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General Methods. Melting point was measured with XT-4 micro melting point 
apparatus and uncorrected. NMR spectra were recorded on a Varian Mercury 
300 (1H 300 MHz; 19F 282 MHZ) spectrometer in CDCl3. Chemical shifts are 
expressed in ppm with TMS as an internal standard (δ = 0 ppm) for 1H NMR. 
Coupling constants, J, are listed in hertz. Data for 19F NMR were reported in 
terms of chemical shift (δ, ppm). HPLC analysis was carried out on a JASCO 
PU 2089 liquid chromatograph with a UV 2075 detector. Specific optical 
rotations and CD spectra were obtained on PE-341 and JASCO 810 
spectrometers, respectively. Unless stated otherwise, all solvents were 
purified and dried according to standard methods prior to use. 
 
General Procedure for Asymmetric Baeyer-Villiger Oxidation 
To a 5-mL Schlenk tube was charged 7.6 mg of (R)-1r (10 mol %, 0.01 mmol), 
0.1 mmol of 3-substituted cyclobutanone 2 and 1 mL of CHCl3. The mixture 
was stirred and cooled to -40°C, and then 1.5 equiv. of aqueous H2O2 (30%) 
was added at this temperature. The reaction mixture was stirred for 18-36 h at 
-40°C. After completion of the reaction, H2O2 was decomposed with aqueous 
Na2SO3 and the product 3 was isolated by column chromatography on silica 
gel with petroleum ether / ethyl acetate = 6/1 as the eluent. The enantiomeric 
excess was determined by chiral HPLC analysis. 
 

O

O

 
(-)-(R)-4-phenyldihydrofuran-2(3H)-one (3a)[1]: white solid, 99% yield, m.p. 
60-62°C (lit[1] 59-60°C); [α]D20 = -46.7 (c 0.48, CHCl3), 88.0% ee; [Lit.[1]: [α]D20 = 
-67.2 (c 2.0, CHCl3) for R–isomer with 99% ee]. 1H NMR (300 MHz, CDCl3) δ = 
7.22-7.41 (m, 5 H), 4.68 (dd, J = 9.0, 8.6 Hz, 1 H), 4.28 (dd, J = 8.4, 8.4 Hz, 1 
H), 3.74-3.86 (m, 1 H), 2.94 (dd, J = 17.4, 9.0 Hz, 1 H), 2.68 (dd, J = 17.4, 9.0 
Hz, 1 H) ppm. The enantiomeric excess was determined by chiral HPLC 
analysis on a Chiralpak AS-H column (hexane/2-PrOH = 95/5, flow rate = 1.0 
mL/min, λ = 220 nm), tR = 40.4 min (major); 46.9 min (minor). 
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Me  
(-)-(R)-4-(4-tolyl)dihydrofuran-2(3H)-one (3b)[2]: yellow solid; 99% yield, m.p. 
66-68°C (lit[2] 63.5-65°C); [α]D20 = -31.5 (c 0.67, CHCl3), 93% ee; [Lit.[2]: [α]D21 = 



+50 (c = 1.25, CHCl3) for S-isomer]. 1H NMR (300 MHz, CDCl3) δ = 7.10-7.20 
(m, 4 H), 4.65 (dd, J = 8.4, 8.4 Hz, 1 H), 4.24 (dd, J = 8.5, 8.4 Hz, 1 H), 
3.72-3.79 (m, 1 H), 2.90 (dd, J = 17.1, 8.7 Hz, 1 H), 2.65 (dd, J = 17.1, 8.7 Hz, 
1 H), 2.35 (s, 3 H) ppm; The enantiomeric excess was determined by chiral 
HPLC analysis on a Chiralpak AD-H column (hexane/2-PrOH = 95/5, flow rate 
= 0.7 mL/min, λ = 214 nm), tR = 17.9 min (minor), 18.9 min (major). 
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MeO  
(-)-(R)-4-(4-methoxyphenyl)dihydrofuran-2(3H)-one (3c)[3]: yellow solid; 
99% yield, m.p. 92-94°C; [α]D20 = -28.3 (c 0.90, CHCl3) for R-isomer with 85% 
ee. 1H NMR (300 MHz, CDCl3) δ = 7.15 (d, J = 7.3, 2.1 Hz, 2 H), 6.90 (dd, J = 
7.2, 2.4 Hz, 2 H), 4.64 (dd, J = 8.7, 8.1 Hz, 1 H), 4.22 (dd, J = 8.7, 8.4 Hz, 1 H), 
3.81 (s, 3 H), 3.71-3.83 (m, 1 H), 2.90 (dd, J = 17.4, 8.7 Hz, 1 H), 2.63 (dd, J = 
17.4, 9.3 Hz, 1 H) ppm; The enantiomeric excess was determined by chiral 
HPLC analysis on a Chiralpak AD-H column (hexane/2-PrOH = 95/5, flow rate 
= 0.7 mL/min, λ = 214 nm), tR = 31.8 min (minor), 33.5 min (major). 
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Br  
(-)-(R)-4-(4-bromophenyl)dihydrofuran-2(3H)-one (3d)[3]: yellow soild; 99% 
yield, m.p. 84-86°C; [α]D20 = -30.7 (c 1.18, CHCl3) for R-isomer with 83% ee. 1H 
NMR (300 MHz, CDCl3) δ 7.50 (d, J = 8.7 Hz, 1 H), 7.12 (d, J = 8.4 Hz, 1 H), 
4.66 (dd, J = 8.7, 7.8 Hz, 1 H), 4.23 (dd, J = 8.4, 7.5 Hz, 1 H), 3.73-3.79 (m, 1 
H), 2.94 (dd, J = 17.7, 8.7 Hz, 1 H), 2.63 (dd, J = 17.4, 8.4 Hz, 1 H); The 
enantiomeric excess was determined by chiral HPLC analysis on a Chiralpak 
AD-H column (hexane/2-PrOH = 95/5, flow rate = 0.7 mL/min, λ = 230 nm), tR 
= 31.9 min (minor), 33.8 min (major). 
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Cl  
(-)-(R)-4-(4-chlorophenyl)dihydrofuran-2(3H)-one (3e) [4]: yellow solid; 99% 



yield, m.p. 72-74°C (lit[4] 73-75°C); [α]D20 = -47.2 (c 0.90, CHCl3) for R-isomer 
with 81.7% ee [Lit.[4]: [α]D20 = -48.5 (c 1.38, CHCl3) for R-isomer]. 1H NMR (300 
MHz, CDCl3) δ = 7.35 (d, J = 8.4 Hz, 2 H), 7.17 (d, J = 7.8 Hz, 2 H), 4.66 (dd, J 
= 8.4, 8.4 Hz, 1 H), 4.24 (dd, J = 9.0, 8.2 Hz, 1 H), 3.74-3.81 (m, 1 H), 2.94 (dd, 
J = 17.7, 8.7 Hz, 1 H), 2.63 (dd, J = 17.7, 8.7 Hz, 1 H) ppm. The enantiomeric 
excess was determined by chiral HPLC analysis on a Chiralpak AD-H column 
(hexane/2-PrOH = 95/5, flow rate = 0.7 mL/min, λ = 230 nm), tR = 28.9 min 
(minor), 30.5 min (major).  
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F  
(-)-(R)-4-(4-fluorophenyl)dihydrofuran-2(3H)-one (3f) [3]: yellow solid; 99% 
yield, m.p. 58-60°C; [α]D20 = -40.2 (c 0.85, CHCl3) for R-isomer with 84% ee. 1H 
NMR (300 MHz, CDCl3) δ = 7.19-7.24 (m, 2 H), 7.03-7.10 (m, 2 H), 4.66 (dd, J 
= 9.3, 8.1 Hz, 1 H), 4.24 (dd, J = 9.0, 7.8 Hz, 1 H), 3.75-3.82 (m, 1 H), 2.94 (dd, 
J = 17.1, 8.4 Hz, 1 H), 2.64 (dd, J = 17.1, 8.7 Hz, 1 H) ppm; 19F NMR (282 MHz, 
CDCl3) δ = -114.88 ppm. The enantiomeric excess was determined by chiral 
HPLC analysis on a Chiralpak AD-H column (hexane/2-PrOH = 95/5, flow rate 
= 0.7 mL/min, λ = 214 nm), tR = 27.2 min (minor), 28.4 min (major).  
 

O

O

 
(-)-(R)-4-(naphthalen-2-yl)dihydrofuran-2(3H)-one (3g)[5]: white powder, 
91% yield, m.p. 116-117°C; [α]D20 = -57.9 (c 0.90, CHCl3) for R-isomer with 
86% ee. 1H NMR (300 MHz, CDCl3) δ = 7.80-7.89 (m, 3 H), 7.68 (s, 1 H), 
7.48-7.53 (m, 2 H), 7.33-7.37 (m, 1 H), 4.75 (dd, J = 9.0, 8.1 Hz, 1 H), 4.39 (dd, 
J = 9.0, 8.1 Hz, 1 H), 3.94-4.00 (m,1 H), 3.02 (dd, J = 17.4, 8.7 Hz, 1 H), 2.79 
(dd, J = 17.4, 9.0 Hz, 1 H) ppm. The enantiomeric excess was determined by 
chiral HPLC analysis on a Chiralpak AD-H column (hexane/2-PrOH = 95/5, 
flow rate = 0.7 mL/min, λ = 254 nm), tR = 29.1 min (minor), 31.9 min (major). 
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(-)-(S)-4-benzyldihydrofuran-2(3H)-one (3h) [6]: yellow oil; 99% yield, [α]D20 = 



-3.8 (c 0.80, CHCl3) for S-isomer with 58% ee [Lit.[6]: [α]D30 = -8.64 (c 0.71, 
CHCl3) for S-isomer). 1H NMR (300 MHz, CDCl3) δ = 7.14-7.35 (m, 5 H), 4.34 
(dd, J = 8.7, 6.6 Hz, 1 H), 4.04 (dd, J = 8.7, 6.6 Hz, 1 H), 2.76-2.89 (m, 3 H), 
2.61 (dd, J = 17.5, 7.5 Hz, 1 H), 2.29 (dd, J = 17.5, 6.9 Hz, 1 H) ppm. The 
enantiomeric excess was determined by chiral HPLC analysis on a Chiralpak 
AD-H column (hexane/2-PrOH = 95/5, flow rate = 0.7 mL/min, λ = 214 nm), tR 
= 23.2 min (minor), 25.0 min (major). 
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(-)-(S)-4-(4-methoxybenzyl)dihydrofuran-2(3H)-one (3i) [7]: white solid; 99% 
yield, m.p. 58-60°C (lit[7] 56.5-59°C); [α]D25 = -4.2 (c 1.0, CHCl3) for S-isomer 
with 57% ee; [Lit.[5]: [α]D20 = -5.8 (c 2.18, CHCl3) for S-isomer]. 1H NMR (300 
MHz, CDCl3) δ = 7.07 (d, J =8.7 Hz, 2 H), 6.84 (d, J = 8.1 Hz, 2 H), 4.33 (dd, J 
= 9.3, 6.9 Hz, 1 H), 4.03 (dd, J = 9.3, 6.0 Hz, 1 H), 3.80 (s, 3 H), 2.70-2.85 (m, 
3 H), 2.59 (dd, J = 17.4, 8.1 Hz, 1 H), 2.27 (dd, J = 17.1, 7.2 Hz, 1 H) ppm. The 
enantiomeric excess was determined by chiral HPLC analysis on a Chiralpak 
AD-H column (hexane/2-PrOH = 95/5, flow rate = 0.7 mL/min, λ = 214 nm), tR 
= 32.7 min (minor), 34.7 min (major). 
 

O

O
MeO

MeO  
(-)-(S)-4-(3,4-dimethoxybenzyl)dihydrofuran-2(3H)-one(3j)[8]: colorless oil, 
99% yield, [α]D20 = -3.9 (c 1.1, CHCl3) for S-isomer with 55% ee; [Lit.[8]: [α]D23 = 
-7.54 (c 1.9, CHCl3) for S-isomer]. 1H NMR (300 MHz, CDCl3) δ = 6.82 (d, J = 
8.1 Hz, 1 H), 6.66-6.72 (m, 2 H), 4.33 (dd, J = 9.3, 6.6 Hz, 1 H), 4.05 (dd, J = 
9.3, 6.3 Hz, 1 H), 3.88 (s, 3 H), 3.87 (s, 3 H), 2.70-2.87 (m, 3 H), 2.61 (dd, J = 
17.4, 8.1 Hz, 1 H), 2.33 (dd, J = 18.0, 9.3 Hz, 1 H) ppm. The enantiomeric 
excess was determined by chiral HPLC analysis on a Chiralpak AD-H column 
(hexane/2-PrOH = 95/5, flow rate = 0.7 mL/min, λ = 214 nm), tR = 57.5 min 
(minor), 59.0 min (major). 
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(+)-4-methyl-4-phenyldihydrofuran-2(3H)-one (3k) [9]: yellow oil, 99% yield, 
[α]D20 = +7.3 (c 0.73, CHCl3) for the isomer with 61% ee. 1H NMR (300 MHz, 



CDCl3) δ 7.17-7.41 (m, 5 H), 4.42 (s, 2 H), 2.92 (d, J = 16.8 Hz, 1 H), 2.67 (d, J 
= 16.8 Hz, 1 H), 1.52 (s, 3 H). The enantiomeric excess was determined by 
chiral HPLC analysis on a Chiralpak AD-H column (hexane/2-PrOH = 90/10, 
flow rate = 0.7 mL/min, λ = 214 nm), tR = 13.4 min (minor), 16.8 min (major). 
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Table S1. Solvent effect on the BV oxidation of 2a using 1.5 equiv. of aqueous 
H2O2 (30%) in the presence of 1m as the catalyst.[a] 

Ph O + H2O2
1m (10 mol%)

O

Ph

O

*

2a 3a
solvent, r.t.

 

Entry Sovent Yield [%][b] Ee [%][c] 

1 CH2Cl2 68 45 
2 CHCl3 72 54 
3 CCl4 69 28 
4 ClCH2CH2Cl 80 44 
5 Toluene 93 33 
6 Hexane 48 2 
7 Et2O 21 -6 
8 MeOH no reaction n.d. 
9 EtOH no reaction n.d. 
10 EtOAc no reaction n.d. 
11 THF no reaction n.d. 
12 CH3CN no reaction n.d. 

[a] The reaction was carried out at room temperature with [2a] = 0.1 M to give 
3a. [b] The yield of isolated product. [c] The enantiomeric excess of 3a was 
determined by HPLC analysis on a chiral column (Chiralpak AS-H).  
 



 
Table S2. Relationship between the ee of the product and the ee of the 
catalyst.[a] 

Ph O + H2O2
cat (10 mol%)

O

Ph

O

*

2a 3a
CHCl3, r.t.

X

O

O
P

O

OH
 X = Pyren-1-yl

 
ee of cat. [%] ee of 3a [%][b] 

0 0 
20 8 
40 18 
80 41 
100 51 

[a] The reaction was carried out at room temperature with [2a] = 0.1 M in 
CHCl3. [b] The enantiomeric excess of 3a was determined by HPLC analysis 
on a chiral column (Chiralpak AS-H).  
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Figure S1. NLE effect in the catalysis of BV oxidation of 3a using a chiral 
phosphoric acid as the catalyst in CHCl3 at room temperature.  
 



 
Table S3. Concentration effect on the enantioselectivity of BV oxidation of 2a in 
the presence of 1m 

Ph O + H2O2
1m (10 mol%)

O

Ph

O

*

2a 3a
CHCl3, rt

 

Entry Time(h) [1m] (M) Yield(%)[a] E.e.(%)[b] 

1 24 0.02 84 51 
2 24 0.01 90 53 

3 24 0.0067 83 55 
4 24 0.005 79 55 

5 24 0.004 83 55 
6 24 0.0033 83 55 

7 24 0.0028 83 55 

[a] The yield of isolated product. [b] The enantiomeric excess of 3a was 
determined by HPLC analysis on a chiral column (Chiralpak AS-H).  
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Figure S2. CD spectra for 3a, 3c, 3d and 3f in methanol, (R)-3a is an authentic 
sample. 
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Figure S3. CD spectra of 3a, 3d, 3f and 3g in chloroform, (R)-3a is an 
authentic sample. 

 
 
From Figure S2 and S3, it can be concluded that 3c, 3d, 3f and 3g should 
have the same absolute configuration as that of 3a. 
 
 
 
 
 
 
 





 

 
 

 
 



 



 
 
 

 





 

 
 

 

 





 
 
 

 





 
 
 

 







 
 
 

 
 





 
 
 

 
 





 
 
 

 
 





 
 
 

 





 
 
 

 



 



 

 
 

 

 
 
 


