NMR (101 MHz, 
CDCl3) δ 195.3, 171.8, 143.5, 141.7, 136.9, 135.7, 130.2, 130.0, 129.9, 128.8, 128.4, 127.7, 
127.0, 126.9, 125.8, 124.8, 80.6, 61.6, 57.8, 36.0, 31.8, 14.2; HRMS (ESI, m/z): calcd. for 
C24H22O4SH+ 407.1312, found 407.1312; [α]D

25: ‒12.77 (c 1.19, CHCl3); HPLC analysis: 87% ee 
(Chiralcel AD-H, 02:98 iPrOH/Hexanes, 1 mL/min), Rt (major) = 11.8 min, Rt (minor) = 8.7 
min; IR (KBr thin film, cm-1): ν 3448, 2962, 1718, 1685, 1276, 1260, 1084, 1050, 764, 749, 702.



S16

2l

O

BnO2C

HO

Bn

benzyl (2R,3S)-2-benzyl-3-hydroxy-4-oxo-3-phenyl-1,2,3,4-tetrahydronaphthalene-2-
carboxylate (2l): Colorless oil, 258.8 mg, 56% yield. 1H NMR (600 MHz, CDCl3) δ 8.24 (dd, J 
= 7.8, 1.1 Hz, 1H), 7.69 (td, J = 7.5, 1.4 Hz, 1H), 7.51 (t, J = 7.6 Hz, 1H), 7.32–7.29 (m, 3H), 
7.25–7.23 (m, 3H), 7.23–7.19 (m, 2H), 7.17–7.07 (m, 6H), 6.76–6.70 (m, 2H), 5.06 (d, J = 12.4 
Hz, 1H), 4.97 (d, J = 12.4 Hz, 1H), 4.56 (s, 1H), 3.97 (d, J = 13.9 Hz, 1H), 3.38 (d, J = 17.9 Hz, 
1H), 2.83 (d, J = 18.0 Hz, 1H), 2.53 (d, J = 13.9 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 198.7, 
171.6, 142.1, 139.9, 137.0, 135.6, 135.4, 131.4, 130.2, 130.1, 128.59, 128.56, 128.43, 128.40, 
128.3, 128.1, 127.7, 126.9, 126.3, 81.7, 67.0, 58.4, 36.3, 31.7; HRMS (ESI, m/z): calcd. for 
C31H26O4H+ 463.1904, found 463.1904; [α]D

24: +31.6 (c 3.31, CHCl3); HPLC analysis: 58% ee 
(Chiralcel AD-H, 02:98 iPrOH/Hexanes, 1 mL/min), Rt (major) = 97.8 min, Rt (minor) = 86.9 
min; IR (KBr thin film, cm-1): ν 3479, 2922, 1726, 1681, 1622, 1282, 1187, 739, 700.

2m

O

EtO2C

HOO

ethyl (2R,3S)-3-hydroxy-3-(4-methoxyphenyl)-2-(4-methylbenzyl)-4-oxo-1,2,3,4-
tetrahydronaphthalene-2-carboxylate (2m): Light brown oil, 168.8 mg, 38% yield. 1H NMR 
(600 MHz, CDCl3) δ 8.22 (dd, J = 7.8, 1.1 Hz, 1H), 7.69 (td, J = 7.5, 1.4 Hz, 1H), 7.50 (t, J = 7.6 
Hz, 1H), 7.25 (d, J = 6.9 Hz, 3H), 7.21–7.18 (m, 2H), 6.98 (d, J = 7.8 Hz, 2H), 6.75–6.68 (m, 
4H), 4.53 (s, 1H), 4.12–4.04 (m, 2H), 3.86 (d, J = 13.9 Hz, 1H), 3.73 (s, 3H), 3.34 (d, J = 17.9 
Hz, 1H), 2.82 (d, J = 18.0 Hz, 1H), 2.47 (d, J = 14.0 Hz, 1H), 2.27 (s, 3H), 1.18 (t, J = 7.2 Hz, 
3H); 13C NMR (101 MHz, CDCl3) δ 198.8, 172.0, 159.5, 142.2, 136.4, 135.5, 134.0, 132.0, 131.4, 
130.2, 129.9, 129.1, 128.1, 127.6, 113.6, 81.4, 61.3, 58.3, 55.3, 35.8, 31.8, 21.2, 14.2; HRMS 
(ESI, m/z): calcd. for C28H28O5H+ 445.2010, found 445.2010; [α]D

25: +12.3 (c 1.9, CHCl3); 
HPLC analysis: 84% ee (Chiralcel IA, 10:90 iPrOH/Hexanes, 1 mL/min), Rt (major) = 53.7 min, 
Rt (minor) = 39.8 min; IR (KBr thin film, cm-1): ν 3475, 2926, 1725, 1682, 1603, 1510, 1459, 
1281, 1253, 1055, 829, 751.

2n

O

EtO2C

HOO

ethyl (2R,3S)-2-allyl-3-hydroxy-3-(4-methoxyphenyl)-4-oxo-1,2,3,4-tetrahydronaphthalene-
2-carboxylate (2n): Yellow oil, 133.1 mg, 35% yield. 1H NMR (600 MHz, CDCl3) δ 8.16 (dd, J 
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= 7.8, 1.1 Hz, 1H), 7.63 (td, J = 7.5, 1.4 Hz, 1H), 7.45 (t, J = 7.6 Hz, 1H), 7.30 (d, J = 7.6 Hz, 
1H), 7.18–7.14 (m, 2H), 6.74–6.71 (m, 2H), 5.60–5.52 (m, 1H), 5.00 (dd, J = 10.1, 1.7 Hz, 1H), 
4.80 (d, J = 16.9 Hz, 1H), 4.39 (s, 1H), 4.13 (qd, J = 7.2, 1.9 Hz, 2H), 3.73 (s, 3H), 3.42 (d, J = 
17.2 Hz, 1H), 3.29–3.24 (m, 1H), 3.08 (d, J = 17.8 Hz, 1H), 1.96 (dd, J = 14.1, 8.7 Hz, 1H), 1.21 
(t, J = 7.1 Hz, 3H); 13C NMR (151 MHz, CDCl3) δ 198.7, 172.0, 159.4, 141.8, 135.4, 133.3, 
131.9, 131.2, 130.0, 127.9, 127.5, 119.3, 113.6, 80.9, 61.3, 56.8, 55.3, 34.9, 32.1, 14.3; HRMS 
(ESI, m/z): calcd. for C23H24O5H+ 381.1697, found 381.1697; [α]D

27: ‒1.6 (c 2.2, CHCl3); HPLC 
analysis: 83% ee (Chiralcel IA, 10:90 iPrOH/Hexanes, 1 mL/min), Rt (major) = 12.8 min, Rt 
(minor) = 14.6 min; IR (KBr thin film, cm-1): ν 3447, 2925, 2852, 1725, 1682, 1603, 1510, 1254, 
1281, 1038, 829, 738.

2o

O

EtO2C

HO

Bn

ethyl (2R,3S)-2-benzyl-3-cyclopropyl-3-hydroxy-4-oxo-1,2,3,4-tetrahydronaphthalene-2-
carboxylate (2o): Yellow oil, 185.7 mg, 51% yield. 1H NMR (400 MHz, CDCl3) δ 8.12 (dd, J = 
7.8, 1.1 Hz, 1H), 7.63 (td, J = 7.5, 1.4 Hz, 1H), 7.42 (t, J = 7.6 Hz, 1H), 7.25 (d, J = 7.9 Hz, 1H), 
7.20–7.16 (m, 3H), 6.85–6.82 (m, 2H), 4.25 (q, J = 7.1 Hz, 2H), 3.95 (s, 1H), 3.82 (d, J = 18.4 
Hz, 1H), 3.70 (dd, J = 13.8, 1.2 Hz, 1H), 2.98 (d, J = 18.5 Hz, 1H), 2.37 (d, J = 13.8 Hz, 1H), 
1.34 (t, J = 7.1 Hz, 3H), 1.25–1.17 (m, 1H), 0.67–0.61 (m, 1H), 0.43–0.33 (m, 2H), 0.24–0.18 
(m, 1H); 13C NMR (101 MHz, CDCl3) δ 199.0, 172.6, 140.7, 137.1, 135.2, 130.1, 129.7, 129.5, 
128.34, 128.26, 127.3, 126.9, 77.8, 61.4, 57.1, 35.9, 31.7, 14.3, 14.0, 1.4, -0.6; HRMS (ESI, 
m/z): calcd. for C23H24O4H+ 365.1747, found 365.1747; [α]D

26: +11.9 (c 1.0, CHCl3); HPLC 
analysis: 64% ee (Chiralcel AD-H, 10:90 iPrOH/Hexanes, 1 mL/min), Rt (major) = 27.1 min, Rt 
(minor) = 15.3 min; IR (KBr thin film, cm-1): ν 3485, 2927, 1723, 1686, 1601, 1454, 1282, 1195, 
743, 700.

2p

O

OH
EtO2C

Ph

ethyl (1S,2S)-1-allyl-2-hydroxy-3-oxo-2-phenylcyclopentane-1-carboxylate (2p): Colorless 
oil, 89.3 mg, 31% yield. 1H NMR (400 MHz, CDCl3) δ 7.32–7.27 (m, 5H), 5.71–5.60 (m, 1H), 
5.17–5.10 (m, 2H), 3.98–3.79 (m, 2H), 3.01 (s, 1H), 2.96 (dd, J = 13.5, 5.8 Hz, 1H), 2.79–2.70 
(m, 1H), 2.60–2.43 (m, 2H), 2.20–2.12 (m, 2H), 1.03 (t, J = 7.2 Hz, 3H); 13C NMR (101 MHz, 
CDCl3) δ 216.8, 172.8, 138.9, 133.4, 128.5, 128.4, 126.3, 119.3, 83.9, 61.1, 58.4, 35.8, 33.7, 
23.7, 14.0; HRMS (ESI, m/z): calcd. for C17H20O4H+ 289.1434, found 289.1434; [α]D

25: +85.2 (c 
1.8, CHCl3); HPLC analysis: 4% ee (Chiralcel AD-H, 0.5:99.5 iPrOH/Hexanes, 1 mL/min), Rt 
(major) = 45.4 min, Rt (minor) = 50.4 min; IR (KBr thin film, cm-1): ν 3345, 2980, 1731, 1681, 
1641, 1448, 1268, 1205, 693.
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V. 1H NMR and 13C NMR spectra of substrates and products
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VI. HPLC spectra for ee determination
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