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General procedure for asymmetric oxidation of sulfides to sulfoxides

The selected catalyst (1 mol% substrate, based on the titanium content in catalyst) and sulfides 

(1.0 mmol) were added into H2O (1 mL) under stirring at 20 °C. H2O2 (30 wt%, 1.2 mmol) was 

then added dropwise over 15 min. The resulting mixture was stirred at 20 °C until the reaction was 

judged to be complete based on GC analysis. After the reaction, the heterogeneous catalyst was 

recovered by centrifugation, washed with dichloromethane, and successively reused for 

subsequent sulfoxidation. The reaction solution was extracted with dichloromethane (3 × 4 mL). 

Combined organic layer was dried over anhydrous sodium sulfate, and was concentrated in vacuo. 

Further purification of the residue by chromatography on silica gel (petroleum ether/ethyl acetate, 

1.5:1) afforded pure sulfoxides. The products have been identified by 1H and 13C NMR spectra. 

Enantiomeric excess (ee value) of the corresponding chiral sulfoxides were determined by HPLC 

analysis using the Daicel chiralpak AD columns.



Methyl phenyl sulfoxide: The product has been identified by 1H and 13C NMR spectra (see Fig. 

S1 and S2). 1H NMR (CDCl3, 500 MHz): δ (ppm): 7.40-7.52 (m, 2 H, ArH), 7.38-7.39 (m, 3 H, 

ArH), 2.57-2.58 (s, 3 H, Me). 13C NMR (CDCl3, 125 MHz): δ (ppm): 145.5, 131.0, 129.3, 123.4, 

(ArC), 43.8 (SCH3). Ee value of the obtained methyl phenyl sulfoxide was determined by HPLC 

with a Chiralpak AD column (i-PrOH/n-hexane = 1: 9 (v/v), UV 254 nm, flow rate 1.0 mL/min, 

major enantiomer tR = 17.7 min and minor enantiomer tS = 20.3 min (see Fig. S3, S4, S5 and S6).
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NAME     zyy20170524
EXPNO 1
PROCNO 1
Date_          20170524
Time              14.40
INSTRUM           spect
PROBHD   5 mm PABBO BB-
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS 16
DS 2
SWH           10330.578 Hz
FIDRES         0.157632 Hz
AQ            3.1719923 sec
RG 32
DW               48.400 usec
DE                 6.50 usec
TE                294.0 K
D1           1.00000000 sec
TD0 1

======== CHANNEL f1 ========
NUC1 1H
P1                13.70 usec
PL1                1.00 dB
PL1W        12.47038937 W
SFO1        500.1330885 MHz
SI                32768
SF          500.1300129 MHz
WDW no
SSB 0
LB                 0.00 Hz
GB 0
PC                 1.00

Fig. S1 1H NMR of methyl phenyl sulfoxide.
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NAME     zyy20170524
EXPNO 2
PROCNO 1
Date_          20170524
Time              14.48
INSTRUM           spect
PROBHD   5 mm PABBO BB-
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS 94
DS 4
SWH           29761.904 Hz
FIDRES         0.454131 Hz
AQ            1.1010548 sec
RG                 2050
DW               16.800 usec
DE                 6.50 usec
TE                295.3 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0 1

======== CHANNEL f1 ========
NUC1                13C
P1                 9.00 usec
PL1                1.00 dB
PL1W        79.41143799 W
SFO1        125.7703643 MHz

======== CHANNEL f2 ========
CPDPRG2         waltz16
NUC2 1H
PCPD2             80.00 usec
PL2                1.00 dB
PL12              15.93 dB
PL13              15.93 dB
PL2W        12.47038937 W
PL12W        0.40075597 W
PL13W        0.40075597 W
SFO2        500.1320005 MHz
SI                32768
SF          125.7577890 MHz
WDW EM
SSB 0
LB                 2.00 Hz
GB 0
PC                 1.40

Fig. S2 13C NMR of methyl phenyl sulfoxide.

17
.7

35

20
.3

35

AU

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

1.10

1.20

分 分
10.00 12.00 14.00 16.00 18.00 20.00 22.00 24.00 26.00 28.00 30.00 32.00 34.00 36.00

Fig. S3 HLPC of methyl phenyl sulfoxide obtained over GO-IL-Ti(salen) (ee = 92%).
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Fig. S4 HLPC of methyl phenyl sulfoxide obtained over neat complex (ee = 74%).
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Fig. S5 HLPC of methyl phenyl sulfoxide obtained over IL-Ti(salen) (ee = 85%).
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Fig. S6 HLPC of methyl phenyl sulfoxide obtained over GO-NH-Ti(salen) (ee = 79%).

Methyl o-methoxyphenyl sulfoxide: The product has been identified by 1H and 13C NMR 



spectra (see Fig. S7 and S8). 1H NMR (CDCl3, 500 MHz): δ (ppm): 6.83-7.73 (m, 4 H, ArH), 

3.77~3.78 (s, 3 H, OCH3), 2.66~2.67 (s, 3 H, SCH3). 13C NMR (CDCl3, 125 MHz): δ (ppm): 13C 

NMR (CDCl3, 125 MHz): δ (ppm): 154.7, 132.8, 132.0, 124.4, 121.5, 110.6, (ArC), 55.7 (OCH3), 

41.1 (SCH3). Ee value of the obtained methyl o-methoxyphenyl sulfoxide was determined by 

HPLC with a Chiralpak AD column (i-PrOH/n-hexane = 2: 8 (v/v)), UV 254 nm, flow rate 1.0 

mL/min, major enantiomer tR = 7.9 min and minor enantiomer tS = 11.5 min (see Fig. S9, S10, S11 

and S12).
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NAME     zyy20170708
EXPNO 1
PROCNO 1
Date_          20170708
Time              11.41
INSTRUM           spect
PROBHD   5 mm PABBO BB-
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                   16
DS 2
SWH           10330.578 Hz
FIDRES         0.157632 Hz
AQ            3.1719923 sec
RG                   32
DW               48.400 usec
DE                 6.50 usec
TE                294.1 K
D1           1.00000000 sec
TD0 1

======== CHANNEL f1 ========
NUC1                 1H
P1                13.70 usec
PL1                1.00 dB
PL1W        12.47038937 W
SFO1        500.1330885 MHz
SI                32768
SF          500.1300000 MHz
WDW                  no
SSB 0
LB                 0.00 Hz
GB 0
PC                 1.00

Fig. S7 1H NMR of methyl o-methoxyphenyl sulfoxide.
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NAME     zyy20170708
EXPNO 2
PROCNO 1
Date_          20170708
Time              11.47
INSTRUM           spect
PROBHD   5 mm PABBO BB-
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   52
DS 4
SWH           29761.904 Hz
FIDRES         0.454131 Hz
AQ            1.1010548 sec
RG                 2050
DW               16.800 usec
DE                 6.50 usec
TE                295.4 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0 1

======== CHANNEL f1 ========
NUC1                13C
P1                 9.00 usec
PL1                1.00 dB
PL1W        79.41143799 W
SFO1        125.7703643 MHz

======== CHANNEL f2 ========
CPDPRG2         waltz16
NUC2                 1H
PCPD2             80.00 usec
PL2                1.00 dB
PL12              15.93 dB
PL13              15.93 dB
PL2W        12.47038937 W
PL12W        0.40075597 W
PL13W        0.40075597 W
SFO2        500.1320005 MHz
SI                32768
SF          125.7577890 MHz
WDW                  EM
SSB 0
LB                 1.00 Hz
GB 0
PC                 1.40

Fig. S8 13C NMR of methyl o-methoxyphenyl sulfoxide.
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Fig. S9 HLPC of methyl o-methoxyphenyl sulfoxide obtained over GO-IL-Ti(salen) (ee =87%).
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Fig. S10 HLPC of methyl o-methoxyphenyl sulfoxide obtained over neat complex (ee = 70%).
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Fig. S11 HLPC of methyl o-methoxyphenyl sulfoxide obtained over IL-Ti(salen) (ee = 82%).

7.
94

5

11
.5

19

AU

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

1.60

1.80

2.00

2.20

2.40

2.60

2.80

3.00

分 分
5.00 5.50 6.00 6.50 7.00 7.50 8.00 8.50 9.00 9.50 10.00 10.50 11.00 11.50 12.00 12.50

Fig. S12 HLPC of methyl o-methoxyphenyl sulfoxide obtained over GO-NH-Ti(salen) (ee 

=71%).



Methyl p-methoxyphenyl sulfoxide: The product has been identified by 1H and 13C NMR 

spectra (see Fig. S13 and S14). 1H NMR (CDCl3, 500 MHz): δ (ppm): 7.88-7.90 (d, 2 H, ArH), 

7.04-7.06 (d, 2 H, ArH), 3.91 (s, 3 H, OCH3), 3.06 (s, 3 H, SCH3). 13C NMR (CDCl3, 125 MHz): δ 

(ppm): 163.7, 132.3, 129.6, 114.5 (ArC), 55.7 (OCH3), 44.9 (SCH3). Ee value of the obtained 

methyl p-methoxyphenyl sulfoxide was determined by HPLC with a Chiralpak AD column (i-

PrOH/n-hexane = 2: 8 (v/v)), UV 254 nm, flow rate 1.0 mL/min, major enantiomer tR =14.2 min 

and minor enantiomer tS = 17.0 min (see Fig. S15, S16, S17 and S18).
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NAME     zyy20170701
EXPNO 1
PROCNO 1
Date_          20170701
Time              11.06
INSTRUM           spect
PROBHD   5 mm PABBO BB-
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                   16
DS 2
SWH           10330.578 Hz
FIDRES         0.157632 Hz
AQ            3.1719923 sec
RG 4
DW               48.400 usec
DE                 6.50 usec
TE                293.7 K
D1           1.00000000 sec
TD0 1

======== CHANNEL f1 ========
NUC1                 1H
P1                13.70 usec
PL1                1.00 dB
PL1W        12.47038937 W
SFO1        500.1330885 MHz
SI                32768
SF          500.1300000 MHz
WDW                  no
SSB 0
LB                 0.00 Hz
GB 0
PC                 1.00
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Fig. S13 1H NMR of methyl p-methoxyphenyl sulfoxide.
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EXPNO 2
PROCNO 1
Date_          20170701
Time              11.13
INSTRUM           spect
PROBHD   5 mm PABBO BB-
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  141
DS 4
SWH           29761.904 Hz
FIDRES         0.454131 Hz
AQ            1.1010548 sec
RG                 2050
DW               16.800 usec
DE                 6.50 usec
TE                295.6 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0 1

======== CHANNEL f1 ========
NUC1                13C
P1                 9.00 usec
PL1                1.00 dB
PL1W        79.41143799 W
SFO1        125.7703643 MHz

======== CHANNEL f2 ========
CPDPRG2         waltz16
NUC2                 1H
PCPD2             80.00 usec
PL2                1.00 dB
PL12              15.93 dB
PL13              15.93 dB
PL2W        12.47038937 W
PL12W        0.40075597 W
PL13W        0.40075597 W
SFO2        500.1320005 MHz
SI                32768
SF          125.7577890 MHz
WDW                  EM
SSB 0
LB                 1.00 Hz
GB 0
PC                 1.40

Fig. S14 13C NMR of methyl p-methoxyphenyl sulfoxide.
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Fig. S15 HLPC of methyl p-methoxyphenyl sulfoxide obtained over GO-IL-Ti(salen) (ee = 79%).
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Fig. S16 HLPC of methyl p-methoxyphenyl sulfoxide obtained over neat complex (ee = 64%).
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Fig. S17 HLPC of methyl p-methoxyphenyl sulfoxide obtained over IL-Ti(salen) (ee = 75%).
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Fig. S18 HLPC of methyl p-methoxyphenyl sulfoxide obtained over GO-NH-Ti(salen) (ee = 

68%).

Methyl p-nitrophenyl sulfoxide: The product has been identified by 1H and 13C NMR spectra 

(see Fig. S19 and S20). 1H NMR (CDCl3, 500 MHz): δ (ppm): 2.59 (s, 3 H, SCH3), 7.27-7.42 (d, 2 

H, ArH), 8.09-8.20 (d, 2 H, ArH).13C NMR (CDCl3, 125 MHz): δ (ppm): 43.8 (SCH3), 123.9, 

124.9, 144.7, 148.8 (ArC). Ee value of the obtained methyl p-nitrophenyl sulfoxide was 

determined by HPLC with a Chiralpak AD column (i-PrOH/n-hexane = 3: 7 (v/v)), UV 254 nm, 

flow rate 1.0 mL/min, major enantiomer tR = 11.5 min and minor enantiomer tS =21.5 min (see Fig. 

S21, S22, S23 and S24).
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NAME     zyy20170706
EXPNO 1
PROCNO 1
Date_          20170706
Time              15.04
INSTRUM           spect
PROBHD   5 mm PABBO BB-
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                   16
DS 2
SWH           10330.578 Hz
FIDRES         0.157632 Hz
AQ            3.1719923 sec
RG                  203
DW               48.400 usec
DE                 6.50 usec
TE                294.4 K
D1           1.00000000 sec
TD0 1

======== CHANNEL f1 ========
NUC1                 1H
P1                13.70 usec
PL1                1.00 dB
PL1W        12.47038937 W
SFO1        500.1330885 MHz
SI                32768
SF          500.1300134 MHz
WDW                  no
SSB 0
LB                 0.00 Hz
GB 0
PC                 1.00

Fig. S19 1H NMR of methyl p-nitrophenyl sulfoxide.
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NAME     zyy20170706
EXPNO 2
PROCNO 1
Date_          20170706
Time              14.59
INSTRUM           spect
PROBHD   5 mm PABBO BB-
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   88
DS 4
SWH           29761.904 Hz
FIDRES         0.454131 Hz
AQ            1.1010548 sec
RG                 2050
DW               16.800 usec
DE                 6.50 usec
TE                295.2 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0 1

======== CHANNEL f1 ========
NUC1                13C
P1                 9.00 usec
PL1                1.00 dB
PL1W        79.41143799 W
SFO1        125.7703643 MHz

======== CHANNEL f2 ========
CPDPRG2         waltz16
NUC2                 1H
PCPD2             80.00 usec
PL2                1.00 dB
PL12              15.93 dB
PL13              15.93 dB
PL2W        12.47038937 W
PL12W        0.40075597 W
PL13W        0.40075597 W
SFO2        500.1320005 MHz
SI                32768
SF          125.7577890 MHz
WDW                  EM
SSB 0
LB                 1.00 Hz
GB 0
PC                 1.40

Fig. S20 13C NMR of methyl p-nitrophenyl sulfoxide.
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Fig. S21 HLPC of methyl p-nitrophenyl sulfoxide obtained over GO-IL-Ti(salen) (ee =75%).
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Fig. S22 HLPC of methyl p-nitrophenyl sulfoxide obtained over neat complex (ee =41%).

10
.8

22

20
.3

42

AU

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

1.60

1.80

2.00

2.20

2.40

2.60

2.80

分 分
4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00 13.00 14.00 15.00 16.00 17.00 18.00 19.00 20.00 21.00 22.00 23.00 24.00 25.00 26.00 27.00

Fig. S23 HLPC of methyl p-nitrophenyl sulfoxide obtained over IL-Ti(salen)  (ee =56%)
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Fig. S24 HLPC of methyl p-nitrophenyl sulfoxide obtained over GO-NH-Ti(salen) (ee =44%)

Methyl p-bromophenyl sulfoxide: The product has been identified by 1H and 13C NMR 

spectra (see Fig. S25 and S26). 1H NMR (CDCl3, 500 MHz): δ (ppm): 3.01 (s, 3 H, SCH3), 7.13-

7.83 (m, 4 H, ArH).13C NMR (CDCl3, 125 MHz): δ (ppm): 44.53 (SCH3), 125.1, 129.0, 132.7, 

139.5 (ArC). Ee value of the obtained methyl p-bromophenyl sulfoxide was determined by HPLC 

with a Chiralpak AD column (i-PrOH/n-hexane = 5: 5 (v/v)), UV 254 nm, flow rate 1.0 mL/min, 

major enantiomer tR = 8.4 min and minor enantiomer tS =9.9 min (see Fig. S27, S28, S29 and S30).
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NAME        zyy20150403
EXPNO                 3
PROCNO                1
Date_          20150403
Time              10.19
INSTRUM           spect
PROBHD   5 mm PABBO BB-
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                   16
DS                    2
SWH           10330.578 Hz
FIDRES         0.157632 Hz
AQ            3.1719923 sec
RG                 2050
DW               48.400 usec
DE                 6.50 usec
TE                294.7 K
D1           1.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
P1                13.70 usec
PL1                1.00 dB
PL1W        12.47038937 W
SFO1        500.1330885 MHz
SI                32768
SF          500.1300000 MHz
WDW                  no
SSB                   0
LB                 0.00 Hz
GB                    0
PC                 1.00

Fig. S25. 1H NMR of methyl p-bromophenyl sulfoxide.
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NAME        zyy20150408
EXPNO                 2
PROCNO                1
Date_          20150408
Time               9.37
INSTRUM           spect
PROBHD   5 mm PABBO BB-
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  126
DS                    4
SWH           29761.904 Hz
FIDRES         0.454131 Hz
AQ            1.1010548 sec
RG                 2050
DW               16.800 usec
DE                 6.50 usec
TE                295.2 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                13C
P1                 9.00 usec
PL1                1.00 dB
PL1W        79.41143799 W
SFO1        125.7703643 MHz

======== CHANNEL f2 ========
CPDPRG2         waltz16
NUC2                 1H
PCPD2             80.00 usec
PL2                1.00 dB
PL12              15.93 dB
PL13              15.93 dB
PL2W        12.47038937 W
PL12W        0.40075597 W
PL13W        0.40075597 W
SFO2        500.1320005 MHz
SI                32768
SF          125.7577890 MHz
WDW                  EM
SSB                   0
LB                 1.00 Hz
GB                    0
PC                 1.40

Fig. S26 13C NMR of methyl p-bromophenyl sulfoxide.
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Fig. S27 HLPC of methyl p-bromophenyl sulfoxide obtained over GO-IL-Ti(salen) (ee = 95%).
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Fig. S28 HLPC of methyl p-bromophenyl sulfoxide obtained over neat complex (ee = 89%).

8.
41

7

9.
98

3

AU

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

1.60

1.80

2.00

2.20

2.40

2.60

2.80

3.00

分 分
6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00 22.00 24.00 26.00 28.00 30.00 32.00

Fig. S29 HLPC of methyl p-bromophenyl sulfoxide obtained over IL-Ti(salen) (ee = 94%).
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Fig. S30 HLPC of methyl p-bromophenyl sulfoxide obtained over GO-NH-Ti(salen) (ee = 91%).



Ethyl phenyl sulfoxide: The product has been identified by 1H NMR and 13C NMR spectra 

(see Fig. S31 and S32). 1H NMR (CDCl3, 500 MHz): δ (ppm): 1.16-1.19 (m, 3 H, Me), 2.71-2.90 

(m, 2 H, -CH2-), 7.49-7.60 (m, 5 H, ArH). 13C NMR (CDCl3, 125 MHz): δ (ppm): 5.95 (CH3), 

50.29 (SCH2), 124.12, 129.12, 130.92, 143.33 (ArC). Ee value of the obtained ethyl phenyl 

sulfoxide was determined by HPLC with a Chiralpak AD column (i-PrOH/n-hexane = 1: 9 (v/v)), 

UV 254 nm, flow rate 1.0 mL/min, major enantiomer tR = 8.35 min and minor enantiomer tS 

=10.21 min (see Fig. S33, S34, S35 and S36).
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NAME           20170914
EXPNO                 2
PROCNO                1
Date_          20170914
Time              15.40
INSTRUM           spect
PROBHD   5 mm PABBO BB-
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                   16
DS                    2
SWH           10330.578 Hz
FIDRES         0.157632 Hz
AQ            3.1719923 sec
RG                  181
DW               48.400 usec
DE                 6.50 usec
TE                300.4 K
D1           1.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
P1                13.70 usec
PL1                1.00 dB
PL1W        12.47038937 W
SFO1        500.1330885 MHz
SI                32768
SF          500.1300143 MHz
WDW                  EM
SSB                   0
LB                 0.30 Hz
GB                    0
PC                 1.00

Fig. S31 1H NMR of ethyl phenyl sulfoxide
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NAME           20170914
EXPNO                 3
PROCNO                1
Date_          20170914
Time              17.02
INSTRUM           spect
PROBHD   5 mm PABBO BB-
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   86
DS                    4
SWH           29761.904 Hz
FIDRES         0.454131 Hz
AQ            1.1010548 sec
RG                 2050
DW               16.800 usec
DE                 6.50 usec
TE                300.8 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                13C
P1                 9.00 usec
PL1                1.00 dB
PL1W        79.41143799 W
SFO1        125.7703643 MHz

======== CHANNEL f2 ========
CPDPRG2         waltz16
NUC2                 1H
PCPD2             80.00 usec
PL2                1.00 dB
PL12              15.93 dB
PL13              15.93 dB
PL2W        12.47038937 W
PL12W        0.40075597 W
PL13W        0.40075597 W
SFO2        500.1320005 MHz
SI                32768
SF          125.7577890 MHz
WDW                  EM
SSB                   0
LB                 1.00 Hz
GB                    0
PC                 1.40

Fig. S32 13C NMR of ethyl phenyl sulfoxide.
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Fig. S33 HLPC of ethyl phenyl sulfoxide obtained over GO-IL-Ti(salen) (ee = 98%).



min8 10 12 14 16 18 20 22

mAU

0

100

200

300

400

500

600

700

800

 DAD1 A, Sig=254,4 Ref=off (20170911 2017-09-11 12-34-32\007-P1-A7-yi1.D)

 8.3
31

 10.
257

Fig. S34 HLPC of ethyl phenyl sulfoxide obtained over neat complex (ee = 91%).

min8 10 12 14 16 18 20 22

mAU

0

200

400

600

800

 DAD1 A, Sig=254,4 Ref=off (20170911 2017-09-11 12-34-32\010-P1-A10-yi4.D)

 8.3
18

 10
.24

7

Fig. S35 HLPC of ethyl phenyl sulfoxide obtained over IL-Ti(salen) (ee = 97%).
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Fig. S36 HLPC of ethyl phenyl sulfoxide obtained over GO-NH-Ti(salen) (ee = 93%).


