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1. General information
1H-, 13C-, and 19F-NMR were recorded with JEOL JMN ECS400 FT NMR, JNM ECA600 FT NMR or Bruker AVANCE II 

(1H-NMR 400, 600 or 700 MHz, 13C-NMR 100, 150 or 175 MHz, 19F-NMR 565 MHz.) 1H-NMR spectra are reported as 

follows: chemical shift in ppm relative to the chemical shift of tetramethylsilane (TMS) at 0 ppm, integration, multiplicities 

(s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet), and coupling constants (Hz). 13C-NMR spectra reported in 

ppm relative to the central line of triplet for CDCl3 at 77 ppm. CF3CO2H used as external standards for 19F-NMR. FT-MS 

spectra were obtained with LTQ Orbitrap XL (Thermo Fisher Scientific). ESI-MS spectra were obtained with JMS-T100LC 

(JEOL). Optical rotations were measured with JASCO P-1030 polarimeter. HPLC analyses were performed on a JASCO 

HPLC system (JASCO PU 980 pump and UV-975 UV/Vis detector) using a mixture of hexane and 2-propanol as eluents. 

FT-IR spectra were recorded on a JASCO FT-IR system (FT/IR4100). Column chromatography on SiO2 was performed with 

Kanto Silica Gel 60 (63-210 μm). Commercially available organic and inorganic compounds were used without further 

purification.

2. Optimization of reaction conditions

Table S1. Screening of reaction temperature using (Ra,S)-4e

O
Ph

OH (Ra,S)-4e (10 mol %)
O

Ph

OH

O
V
N

O
O

t-Bu

OHO
HO

CF3

F3C

1a 2a

d6-acetone/D2O (2:1) (0.4 M)
temp., 22 h, N2

(Ra,S)-4e

entry temp. (°C) yield (%)a er (%)b

1 10 11 85:15

2 15 36 85:15

3 20 46 87.5:12.5

4 25 59 86:14

5 30 60 85:15

6 (under air) 10 10 82:18

aNMR yield using 1,3,5-trimethoxybenzene as an internal standard.
bDetermined by HPLC
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Table S2. Screening of various reaction solvents

O
OH O

OH

(Ra,S)-4e (5 mol %)

solvent (0.2 M)
25 °C, 24 h

1a 2a

entry solvent conv. (%) yield (%)a er (%)b

1 93 41 83:17Et2O

2 79 23 72.5:27.5MeOt-Bu

3 70 14 71:29CPME

4 76 8 66.5:33.51,4-dioxane

5 51 5 67:33THF

aNMR yield using 1,3,5-trimethoxybenzene as an internal standard.
bDetermined by HPLC

entry solvent conv. (%) yield (%)a er (%)b

6 71 13 73.5:26.5acetone

7 90 7 77:23toluene

8 full 8 75.5:24.5MeCN

9 54 9 66.5-33.5EtOAc

10 full 19 82.5-17.5CH2Cl2

O
V
N

O
O

t-Bu

OHO
HO

CF3

F3C

(Ra,S)-4e

Table S3. Screening of ether-type reaction solvents

O
OH O

OH
solvent (0.2 M, 0.5 mL)

25 °C, 24 h
1a (0.1 mmol) 2a

entry solvent conv. (%) yield (%)a er (%)b

1c Et2O

2

MeOt-Bu

3c
CPME

4 1,4-dioxane

5

THF

aNMR yield using 1,3,5-trimethoxybenzene as an internal standard.
bDetermined by HPLC
cResults of 2nd trial in the parentheses.

entry solvent conv. (%) yield (%)a er (%)b

8

n-Bu2O

9

n-Oct2O

10

MeOCH2CH2OMe

11

(MeOCH2CH2)2O

12

(ClCH2CH2)2O

6

i-Pr2O

7

n-Pr2O

13Bn2O

93 (80)

79

95 (89)

82

–

–

complex mixture

41 (30)

25

37 (32)

14

–

–

83:17 (79.5:20.5)

80.5:19.5

83.5:16.5 (84:16)

75.5:24.5

73.5:26.5

66:34

79

70

51

76

50

–

23

14

5

8

6

trace

72.5:27.5

71:29

67:33

66.5:33.5

63.5:36.5

–

O
V
N

O
O

t-Bu

OHO
HO

CF3

F3C

(Ra,S)-4e

(Ra,S)-4e (5 mol %)
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Table S4. Screening of concentration

entry conv. (%) yield (%)a er (%)b

1 95 37 83.5:16.50.5 mL (0.2 M)

2 92 33 87.5:12.50.4 mL (0.25 M)

3 97 31 88::120.3 mL (0.33 M)

4 full 34 89.5:10.50.2 mL (0.5 M)

aNMR yield using 1,3,5-trimethoxybenzene as an internal standard.
bDetermined by HPLC

i-Pr2O (X mL)
25 °C, 24 h

1a
(0.1 mmol)

2a

i-Pr2O

(Ra,S)-4e (5 mol %)

Table S5. Screening of reaction conditions I

entry conv. (%) yield (%)a er (%)b

2 95 43 87.5:12.5+ H2O (0.1 mL, ca. 56 equiv)

3 90 53 87.5:12.5+ H2O (0.05 mL, ca. 28 equiv)

4 full 38 89:11(Ra,S)-4e (10 mol %)

5 full 42 92:8Na2SO4•10H2O (0.6 equiv)

aNMR yield using 1,3,5-trimethoxybenzene as an internal standard.
bDetermined by HPLC

i-Pr2O (0.2 mL)
25 °C, 24 h
+ variants

1a
(0.1 mmol)

2a

variants

6 37 8 77:23NaOAc•3H2O (2.0 equiv)

7 77 33 83.5:16.5unactivated MS3A (20 mg)

1 95 34 89.5:10.5none

(Ra,S)-4e (5 mol %)
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Table S6. Screening of reaction conditions II

entry conv. (%) yield (%)a er (%)b

2 95 43 87.5:12.5+ H2O (100 L, ca. 56 equiv)

3a 90 53 87.5:12.5+ H2O (50 L, ca. 28 equiv)

aNMR yield using 1,3,5-trimethoxybenzene
as an internal standard.
bDetermined by HPLC
cIsolated yield

i-Pr2O (0.2 mL, 0.5 M)
25 °C, 24 h
+ variants

1a 2a

variants

1 95 34 89.5:10.5none

3b 93 64 88.5:11.5+ H2O (50 L, ca. 28 equiv)

4 95 58 90.5 9.5+ H2O (25 L, ca. 14 equiv)

5 98 60 91.5:8.5+ H2O (5 L, ca. 2.8 equiv)

6 full 78 (75)c 91.5:8.5+ H2O (5 L, ca. 2.8 equiv)
2,6-di-t-Bu-p-cresol (0.5 equiv)

7 full 56 90:10+ 2,6-di-t-Bu-p-cresol (0.5 equiv)

8 full 42 92:8+ Na2SO4•10H2O (0.6 equiv)

9 full 41 91.5:8.5+ Na2SO4•10H2O (0.4 equiv)

10 full 37 91.5:8.5+ Na2SO4•10H2O (0.2 equiv)

OH

t-Bu

t-Bu
2,6-di-t-Bu-p-cresol

0.1 mmol
ca. 17 mg

(Ra,S)-4e (5 mol %)

Table S7. Screening of the amount of BHT

entry yield (%)a ee (%)b

1 52 91.5:8.50.1

2 78 91.5:8.50.5

3 84c 93:71.0

aNMR yield using 1,3,5-trimethoxybenzene
bIE, H/IPA = 7/1, 1.0 mL/min, 210 nm, tR = 13, 15 min
cIsolated yield, 48 h

1a 2a

BHT (X eq)

(Ra,S)-4e (5 mol %)
H2O (5 L, ca. 2.8 equiv)

BHT (X equiv)

i-Pr2O (0.2 mL, 0.5 M)
25 °C, 24 h, N2

(0.1 mmol)

4 62 91.5:8.52.0
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3. Experimental procedures

3-1. Preparation of starting materials

O
Ph

OH

1a

O
OH

1b
F

O
OH

1c
Cl

O
OH

1d
Br

O
OH

1e
I

O
OH

1g

F
O

OH

1h

OMe
O

OH

1i

F O
OH

1j

Me

O
OH

1k

O
OH

1f
Me

O
OH

1l

O
OH

1m

S

Compounds 1a-d were prepared according to the literature procedure.1)

Compound 1e was prepared according to the literature procedure.2)

Compounds 1f-l were prepared according to the literature procedure.3)

Compound 1m was prepared according to the literature procedure.4)

3-2. Preparation of vanadium complexes

Dinuclear and mononuclear vanadium complexes were prepared according to literature.5,6)

Preparation of (Ra,S)-4e

O
O O

O

I

O

H OH
OH

O

H
ArB(OH)2 (1.2 equiv)
Pd(PPh3)4 (10 mol %)

Ba(OH)2 (2.5 equiv)
1,4-dioxane/H2O (3:1)

80 °C, 20 h

TFA (excess)

CH2Cl2
rt, 2 h

L-tert-leucine (1.1 equiv)
VOSO4·H2O (2.2 equiv)

MeOH/CHCl3, O2
reflux, overnight

O
V
N

HO

O

t-Bu

O

OHO

CF3

F3C

(Ar = 3,5-(CF3)2-C6H3)S1 S2 (Ra,S)-4e

CF3

CF3
81% 86%

(R)-3’-Iodo-2,2’-bis(methoxymethoxy)-[1,1’-binaphthalene]-3-carbaldehyde4) (S1) (1.05 g, 1.99 mmol, 1 eq.), 

3,5-bis(trifluoromethyl)phenylboronic acid (622 mg, 2.41 mmol, 1.2 eq.), barium hydroxide (1.59 g, 5.05 mmol, 2.5 eq.) and 

tetrakis(triphenylphosphine)palladium(0) (232 mg, 0.201 mmol, 10 mol%) were dissolved in dioxane/water (3:1, 20 mL) and 

stirred under inert gas at 80 °C for 20 hours. The reaction was cooled to rt and filtered through Na2SO4 and silica. The solvent 

was removed and the crude product was purified via automated MPLC (gradient of ethyl acetate in cyclohexane 2% (3 CV), 

2-20% (10 CV), 20% (2 CV) to give 

(R)-3’-(3,5-bis(trifluoromethyl)phenyl)-2,2’-bis(methoxymethoxy)-[1,1’-binaphthalene]-3-carbaldehyde (968 mg, 1.84 

mmol, 92%) as a yellow solid. 3’-(3,5-Bis(trifluoromethyl)phenyl)-2,2’-bis(methoxymethoxy)-[1,1’-binaphthalene]-

3-carbaldehyde (968 mg, 1.575 mmol, 1 eq.) and trifluoroacetic acid (1.7 mL, 22 mmol, 14 eq.) were stirred in CH2Cl2 (20 

mL) at rt for 2 hours. Then, sat. NaHCO3 aq. was added until no more gas evolves and the phases were separated. The organic 

phase was washed with sat. NaHCO3 aq. again and the aqueous phase was extracted once with CH2Cl2. The combined organic 
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phases were washed with water, brine, dried over NaSO4 and filtrated. The solvent was removed and the crude product was 

purified via automated MPLC (gradient of ethyl acetate in cyclohexane 5% (3 CV), 5-40% (12 CV), 40% (2 CV) to give S2 

(727 mg, 1.38 mmol, 88%) as a yellow solid. Compound S2 (262 mg, 0.499 mmol, 1 eq.), L-tert-leucine (74.2 mg, 0.571 

mmol, 1.1 eq), OVSO4·H2O (200 mg, 1.11 mmol, 2.2 eq.) and molecular sieves 3A (541 mg) were stirred under oxygen 

atmosphere in methanol (25 mL) at reflux conditions for 24 hours. The mixture was allowed to cool to rt filtered through 

celite and the solvent was removed under reduced pressure. The residue was dissolved in CH2Cl2, washed with water five 

times, washed with brine two times, dried over Na2SO4 and filtered. The solvent was removed under reduced pressure and 

the product was dried in vacuo. Vanadium complex (Ra,S)-4e (312 mg, 0.433 mmol, 86%) was obtained as a black solid.

Compound S2

OH
OH

O

H

S2

CF3

CF3
1H-NMR (CDCl3, 600 MHz): δ 10.76 (s, 1H), 10.23 (s, 1H), 8.43 (s, 1H), 8.24 (m, 2H), 8.05 (dd, J = 2.18 and 7.13 Hz, 1H), 

8.02 (s, 1H), 7.95 (d, J = 8.09 Hz, 1H), 7.88 (s, 1H), 7.49 (m, 2H), 7.40 (ddd, J = 1.21, 6.84 and 8.09 Hz, 1H), 7.28 (m, 2H), 

7.08 (dd, J = 1.13 and 8.47 Hz, 1H), 5.30 (s, 1H), 5.19 (s, 1H).
13C-NMR (CDCl3, 125 MHz): δ 196.7, 154.7, 148.6, 140.3, 139.7, 137.7, 133.6, 131.7, 131.6, 131.4, 131.2, 130.4, 130.1, 

129.3, 128.8, 128.0, 127.7, 127.0, 125.3, 124.9, 124.6, 124.5, 122.6, 122.29, 114.8, 114.33.

HRMS (ESI, negative ions): calculated for C29H15O3F6: m/z 525.09309 [M-H]-, found 525.0931.

Vanadium complex (Ra,S)-4e

O
V
N

HO

O

t-Bu

O

OHO

CF3

F3C

(Ra,S)-4e

1H-NMR (CD3OD, 600 MHz): δ 8.97 (s, 1H), 8.53 (s, 1H), 8.32 (s, 2H), 8.10 (s, 1H), 8.08 (m, 1H), 8.02 (d, J = 8.19 Hz, 

1H), 7.96 (s, 1H), 7.42 (m, 3H), 7.29 (m, 3H), 4.28 (s, 1H), 1.28 (s, 9H).
13C-NMR (CD3OD, 125 MHz): δ 168.5, 156.4, 143.0, 139.1, 139.0, 135.4, 132.8, 132.6, 132.3, 132.0, 131.6, 131.2, 131.0, 

130.5, 129.9, 129.8, 129.6, 128.2, 126.3,126.1, 125.4, 125.0, 124.3, 123.9, 118.8, 116.9, 84.3, 34.5, 28.2.
19F-NMR (CD3OD, 565 MHz): δ -64.11.

HRMS (ESI, negative ions): calculated for C35H25NO6F6V: m/z 720.1031 [M-H]-, found 720.1032
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3-3. Vanadium-catalyzed catalytic and enantioselective oxa-Piancatelli reaction

Furfuryl alcohol 1 (0.10 mmol, 17.42 mg) was weighed in a dry test tube and the test tube was equipped with a stir bar, 

evacuated and backfilled with N2. To the test tube, i-Pr2O (0.2 mL), BHT (1.0 eq., 22.04 mg), and H2O (5 μL) were added. 

Then vanadium catalyst (Ra,S)-4e (10 mol %, 3.61 mg) was added at 20 °C. After stirring at 20 °C for 48 hours, the reaction 

mixture was applied to a short-pad silica column, flushed with Hexane/EtOAc (1/1) mixed solvent, and the solvent was 

evaporated. The crude mixture was subjected to silica gel flash chromatography to give the pure product.

trans-4-hydroxy-5-phenylcyclopent-2-en-1-one (2a)

O

OH

15.0 mg. 84% yield. yellow oil.
1H NMR (400 MHz, CDCl3): δ 7.64 (dd, J = 6.0, 2.3 Hz, 1H), 7.28-7.38 (m, 3H), 7.13-7.15 (m, 2H), 6.36 (dd, J = 6.0, 1.4 

Hz, 1H), 5.00 (s, 1H), 3.49 (d, J = 2.8 Hz, 1H), 2.36 (bs, 1H).
13C NMR (100 MHz, CDCl3): δ 205.5, 161.8, 136.7, 134.4, 128.9, 128.3, 127.4, 78.9, 62.1.

HRMS (ESI): calcd for C11H10O2Na: m/z 197.0578 [M + Na]+, found 197.0568.

IR (KBr): 3400, 3062, 1702, 1496, 1336, 1163, 1036, 917, 750 cm-1.

Enantiomeric ratio: 93:7 er, determined by HPLC (CHIRALPAK IE, hexane/2-popanol = 7/1; flow rate 1.0 mL/min; 25 °C; 

210 nm) first peak: tR = 15.5 min, second peak: tR = 18.2 min.

 = +107.7 (c 0.75, CHCl3) for 93:7 er.[𝛼]21𝐷

trans-5-(4-fluorophenyl)-4-hydroxycyclopent-2-en-1-one (2b)

O

OH

F

16.3 mg. 87% yield. yellow oil.
1H NMR (400 MHz, CDCl3): δ 7.62 (dd, J = 5.8, 2.3 Hz, 1H), 7.01-7.14 (m, 4H), 6.34 (dd, J = 5.8, 1.4 Hz, 1H), 4.94-4.96 

(m, 1H), 3.44 (d, J = 3.2 Hz, 1H), 2.52 (bs, 1H).
13C NMR (100 MHz, CDCl3): δ 205.1, 162.1 (d, 1JC-F = 246.3 Hz), 161.7, 134.3, 132.4 (d, 4JC-F = 2.9 Hz), 129.9 (d, 3JC-F = 

7.7 Hz), 115.8 (d, 2JC-F = 22.0 Hz), 78.9, 61.3.
19F NMR (565 MHz, CDCl3): δ -115.8.

HRMS (ESI): calcd for C11H9FO2Na: m/z 215.0484 [M + Na]+, found 215.0473.

IR (KBr): 3388, 3070, 2907, 1702, 1512, 1340, 1227, 1037, 825 cm-1.

Enantiomeric ratio: 90:10 er, determined by HPLC (CHIRALPAK IF, hexane/2-popanol = 15/1; flow rate 1.0 mL/min; 25 

°C; 210 nm) first peak: tR = 12.0 min, second peak: tR = 13.4 min.

 = +84.4 (c 0.82, CHCl3) for 90:10 er.[𝛼]22𝐷
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trans-5-(4-chlorophenyl)-4-hydroxycyclopent-2-en-1-one (2c)

O

OH

Cl

15.2 mg. 73% yield. yellow oil.
1H NMR (400 MHz, CDCl3): δ 7.64 (dd, J = 5.6, 2.3 Hz, 1H), 7.32-7.35 (m, 2H), 7.08-7.11 (m, 2H), 6.36 (dd, J = 5.6, 1.4 

Hz, 1H), 4.96-4.98 (m, 1H), 3.45 (d, J = 3.2 Hz, 1H), 2.38 (bs, 1H).
13C NMR (100 MHz, CDCl3): δ 204.8, 161.8, 135.1, 134.3, 133.4, 129.6, 129.1, 78.7, 61.3.

HRMS (ESI): calcd for C11H9ClO2Na: m/z 231.0189 [M + Na]+, found 231.0179.

IR (KBr): 3494, 3021, 2890, 1692, 1493, 1335, 1160, 1039, 813 cm-1.

Enantiomeric ratio: 90:10 er, determined by HPLC (CHIRALPAK IE, hexane/2-popanol = 20/1; flow rate 1.0 mL/min; 25 

°C; 210 nm) first peak: tR = 31.5 min, second peak: tR = 33.9 min.

 = +83.6 (c 0.76, CHCl3) for 90:10 er.[𝛼]22𝐷

trans-5-(4-bromophenyl)-4-hydroxycyclopent-2-en-1-one (2d)

O

OH

Br

19.1 mg. 75% yield. yellow oil.
1H NMR (400 MHz, CDCl3): δ 7.63 (dd, J = 5.7, 2.3 Hz, 1H), 7.47-7.50 (m, 2H), 7.02-7.04 (m, 2H), 6.35 (dd, J = 5.7, 1.4 

Hz, 1H), 4.97 (s, 1H), 3.43 (d, J = 3.2 Hz, 1H), 2.35 (bs, 1H).
13C NMR (100 MHz, CDCl3): δ 204.7, 161.8, 135.6, 134.3, 132.0, 123.00, 121.5, 78.7, 61.4.

HRMS (ESI): calcd for C11H9BrO2Na: m/z 274.9684 [M + Na]+, found 274.9673.

IR (KBr): 3401, 3064, 2903, 1702, 1488, 1337, 1104, 1034, 812 cm-1.

Enantiomeric ratio: 90:10 er, determined by HPLC (CHIRALPAK IE, hexane/2-popanol = 15/1; flow rate 1.0 mL/min; 25 

°C; 210 nm) first peak: tR = 14.1 min, second peak: tR = 15.5 min.

 = +82.6 (c 0.96, CHCl3) for 90:10 er.[𝛼]22𝐷
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trans-4-hydroxy-5-(4-iodophenyl)cyclopent-2-en-1-one (2e)

O

OH

I

19.3 mg. 65% yield. yellow oil.
1H NMR (400 MHz, CDCl3): δ 7.67-7.70 (m, 2H), 7.64 (dd, J = 6.0, 2.3 Hz, 1H), 6.89-6.92 (m, 2H), 6.36 (dd, J = 5.5, 1.4 

Hz, 1H), 4.98 (s, 1H), 3.42 (d, J = 2.8 Hz, 1H), 2.31 (bs, 1H).
13C NMR (100 MHz, CDCl3): δ 204.7, 161.8, 138.0, 136.3, 134.3, 130.3, 93.0, 78.6, 61.5.

HRMS (ESI): calcd for C11H9IO2Na: m/z 322.9545 [M + Na]+, found 322.9537.

IR (KBr): 3470, 3076, 2910, 1685, 1588, 1487, 1326, 1041, 809 cm-1.
Enantiomeric ratio: 91:9 er, determined by HPLC (CHIRALPAK IF-3, hexane/2-popanol = 9/1; flow rate 1.0 mL/min; 25 

°C; 210 nm) first peak: tR = 7.7 min, second peak: tR = 8.8 min.

 = +84.97 (c 0.97, CHCl3) for 91:9 er.[𝛼]25𝐷

trans-4-hydroxy-5-(p-tolyl)cyclopent-2-en-1-one (2f)

O

OH

Me

10.9 mg. 57% yield. yellow oil.
1H NMR (400 MHz, CDCl3): δ 7.61 (dd, J = 6.0, 2.3 Hz, 1H), 7.16 (d, J = 8.0 Hz, 2H), 7.02 (d, J = 8.0 Hz, 2H), 6.33 (dd, J 

= 6.0, 1.4 Hz, 1H), 4.97 (s, 1H), 3.40 (d, J = 2.8 Hz, 1H), 2.41 (bs, 1H), 2.34 (s, 3H).
13C NMR (100 MHz, CDCl3): δ 205.6, 161.6, 137.1, 134.4, 133.6, 129.6, 128.2, 79.0, 61.8, 21.1.

HRMS (ESI): calcd for C12H12O2Na: m/z 211.0735 [M + Na]+, found 211.0725.

IR (KBr): 3398, 3019, 2920, 1702, 1514, 1337, 1034, 804 cm-1.

Enantiomeric ratio: 93:7 er, determined by HPLC (CHIRALPAK IE, hexane/2-popanol = 15/1; flow rate 1.0 mL/min; 25 

°C; 210 nm) first peak: tR = 37.3 min, second peak: tR = 44.5 min.

 = +118.5 (c 0.55, CHCl3) for 93:7 er.[𝛼]22𝐷
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trans-5-(3-fluorophenyl)-4-hydroxycyclopent-2-en-1-one (2g)

O

OH
F

11.9 mg. 62% yield. yellow oil.
1H NMR (400 MHz, CDCl3): δ 7.62 (dd, J = 6.0, 2.3 Hz, 1H), 7.29-7.34 (m, 1H), 6.97-7.02 (m, 1H), 6.93 (d, J = 7.8 Hz, 1H), 

6.83-6.87 (m, 1H), 6.34 (dd, J = 6.0, 1.4 Hz, 1H), 4.97 (s, 1H), 3.45 (d, J = 3.2 Hz, 1H), 2.58 (bs, 1H).
13C NMR (100 MHz, CDCl3): δ 204.5, 162.9 (d, 1JC-F = 250.1 Hz), 161.7, 139.0 (d, 3JC-F = 7.7 Hz), 134.4, 130.4 (d, 3JC-F = 

8.6 Hz), 124.0 (d, 4JC-F = 2.9 Hz), 115.3 (d, 2JC-F = 21.1 Hz), 114.5 (d, 2JC-F = 21.1 Hz), 78.7, 61.6.
19F NMR (565 MHz, CDCl3): δ -113.3.

HRMS (ESI): calcd for C11H9FO2Na: m/z 215.0484 [M + Na]+, found 215.0474.

IR (KBr): 3416, 3080, 2909, 1704, 1514, 1252, 1034, 821 cm-1.

Enantiomeric ratio: 91:9 er, determined by HPLC (CHIRALPAK IE, hexane/2-popanol = 9/1; flow rate 1.0 mL/min; 25 °C; 

210 nm) first peak: tR = 13.9 min, second peak: tR = 17.1 min.

 = +63.4 (c 0.60, CHCl3) for 91:9 er.[𝛼]22𝐷

trans-4-hydroxy-5-(3-methoxyphenyl)cyclopent-2-en-1-one (2h)

O

OH
OMe

18.2 mg. 90% yield. yellow oil.
1H NMR (400 MHz, CDCl3): δ 7.63 (dd, J = 5.7, 2.3 Hz, 1H), 7.27 (t, J = 7.8 Hz, 1H), 6.84 (dd, J = 7.8, 2.3 Hz, 1H), 6.71 

(d, J = 7.8 Hz, 1H), 6.68 (d, J = 2.3 Hz, 1H), 6.34 (dd, J = 5.7, 1.4 Hz, 1H), 5.00 (s, 1H), 3.79 (s, 3H), 3.42 (d, J = 2.8 Hz, 

1H), 2.43 (bs, 1H).
13C NMR (100 MHz, CDCl3): δ 205.3, 161.8, 159.9, 138.2, 134.4, 130.0, 120.5, 114.2, 112.7, 78.9, 62.0, 55.2.

HRMS (ESI): calcd for C12H12O3Na: m/z 227.0684 [M + Na]+, found 227.0675.

IR (KBr): 3399, 2940, 2838, 1704, 1588, 1492, 1260, 1041, 781 cm-1.

Enantiomeric ratio: 89:11 er, determined by HPLC (CHIRALPAK IF-3, hexane/2-popanol = 9/1; flow rate 1.0 mL/min; 25 

°C; 210 nm) first peak: tR = 25.4 min, second peak: tR = 44.2 min.

 = +78.2 (c 0.91, CHCl3) for 89:11 er.[𝛼]22𝐷
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trans-5-(2-fluorophenyl)-4-hydroxycyclopent-2-en-1-one (2i)

O

OH F

8.4 mg. 45% yield. yellow oil.
1H NMR (400 MHz, CDCl3): δ 7.60 (dd, J = 5.6, 2.3 Hz, 1H), 7.26-7.32 (m, 1H), 7.05-7.19 (m, 3H), 6.37 (d, J = 5.6 Hz, 1H), 

5.04 (s, 1H), 3.56 (d, J = 2.8 Hz, 1H), 2.42 (bd, J = 6.0 Hz, 1H).
13C NMR (100 MHz, CDCl3): δ 204.2, 161.2, 161.0 (d, 1JC-F = 245.4 Hz), 134.0, 131.2 (d, 3JC-F = 3.8 Hz), 129.4 (d, 3JC-F = 

8.6 Hz), 124.5 (d, 4JC-F = 2.9 Hz), 124.1 (d, 2JC-F = 15.3 Hz), 115.7 (d, 2JC-F = 21.1 Hz), 78.0, 57.9.
19F NMR (565 MHz, CDCl3): δ -117.0.

HRMS (ESI): calcd for C11H9FO2Na: m/z 215.0484 [M + Na]+, found 215.0474.

IR (KBr): 3399, 3068, 2910, 1705, 1494, 1233, 1103, 759 cm-1.

Enantiomeric ratio: 75:25 er, determined by HPLC (CHIRALPAK IE, hexane/2-popanol = 9/1; flow rate 1.0 mL/min; 25 

°C; 210 nm) first peak: tR = 13.9 min, second peak: tR = 17.1 min.

 = +63.4 (c 0.60, CHCl3) for 75:25 er.[𝛼]22𝐷

trans-4-hydroxy-5-(o-tolyl)cyclopent-2-en-1-one (2j)

O

OH
Me

10.0 mg. 52% yield. yellow oil.
1H NMR (400 MHz, CDCl3): δ 7.57 (dd, J = 6.0, 1.8 Hz, 1H), 7.12-7.20 (m, 3H), 6.86 (d, J = 6.9 Hz, 1H), 6.32 (d, J = 5.5 

Hz, 1H), 4.92 (s, 1H), 3.65 (d, J = 2.8 Hz, 1H), 2.68 (bs, 1H), 2.29 (s, 3H).
13C NMR (100 MHz, CDCl3): δ 206.0, 161.7, 137.0, 135.5, 134.5, 130.8, 128.2, 127.5, 126.4, 78.9, 59.7, 20.0.

HRMS (ESI): calcd for C12H12O2Na: m/z 211.0735 [M + Na]+, found 211.0726.

IR (KBr): 3398, 3063, 2924, 1702, 1494, 1339, 1164, 1032, 753 cm-1.

Enantiomeric ratio: 72:28 er, determined by HPLC (CHIRALPAK IF-3, hexane/2-popanol = 9/1; flow rate 1.0 mL/min; 25 

°C; 210 nm) first peak: tR = 10.2 min, second peak: tR = 11.8 min.

 = +40.6 (c 0.50, CHCl3) for 72:28 er.[𝛼]19𝐷
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trans-4-hydroxy-5-(naphthalen-2-yl)cyclopent-2-en-1-one (2k)

O

OH

14.3 mg. 62% yield. yellow oil.
1H NMR (400 MHz, CDCl3): δ 7.79-7.85 (m, 3H), 7.67-7.69 (m, 2H), 7.45-7.50 (m, 2H), 7.19 (dd, J = 8.7, 1.8 Hz, 1H), 6.41 

(dd, J = 5.5, 1.4 Hz, 1H), 5.10 (s, 1H), 3.63 (d, J = 2.8 Hz, 1H), 2.37 (bs, 1H).
13C NMR (100 MHz, CDCl3): δ 205.4, 161.8, 134.5, 134.0, 133.4, 132.6, 128.8, 127.7, 126.36, 126.0, 125.7, 78.9, 62.2. (Two 

carbons are overlapping.)

HRMS (ESI): calcd for C15H12O2Na: m/z 247.0735 [M + Na]+, found 247.0726.

IR (KBr): 3402, 3055, 2917, 1704, 1508, 1337, 1034, 816, 750 cm-1.

Enantiomeric ratio: 89:11 er, determined by HPLC (CHIRALPAK IF-3, hexane/2-popanol = 9/1; flow rate 1.0 mL/min; 25 

°C; 210 nm) first peak: tR = 17.1 min, second peak: tR = 20.8 min.

 = +113.4 (c 0.72, CHCl3) for 89:11 er.[𝛼]18𝐷

trans-4-hydroxy-5-(naphthalen-1-yl)cyclopent-2-en-1-one (2l)

O

OH

13.2 mg. 55% yield. yellow oil.
1H NMR (400 MHz, CDCl3): δ 7.87-7.91 (m, 1H), 7.81 (d, J = 8.2 Hz, 1H), 7.66-7.69 (m, 2H), 7.46-7.52 (m, 2H), 7.43 (dd, 

J = 8.2, 7.3 Hz,1H), 7.23 (d, J = 6.9 Hz, 1H), 6.49 (dd, J = 6.0, 1.4 Hz, 1H), 5.14 (s, 1H), 4.07 (d, J = 2.3 Hz, 1H), 2.41 (d, J 

= 2.3 Hz, 1H).
13C NMR (100 MHz, CDCl3): δ 205.9, 161.2, 134.7, 134.2, 133.2, 131.8, 129.1, 128.3, 127.2, 126.5, 125.9, 125.5, 123.4, 

78.7, 60.4.

HRMS (ESI): calcd for C15H12O2Na: m/z 247.0735 [M + Na]+, found 247.0728.

IR (KBr): 3410, 3059, 2916, 1706, 1594, 1336, 1161, 1028, 776 cm-1.

Enantiomeric ratio: 71:29 er, determined by HPLC (CHIRALPAK IH, hexane/2-popanol = 7/1; flow rate 1.0 mL/min; 25 

°C; 210 nm) first peak: tR = 24.9 min, second peak: tR = 36.3 min.

 = –19.4 (c 0.66, CHCl3) for 71:29 er.[𝛼]23𝐷
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trans-4-hydroxy-5-(thiophen-2-yl)cyclopent-2-en-1-one (2m)

O

OH

S

14.4 mg. 71% yield. yellow oil.
1H NMR (400 MHz, CDCl3): δ 7.58 (dd, J = 6.0, 2.3 Hz, 1H), 7.25 (dd, J = 5.5, 1.4 Hz, 1H), 6.98-7.02 (m, 2H), 6.31 (dd, J 

= 6.0, 1.4 Hz, 1H), 5.05 (s, 1H), 3.74 (d, J = 2.8 Hz, 1H), 2.75 (bs, 1H).
13C NMR (100 MHz, CDCl3): δ 203.0, 161.2, 137.5, 133.6, 127.1, 126.0, 124.9, 78.8, 56.9.

HRMS (ESI): calcd for C9H8O2SNa: m/z 203.0143 [M + Na]+, found 203.0135.

IR (KBr): 3410, 3108, 2880, 1707, 1436, 1338, 1190, 1113, 704 cm-1.

Enantiomeric ratio: 88:12 er, determined by HPLC (CHIRALPAK IF-3, hexane/2-popanol = 4/1; flow rate 1.0 mL/min; 25 

°C; 210 nm) first peak: tR = 7.7 min, second peak: tR = 9.1 min.

 = +93.3 (c 0.72, CHCl3) for 88:12 er.[𝛼]24𝐷

Unsuccessful examples of starting materials

O
OH

CF3

O
OH

OMe

O

O
OH

CN

O
OH

O
OH

Ph
Ph

O
OH

Me
Ph

complex mixture

O
Ph

dehydration occurred

No desired product and decomposition of starting materials were observed.
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3-4. Derivatization

O

OH

2c
(oil)

Cl

O

Cl

NO2

+
CH2Cl2
rt, 1 h

O

O

Cl

O

NO2

O Cl

O
Cl

Cl

O

S4

S5

S3
41%

(1.5 equiv)

Et3N
(2.0 equiv)

Compound S3.

To a solution of 2c (37.5 mg, 0.18 mmol) and Et3N (50 μL mg, 0.36 mmol) in CH2Cl2 (0.9 mL), 4-Nitrobenzoyl Chloride (50 

mg, 0.27 mmol) is added at 0 °C. The reaction mixture is then stirred for 1 hour at rt. This mixture was treated with sat. NH4Cl 

aq. and extracted with CH2Cl2. The combined organic phases are washed with sat. NaCl aq. and dried over Na2SO4, and the 

solvent was evaporated off. The residue obtained was purified by silica-gel column chromatography to afford S3 (13.9 mg, 

41%, white solid).
1H NMR (400 MHz, CDCl3): δ 7.59-7.63 (m, 2H), 7.56 (d, J = 2.8 Hz, 1H), 7.43-7.46 (m, 2H), 7.32-7.39 (m, 4H), 6.48 (dd, 

J = 6.9, 3.2 Hz, 1H), 6.34 (d, J = 6.9 Hz, 1H), 3.73-3.78 (m, 2H), 3.33 (t, J = 5.7 Hz, 1H).
13C NMR (100 MHz, CDCl3): δ 203.5, 198.3, 154.2, 149.9, 135.2, 133.9, 132.7, 132.5, 129.4, 129.2, 129.0, 128.7, 128.3, 

61.0, 51.6, 46.2, 43.7 (One carbon is overlapping).

HRMS (ESI): calcd for C22H14Cl2O2Na: m/z 403.0269 [M + Na]+, found 403.0258.

IR (KBr): 3085, 2925, 1782, 1702, 1492, 1321, 1090, 823, 742 cm-1.

O

OH

2a
(oil)

CH2Cl2
rt, overnight

TBDPSCl (2.0 equiv)
Et3N (1.5 equiv)
DMAP (10 mol %)

O

O

S6
(oil)
29%

Si
PhPh

t-Bu

Compound S6.

To a solution of 2a (52.3 mg, 0.30 mmol), Et3N (62.7 μL mg, 0.45 mmol), and DMAP (3.7 mg, 0.03 mmol) in CH2Cl2 (1 

mL), TBDPCl (156 μL, 0.6 mmol) is added at 0 °C. The reaction mixture is then stirred overnight at rt. This mixture was 

treated with sat. NH4Cl aq. and extracted with CH2Cl2. The combined organic phases are washed with sat. NaCl aq. and dried 

over Na2SO4, and the solvent was evaporated off. The residue obtained was purified by silica-gel column chromatography 

and GPC to afford S6 (35.5 mg, 29%, colorless oil).
1H NMR (400 MHz, CDCl3): δ 7.59-7.61 (m, 2H), 7.32-7.45 (m, 6H), 7.29 (dd, J = 6.0, 2.3 Hz, 1H), 7.24-7.26 (m, 3H), 7.18 

(t, J = 7.8 Hz, 2H), 6.91-6.93 (m, 2H), 6.21 (dd, J = 6.0, 1.4 Hz, 1H), 4.95-4.96 (m, 1H), 3.59 (d, J = 2.8 Hz, 1H), 1.03 (s, 

9H).
13C NMR (100 MHz, CDCl3): δ 205.6, 162.5, 136.9, 135.7, 133.7, 133.3, 132.3, 123.0, 129.8, 128.7, 128.5, 127.8, 127.6, 

127.1, 80.1, 62.6, 26.7, 19.0. (One carbon is overlapping.)
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HRMS (ESI): calcd for C27H28O2SiNa: m/z 435.1756 [M + Na]+, found 435.1747.

IR (KBr): 3067, 3031, 2933, 2858, 1720, 1427, 1360, 1199, 1080, 820, 701 cm-1.

The absolute configuration of synthesized compound 2b was determined by comparison of the specific rotation with that of 

the reported compounds S8 after TBS protection and reduction.

OH

OTBS

FO

OH

F

2b
(92:8 er)

O

OTBS

F

TBSCl (2.0 equiv.)
DMAP (10 mol %)
Et3N (1.1 equiv.)

CH2Cl2
rt, overnight

NaBH4
(2.0 equiv.)

EtOH
0 °C, 1 h

S7
36% yield

+

OH

OTBS

F

S8
33% yield
92:8 er

S9
15% yield

[]D24 = +11.9 (c 1.42, CHCl3) for 92:8 er.
lit.[]D28 = +13.2 (c 0.60, CHCl3) for optically pure

R

S

S

S8 : S9 = 2.2 :1

Compound S7.

To a solution of 2b (153.8 mg, 0.80 mmol), Et3N (0.12 mL, 0.88 mmol), and DMAP (9.8 mg, 0.08 mmol) in CH2Cl2 (4 mL), 

TBSCl (241.2 mg, 1.6 mmol) was added at 0 °C. The reaction mixture was then stirred overnight at rt. This mixture was 

treated with sat. NH4Cl aq. and extracted with CH2Cl2. The combined organic phases are washed with sat. NaCl aq. and dried 

over Na2SO4, and the solvent was evaporated off. The residue obtained was purified by silica-gel column chromatography 

and GPC to afford S6 (89.5 mg, 36%, colorless oil).
1H NMR (400 MHz, CDCl3): δ 7.51 (dd, J = 6.0, 2.3 Hz, 1H), 7.01-7.08 (m, 4H), 6.29 (dd, J = 6.0, 2.3 Hz, 1H), 4.86-4.87 

(m, 1H), 3.41 (d, J = 2.8 Hz, 1H), 0.86 (s, 9H), -0.03 (s, 3H), -0.09 (s, 3H).
13C NMR (100 MHz, CDCl3): δ 205.1, 162.4, 162.0 (d, 1JC-F = 245.4 Hz), 133.5, 132.8 (d, 4JC-F = 2.9 Hz), 130.0 (d, 3JC-F = 

7.7 Hz), 115.7 (d, 2JC-F = 21.1 Hz), 79.7, 62.1, 25.6, 17.9, -4.8, -5.0.

HRMS (ESI): calcd for C17H23FO2SiNa: m/z 329.1349 [M + Na]+, found 329.1340.

IR (KBr): 3055, 2932, 2858, 1721, 1511, 1227, 1076, 845, 778 cm-1.

Preparation of compound S8 and S9.

To a solution of S6 (85.8 mg, 0.28 mmol) in EtOH (4.7 mL), NaBH4 (22.2 mg, 0.56 mmol) was added at 0 °C. The reaction 

mixture was then stirred for 1 h at 0 °C. This mixture was treated with sat. NH4Cl aq. and extracted with CH2Cl2. The combined 

organic phases are washed with sat. NaCl aq. and dried over Na2SO4, and the solvent was evaporated off. The residue obtained 

was purified by PTLC to afford S8 (28.4 mg, 33%, colorless oil) and S9 (13 mg, 15%, colorless oil).

Compound S8
1H NMR (400 MHz, CDCl3): δ 7.14-7.18 (m, 2H), 6.99-7.03 (m, 2H), 4.21-4.24 (m, 1H), 4.04-4.09 (m, 1H), 2.90 (t, J = 7.2 

Hz, 1H), 1.83-2.14 (m, 5H), 0.79 (s, 9H), -0.13 (s, 3H), -0.20 (s, 3H).
13C NMR (100 MHz, CDCl3): δ 161.7 (d, 1JC-F = 244.4 Hz), 136.4 (d, 4JC-F = 2.9 Hz), 129.1 (d, 3JC-F = 8.6 Hz), 115.3 (d, 
2JC-F = 21.1 Hz), 79.0, 77.2, 62.3, 32.3, 31.8, 25.7, 17.9, -4.99, -5.07.

Enantiomeric ratio: 92:8 er, determined by HPLC (CHIRALPAK IF-3, hexane/2-popanol = 99/1; flow rate 1.0 mL/min; 25 

°C; 265 nm) first peak: tR = 16.6 min, second peak: tR = 17.9 min.

 = +11.9 (c 1.42, CHCl3) for 92:8 er.[𝛼]24𝐷
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Reported data for (1R,2S,3S)-3-(tert-Butyldimethylsilyloxy)-2-(4-fluorophenyl)cyclopentan-1-ol (S8).8)

 = +13.2 (c 0.60, CHCl3) (optically pure).[𝛼]28𝐷

Compound S9
1H NMR (400 MHz, CDCl3): δ 7.26-7.29 (m, 2H), 7.01-7.05 (m, 2H), 4.53-4.59 (m, 1H), 4.23-4.26 (m, 1H), 2.95 (dd, J = 

8.7, 5.0 Hz, 1H), 2.21-2.29 (m, 2H), 1.73, 1.80 (m, 1H), 1.62-1.68 (m, 1H), 1.26 (s, 1H), 0.78 (s, 9H), -0.07 (s, 3H), -0.18 

(m, 3H).
13C NMR (100 MHz, CDCl3): δ 161.9 (d, 1JC-F = 244.4 Hz), 134.1 (d, 4JC-F = 2.9 Hz), 130.8 (d, 3JC-F = 8.6 Hz), 115.1 (d, 
2JC-F = 21.1 Hz), 76.9, 74.2, 59.7, 32.6, 31.8, 25.7, 17.9, -4.6, -5.0.

The absolute configuration of synthesized compound (S,S)-2b was reconfirmed by comparison of the specific rotation with 

that of the other reported compound S10 after acylation.

OH

OTBS

F

O2N

O2N

Cl

O

OTBS

F

NO2

O2N O

O

+

(1.5 equiv)

DMAP (10 mol %)
Et3N (2.0 equiv.)

CH2Cl2
rt, overnight

S10
62% yield
92:8 er

S9

[]D23 = +123.7 (c 0.65, CHCl3) for 92:8 er.
lit.[]D26 = +142 (c 1.03, CHCl3) for optically pure

Compound S10.

To a solution of S9 (13 mg, 0.042 mmol) and DMAP (0.5 mg, 0.0042 mmol) in CH2Cl2 (0.42 mL), 3,5-dinitrobenzoyl chloride 

(14.5 mg, 0.063 mmol) and Et3N (12 μL, 0.88 mmol) were added at 0 °C. The reaction mixture is then stirred overnight at rt. 

This mixture was treated with sat. NH4Cl aq. and extracted with CH2Cl2. The combined organic phases are washed with sat. 

NaCl aq. and dried over Na2SO4, and the solvent was evaporated off. The residue obtained was purified by PTLC to afford 

S10 (13 mg, 62%, colorless oil).

1H NMR (400 MHz, CDCl3): δ 9.17 (t, J = 1.9 Hz, 1H), 8.89 (d, J = 1.9 Hz, 2H), 7.23-7.28 (m, 2H), 6.96-7.02 (m, 2H), 

5.61 (td, J = 6.9, 3.7 Hz, 1H), 4.62-4.67 (m, 1H), 3.31 (t, J = 7.3 Hz, 1H), 2.49-2.58 (m, 1H), 2.24-2.32 (m, 1H), 1.94-2.05 

(m, 1H), 1.73-1.82 (m, 1H), 0.79 (s, 9H), -0.02 (s, 3H), -0.12 (s, 3H)
13C NMR (100 MHz, CDCl3): δ 161.8 (d, 1JC-F = 246.3 Hz), 161.6, 148.5, 133.9, 133.1 (d, 4JC-F = 2.9 Hz), 130.7 (d, 3JC-F = 

8.6 Hz), 129.1, 122.2, 115.1 (d, 2JC-F = 21.1 Hz), 78.7, 77.5, 57.6, 32.8, 30.2, 25.6, 17.9, -4.6, -4.9.

Enantiomeric ratio: 92:8 er, determined by HPLC (CHIRALPAK IF-3, hexane/2-popanol = 99/1; flow rate 1.0 mL/min; 25 

°C; 220 nm) first peak: tR = 19.6 min, second peak: tR = 20.8 min.

 = + 123.7 (c 0.65, CHCl3) for 92:8 er.[𝛼]23𝐷

Reported data for (1S,2S,3S)-3-(tert-Butyldimethylsilyloxy)-2-(4-fluorophenyl)cyclopentyl 3,5-Dinitrobenzoate (S10).8)

 = +142 (c 1.03, CHCl3) (optically pure).[𝛼]26𝐷
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5. NMR spectra
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