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1. General information

Commercial reagents were purchased from Adamas-beta, Aladdin, Bidepharm, Energy Chemical 

and TCI. All air-sensitive manipulations were carried out with standard Schlenk techniques under 

an inert atmosphere (Ar). NMR spectra were recorded on 400 MHz Bruker spectrometers. Chemical 

shifts were reported in δ (ppm) referenced to the residual solvent peak of CDCl3 (δ 7.26 for 1H NMR 

and δ 77.1 for 13C NMR). Coupling constants (J) are reported in Hz with the following 

abbreviations: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), br s (broad singlet), dd 

(doublet of doublets), dt (doublet of triplets). High-resolution mass spectra (HRMS) were obtained 

on an Agilent 1200HPLC-6210TOFMS using ESI as an ion source. Thin-layer chromatography 

(TLC) was performed on pre-coated silica-gel 60 F254 plates. Spots were visualized under UV light 

(254 nm and 365 nm) and by staining with KMnO4 or phosphomolybdic acid (PMA) solutions. 

Flash column chromatography was carried out using silica gel (200-300 mesh) with ethyl acetate, 

petroleum ether, dichloromethane and methanol. Melting points were determined using a Büchi B-

540 capillary melting point apparatus. Optical rotations were determined using an AUTOPOL® V 

polarimeter. HPLC analyses were performed on Agilent 1100 or Waters e2695 systems equipped 

with the following chiral columns thermostatted at 25 °C: OD-H, AD-H, OJ-H, IA-H and IC-H.
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2. General procedure for catalysts synthesis

2.1 The procedure for the synthesis of C1, C4-C8

N N

N N

R

Mn

OTfTfO
N N

N N

N N

R

N N

Mn(OTf)2

N
H

N
H

R
N N

H

R

Boc
N
Boc

O 2.NaBH4, MeOH

TFA

DCM K2CO3, MeCN

N

N Cl

9 10

MeCN

1.NH2CH2R, DCM

L1: R = Me, L4: R = Ph, L5: R = 1,3,5-(Me)3C6H2, L6: R = 2-naphthyl, L7: R = 4-OMeC6H4, L8: R = 4-BrC6H4

L1, L4-L8 C1, C4-C8

The catalysts C1, C4-C8 were synthesized according to literature procedures1-3. 

Step 1: A solution of ethylamine (5.0 mmol, 1.0 equiv.) and N-Boc-L-Prolinal (5.0 mmol, 1.0 

equiv.) in DCM (10 mL) was stirred under an argon atmosphere at 25 oC for 8 h. Upon complete 

consumption of the aldehyde (monitored by TLC), the solvent was removed in vacuo to afford the 

crude imine, which was used directly in the next step without further purification. The residue was 

dissolved in MeOH (10.0 mL), cooled to 0 oC, and treated with NaBH4 (12.5 mmol, 2.5 equiv.) 

portionwise. The resulting mixture was warmed to room temperature, stirred for 8 h, quenched with 

H2O (30 mL) at 0 oC, and extracted with DCM (3 × 50 mL). The combined organic layers were 

washed with brine, dried over anhydrous Na2SO4, filtered, and concentrated in vacuo. The residue 

was purified by flash column chromatography on silica gel (eluent: petroleum ether-ethyl acetate, 

10:1) to afford compound 9 as a yellow oil in 72-88% yield.

Step 2: A solution of 9 (4.0 mmol) in DCM (20 mL) was cooled to 0 oC; TFA (2.0 mL) was added 

dropwise. The mixture was stirred at room temperature for 12 h, then diluted with DCM (50 mL) 

and washed with sat. NaHCO3 (2 × 20 mL) and brine. After drying (Na2SO4) and concentration, 

crude amine 10 was obtained and used immediately without further purification.

Step 3: A mixture of amine 10 (2.0 mmol, 1.0 equiv.), 2-(chloromethyl)-1-methyl-1H-

benzimidazole (5.0 mmol, 2.5 equiv.), and K2CO3 (6.0 mmol, 3.0 equiv.) in MeCN (30 mL) was 

stirred at 60 oC under an argon atmosphere for 8 h. Upon completion (monitored by TLC), the 
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mixture was filtered through Celite, and the filtrate was concentrated in vacuo. The crude residue 

was purified by flash column chromatography on silica gel (eluent: petroleum ether-ethyl acetate, 

5:1) to afford the corresponding ligands L1 or L4-L8 as a white solid in 60-90% yield.

Step 4: The corresponding ligand L1 (or L4-L8) (1.5 mmol, 1.0 equiv.) and Mn(OTf)2 (1.65 mmol, 

1.1 equiv.) was dissolved in MeCN (30 mL) under Ar and stirred at 60 oC for 6 h. The solvent was 

removed in vacuo; the residue was triturated with n-pentane (3 × 20 mL) and dried under vacuum 

to afford C1 (or C4-C8) as a yellow solid in 90-98% yield. 

2.2 The procedure for the synthesis of C2

N N

N N
Mn

OTfTfO
N N

N N

N NN NNH HN

N

H
N Cl

K2CO3, MeCN

Mn(OTf)2

MeCN

L2 C2

The catalyst C2 was synthesized according to literature procedures2. 

Step 1: A mixture of (1S,2S)-cyclohexane-1,2-diamine (2.0 mmol, 1.0 equiv.), 2-(chloromethyl)-1-

methyl-1H-benzimidazole (5.0 mmol, 2.5 equiv.), and K2CO3 (6.0 mmol, 3.0 equiv.) in MeCN (30 

mL) was stirred at 60 oC under Ar for 8 h. Upon completion (monitored by TLC), the mixture was 

filtered through Celite, and the filtrate was concentrated in vacuo. The crude residue was purified 

by flash column chromatography on silica gel (eluent: petroleum ether-ethyl acetate, 5:1) to afford 

the ligand L2 as a white solid in 86% yield. 

Step 2: The corresponding ligand L2 (1.5 mmol, 1.0 equiv.) and Mn(OTf)2 (1.65 mmol, 1.1 equiv.) 

was dissolved in MeCN (30 mL) under Ar. The solution was stirred at 60 oC for 6 h, during which 

the colour changed from colourless to deep yellow. After completion, the solvent was removed in 

vacuo; the residue was triturated with n-pentane (3 × 20 mL) and dried under vacuum to afford C2 

as a yellow solid in 95% yield.

2.3 The procedure for the synthesis of C3.

N N

N N
Mn

OTfTfO
N N

PhPh

N N

N NN N

PhPh

NH HN

PhPh N

H
N Cl

K2CO3, MeCN

Mn(OTf)2

MeCN

L3 C3
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The catalyst C3 was synthesized according to literature procedures4. 

Step 1: A mixture of (1S,2S)-N1,N2-dimethyl-1,2-diphenylethane-1,2-diamine (2.0 mmol, 1.0 

equiv.), 2-(chloromethyl)-1-methyl-1H-benzimidazole (5.0 mmol, 2.5 equiv.), and K2CO3 (6.0 

mmol, 3.0 equiv.) in MeCN (30 mL) was stirred at 60 oC under Ar for 8 h. Upon completion 

(monitored by TLC), the mixture was filtered through Celite, and the filtrate was concentrated in 

vacuo. The crude residue was purified by flash column chromatography on silica gel (eluent: 

petroleum ether-ethyl acetate, 5:1) to afford the ligand L3 as a white solid in 78% yield.

Step 2: The corresponding ligand L3 (1.5 mmol, 1.0 equiv.) and Mn(OTf)2 (1.65 mmol, 1.1 equiv.) 

was dissolved in MeCN (30 mL) under Ar. The solution was stirred at 60 oC for 6 h, during which 

the colour changed from colourless to deep yellow. After completion, the solvent was removed in 

vacuo; the residue was triturated with n-pentane (3 × 20 mL) and dried under vacuum to afford C3 

as a yellow solid in 98% yield.

3. General procedure for substrates synthesis

3.1 The procedure for the synthesis of substrate 1.

S
OO

S
OO

B
OH

OH

Pd(OAc)2, Cu(OAc)2, Pyridine, DMSO
R1

R2

R1
R2

1b-1i, 1z

Substrates 1b-1i, 1z were synthesized according to the reference literature5.

A mixture of benzo[b]thiophene 1,1-dioxide (2.0 mmol, 1.0 equiv.), phenylboronic acid (6.0 mmol, 

3.0 equiv.), Pd(OAc)2 (0.2 mmol, 0.1 equiv.), Cu(OAc)2 (6.0 mmol, 3.0 equiv.) and pyridine (6.0 

mmol, 3.0 equiv.) in anhydrous DMSO (30 mL) was stirred at 100 oC under Ar for 20 h. After 

cooling to room temperature, the reaction mixture was diluted with H2O (60 mL), and extracted 

with EA (3 × 20 mL). The combined organic layers were washed with brine (30 mL), dried over 

anhydrous Na2SO4, filtered, and concentrated in vacuo. The residue was purified by flash column 

chromatography on silica gel (eluent: petroleum ether-ethyl acetate, 5:1) to afford substrates 1b-1i 

and 1z as yellow solids in 60-80% isolated yield.
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S
OO

R1
R2

1a, 1j-1y

AcOH

H2O2

S
R1 B

OH

OH
I

R2

S
R1

R2

NaHCO3, 1,4-dioxane

, Pd(PPh3)4

Substrates 1a, 1j-1y were synthesized according to the reference literature6-8.

Step 1: To a solution of Pd(PPh3)4 (0.05 mmol, 0.005 equiv.) in dry 1,4-dioxane (50 mL) under an 

argon atmosphere was added the aromatic iodide (10.00 mmol, 1.0 equiv.). The mixture was stirred 

at room temperature for 20 min. Then, a saturated aqueous solution of NaHCO3 (14 mL) and 1-

benzothiophen-2-ylboronic acid (11.0 mmol, 1.1 equiv.) were added sequentially. The resulting 

reaction mixture was heated at reflux overnight. After completion, the reaction mixture was cooled 

to room temperature, diluted with water (80 mL), and extracted with DCM (3 × 60 mL). The 

combined organic layers were washed with 1 M aqueous NaOH (40 mL), followed by brine, dried 

over anhydrous Na2SO4, filtered, and concentrated in vacuo to afford a brown crystalline solid. The 

residue was purified by flash column chromatography on silica gel (eluent: petroleum ether-ethyl 

acetate, 5:1) to yield 2-phenylbenzo[b]thiophene in 50-80% yield.

Step 2: The relevant 2-phenylbenzo[b]thiophene (1.0 equiv.) was suspended in glacial AcOH (15 

mL) under an argon atmosphere. A 30% aqueous solution of H2O2 (30% aq. solution, 6.5 equiv.) 

was added slowly via syringe. The mixture was heated to 100 oC, at which temperature it gradually 

became a clear solution. The reaction was stirred at 100 oC for 3 h. After cooling to room 

temperature, the mixture was partitioned between DCM and a saturated aqueous solution of 

NaHCO3 (adjusted to pH ≈ 9). The layers were separated, and the aqueous phase was extracted 

with DCM (3 × 20 mL). The combined organic extracts were dried over anhydrous Na2SO₄, filtered, 

and concentrated in vacuo to afford the crude product. Purification by flash column chromatography 

on silica gel (eluent: petroleum ether-ethyl acetate, 5:1) yielded the desired sulfoxide product 1a 

and 1j-1y in 70-90% yield. 
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Substrates 1za, 1zb were synthesized according to the reference literature9-10.

Step 1: To a solution of 1z (1.0 mmol, 1.0 equiv.) in MeOH (5 mL) was added a solution of 

LiOH·H2O (2.0 mmol, 2.0 equiv.) at 0 oC. The resulting mixture was stirred as it was allowed to 

warm gradually to room temperature over 5 h (monitored by TLC). After completion, the reaction 

mixture was diluted with H2O (10 mL) and extracted with EA (3 × 10 mL). The aqueous layer was 

separated, acidified to pH 2-3 with 2 M HCl, and the resulting precipitate was collected by filtration. 

The solid was washed with H2O and dried under vacuum to afford the crude carboxylic acid as a 

white solid. The crude carboxylic acid was used directly in the next step without further 

purification.

Step 2: Under an argon atmosphere, carboxylic acid (1.0 mmol, 1.0 equiv.), alcohol (1.2 mmol, 1.2 

equiv.), EDCI (1.3 mmol, 1.3 equiv.), and DMAP (0.1 mmol, 0.1 equiv.) were dissolved in 

anhydrous DCM (5 mL). The mixture was stirred at room temperature for 16 h (monitored by TLC). 

Upon completion, the reaction mixture was diluted with DCM and washed with saturated aqueous 

NaHCO3 solution. The organic layer was dried over anhydrous Na2SO4, filtered, and concentrated 

in vacuo. Purification by flash column chromatography on silica gel (eluent: petroleum ether-ethyl 

acetate, 5:1) afforded the desired ester product 1za, 1zb in 60-80% yield.

3.2 The procedure for the synthesis of substrate 3.

H

O
S

OO 1.n-BuLi, THF

2.DMAP, Et3N, TFAA, CH2Cl2

S
OO

+

3a-3f

R R

Substrates 3 (3a-3f) were synthesized according to the reference literature8.
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Step 1: To an oven-dried 250 mL three-neck round-bottom flask under an argon atmosphere was 

added methyl phenyl sulfone (1.0 mmol, 1.0 equiv.). Anhydrous THF (6 mL) was added, and the 

mixture was cooled to -78 oC. A solution of n-BuLi (1.1 mmol, 1.1 equiv., 2.5 M in hexanes) was 

added dropwise with stirring, and the reaction was stirred at -78 oC for 30 min. The corresponding 

ketone (1.1 mmol, 1.1 equiv.) was then added dropwise, and the resulting solution was stirred at -

78 oC for 1 h, during which time TLC analysis indicated complete consumption of the starting 

material. The reaction was quenched with saturated aqueous NH4Cl solution and extracted with EA 

(3 × 30 mL). The combined organic layers were washed with brine, dried over anhydrous Na2SO4, 

filtered, and concentrated in vacuo to afford the crude alcohol (used directly in Step 2).

Step 2: The residue was dissolved in anhydrous DCM (30 mL) and cooled to 0 ℃. To this solution 

were added DMAP (0.1 equiv.) and Et3N (2.0 equiv.), followed by dropwise addition of TFAA (1.2 

equiv.). The reaction mixture was stirred at 0 oC for 30 min, then allowed to warm to room 

temperature and stirred overnight. After completion, the mixture was quenched with saturated 

aqueous NH4Cl solution and extracted with DCM (3 × 30 mL). The combined organic extracts were 

washed with brine, dried over anhydrous Na2SO4, filtered, and concentrated in vacuo. Purification 

by flash column chromatography on silica gel (eluent: petroleum ether-ethyl acetate, 20:1) afforded 

the corresponding products 3a-3f.

3.3 The procedure for the synthesis of substrate 5.

O
O

O

Br TEA, CuI, Pd(PPh3)2Cl2

t-BuOOH

Pd(OH)2, THF

R
R R

5a-5f

Substrates 5 (5a-5f) were synthesized according to the reference literature11,12.

Step 1: A 50 mL three-neck round-bottom flask, equipped with a magnetic stirrer and Ar inlet, was 

charged with the appropriate brominated aldehyde (1.0 mmol, 1.0 equiv.), Pd (PPh3)2Cl2 (0.05 

mmol, 0.05 equiv.), CuI (0.1 mmol, 0.1 equiv.) and triethylamine (3.3 mL). The terminal alkyne 

derivative (1.20 mmol, 1.2 equiv.) was then added dropwise. The resulting suspension was stirred 

under a nitrogen atmosphere at 50 oC for 16 h. After cooling to room temperature, the reaction 

mixture was diluted with EA (50 mL) and filtered through a pad of Celite. The filtrate was washed 

with saturated aqueous NH4Cl solution until the aqueous layer reached neutral pH. The organic 

layer was separated, and the aqueous phase was extracted with ethyl acetate (3 × 20 mL). The 
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combined organic extracts were washed with brine, dried over anhydrous Na2SO4, filtered, and 

concentrated in vacuo to afford the crude product. Purification by flash column chromatography on 

silica gel (eluent: petroleum ether-ethyl acetate, 50:1) yielded the Internal acetylene as a yellow 

solid in 60-90% yield.

Step 2: A screw-cap pressure tube (10 mL) was charged with the above internal alkyne (0.3 mmol, 

1.0 equiv.), TBHP (70% aq. solution, 2.1 mmol, 7.0 equiv.), Pd(OAc)2 (0.03 mmol, 0.1 equiv.), and 

dry THF (4 mL). The reaction mixture was stirred magnetically at 60 oC for 12 h. After cooling to 

room temperature, the residue was purified directly by flash column chromatography on silica gel 

(eluent: petroleum ether-ethyl acetate, 25:1) to afford substrates 5a-5f as a white solid in 60-90% 

yield.
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4. Optimization of asymmetric epoxidation

4.1 Evaluation of axial ligand for 1a
Table S1 Design and optimization of catalysts for 1aa

Cat., H2O2, DMBA

DMBA, MeCNS
O O S

O O

O

1a 2a

Entry Cat. Conv. (%) Yield (%) ee (%)

1 C1 100 85 86.3

2 C2 90 73 82.1

3 C3 86 69 80.0

4 C4 100 93 96.4

5 C5 95 87 95.5

6 C6 84 79 96.2

7 C7 100 95 98.0

8 C8 100 84 98.0

9b C7 100 96 98.0

10c C7 100 87 96.8

11d C7 83 72 96.4

12e C7 69 56 93.8

aStandard reaction conditions: 1a (0.5 mmol), Cat. (10 μmol, 2 mol%), and DMBA (6 equiv.) were dissolved in 2 mL of MeCN, 
then H2O2 (3.0 equiv., 30% aqueous solution was diluted in 0.5 mL MeCN) was added to the solution dropwise at -40 oC, using 
a syringe pump over 2.5 h and stirred for an additional 0.5 h. Isolated yields. Determined by chiral HPLC analysis. bC7 (15 
μmol, 3 mol%). cC7 (5 μmol, 1 mol%). dC7 (2.5 μmol, 0.5 mol%). eC7 (0.5 μmol, 0.1 mol%).
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4.2 Evaluation of acid additive and temperature for 1a
Table S2 Evaluation of acid additive and temperature for 1aa

C7, H2O2, Acid additive

MeCN, TemperatureS
O O S

O O

O

1a 2a

Entry Acid Temperature (°C) Usage (equiv.) Yield (%) ee (%)

1 EHA (2-Ethylhexanoic acid) -40 6 60 93.1

2 PBA (4-Phenylbutyric acid) -40 6 / /

3 DMBA (2,2-Dimethylbutyric acid) -40 6 95 98.0

4 PA (Pivalic acid) -40 6 39 93.0

5 AcOH -40 6 81 91.4

6 DMBA -30 6 91 93.8

7 DMBA -20 6 87 87.7

8 DMBA -40 4 45 97.8

9 DMBA -40 10 94 98.0

aStandard reaction conditions: 1a (0.5 mmol), C7 (2 mol%), and acid were dissolved in 2 mL of MeCN, then H2O2 (3.0 equiv., 
30% aqueous solution was diluted in 0.5 mL MeCN) was added to the solution dropwise using a syringe pump over 2.5 h and 
stirred for an additional 0.5 h. Isolated yields. Determined by chiral HPLC analysis.

4.2 Evaluation of acid additive and temperature for 3a
Table S3 Evaluation of acid additive and temperature for 3aa

3a 4a

S
O

O

O
S
O

O

Cat., H2O2

DMBA, MeCN

Entry Cat. Conv. (%) Yield (%) ee (%)

1 C4 64 53 83.2

2 C5 30 18 82.1

3 C6 63 51 79.5

4 C7 75 66 84.4

5 C8 78 68 91.6

6b C8 78 69 91.6

7c C8 51 41 90.0

aStandard reaction conditions: 3a (0.5 mmol), Cat. (10 μmol, 2 mol%), and DMBA (6 equiv.) were dissolved in 2 mL of MeCN, 
then H2O2 (3.0 equiv., 30% aqueous solution was diluted in 0.5 mL MeCN) was added to the solution dropwise at -40 oC, using 
a syringe pump over 2.5 h and stirred for an additional 0.5 h. bC8 (15 μmol, 3 mol%). cC8 (5 μmol, 1 mol%). Isolated yields. 
Determined by chiral HPLC analysis. 
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5. General procedure for epoxidation

5.1 General procedure for racemic epoxidation

rac-C4, H2O2

AcOH, MeCN, -40 oC

N N

N N
Mn

OTfTfO
N N

rac-C4

R1 R2

R3

R1 R2

R3 O

1, 3, 5 rac-2, 4, 6

To a Schlenk flask charged with Substrate 1 (3 or 5) (0.5 mmol, 1.0 equiv.), the corresponding 

catalyst rac-C4 (10 μmol, 2 mol%), and AcOH (5.0 mmol, 10.0 equiv.) in MeCN (2 mL) at -40 oC 

was added a solution of H2O2 (2.5 mmol, 5.0 equiv., 30% aqueous solution, diluted in 0.5 mL 

MeCN) via syringe pump over 2 h and stirred for an additional 1 h (monitored by TLC). Upon 

completion, the mixture was quenched with a saturated Na2SO3 aqueous solution and then extracted 

with DCM. The combined organic layers were washed twice with saturated aqueous NaHCO3, dried 

over anhydrous Na2SO4, and concentrated under reduced pressure to afford the racemic epoxides 2, 

4 and 6.

5.2 General procedure for asymmetric epoxidation of 2, 4 and 6.

Cat, H2O2

DMBA, MeCN, -40 oCR1 R2

R3

R1 R2

R3 O

1, 3, 5 2, 4, 6

N N

N N
Mn

OTfTfO
N N

C8

N N

N N
Mn

OTfTfO
N N

C7

or

OMe

To a Schlenk flask charged with Substrate 1 (3 or 5) (0.5 mmol, 1.0 equiv.), the corresponding 

catalyst (C7 for 1 or 5, C8 for 3, 10 μmol, 2 mol%), and DMBA (3.0 mmol, 6.0 equiv.) in MeCN 

(2 mL) at -40 oC was added a solution of H2O2 (1.5 mmol, 3.0 equiv., 30% aqueous solution, diluted 

in 0.5 mL MeCN) via syringe pump over 2 h and stirred for an additional 1 h (monitored by TLC). 

Upon completion, the mixture was quenched with a saturated Na2SO3 aqueous solution and then 

extracted with DCM. The combined organic layers were washed twice with saturated aqueous 

NaHCO3, dried over anhydrous Na2SO4, and concentrated under reduced pressure to afford the 

asymmetric epoxides. Purification by flash column chromatography on silica gel (eluent: petroleum 
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ether-ethyl acetate, 5:1) to afford the asymmetric products 2, 4 and 6. The ee were determined using 

chiral HPLC analysis.

6. Gram-scale asymmetric epoxidation

C7, H2O2, DMBA

MeCN, -40 ℃S
O O S

O O

O

1a 2a

970 mg 951 mg, 92% yield, 91.0% ee
837 mg, 81% yield, 99.9% ee after recrystallization

To a Schlenk flask charged with Substrate 1a (970 mg, 4.0 mmol, 1.0 equiv.), catalyst C7 (69 mg, 

2 mol%), and DMBA (2.79 g, 24.0 mmol, 6.0 equiv.) in MeCN (30 mL) at -40  oC was added a 

solution of H2O2 (1.36 g, 24.0 mmol, 3.0 equiv., 30% aqueous solution, diluted in 2.0 mL MeCN) 

via syringe pump over 3 h and stirred for an additional 1 h (monitored by TLC). Upon completion, 

the reaction was quenched with a saturated Na2SO3, diluted with DCM, and extracted with DCM (3 

× 20 mL). The combined organic layers were washed with saturated aqueous NaHCO3, dried over 

anhydrous Na2SO4, filtered, and concentrated in vacuo to afford the crude epoxide. Purification by 

flash column chromatography on silica gel (eluent: petroleum ether-ethyl acetate, 5:1) to afford the 

asymmetric products 2a (951mg, 92% yield, 91.0% ee). This material was recrystallized from 

MeOH (10 mL g⁻¹) to afford the pure compound as a white solid 2a (837mg, 81% yield, 99.9% 

ee).
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7. X-ray crystallographic data for 2a (CCDC 2484440)

Table S4 Crystal data and structure refinement for A.

Identification code A

Empirical formula C14H10O3S

Formula weight 258.28

Temperature/K 193.00

Crystal system orthorhombic

Space group P212121

a/Å 14.9751(5)

b/Å 6.1259(2)

c/Å 12.9261(4)

α/° 90

β/° 90

γ/° 90

Volume/Å3 1185.79(7)

Z 4

ρcalcg/cm3 1.447

μ/mm-1 2.411

F(000) 536.0

Crystal size/mm3 0.13 × 0.12 × 0.09

Radiation CuKα (λ = 1.54178)

2Θ range for data collection/° 9.038 to 158.95

Index ranges -19 ≤ h ≤ 19, -7 ≤ k ≤ 7, -16 ≤ l ≤ 16

Reflections collected 25602

Independent reflections 2549 [Rint = 0.0527, Rsigma = 0.0307]

Data/restraints/parameters 2549/0/163

Goodness-of-fit on F2 1.111

Final R indexes [I>=2σ (I)] R1 = 0.0389, wR2 = 0.1054

Final R indexes [all data] R1 = 0.0393, wR2 = 0.1058

Largest diff. peak/hole / e Å-3 0.56/-0.34

Flack parameter 0.050(6)
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Supplementary Fig. 1 Structure drawing of 2a (CCDC 2484440)
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8. Substrate derivatization 

8.1 Synthesis of vicinal diamine13

4a

S
O

O

O BnNH2, NaBH3CN

DCM, -8 oC

NHBn

4ab

NHBn

To a Schlenk flask charged with 4a (1.0 mmol, 1.0 equiv.) in DCM (5 mL) was added BnNH2 (3.0 

mmol, 3.0 equiv.) at 0 °C. The mixture was stirred at -8°C for 16 h. Then, NaBH3CN (6 mmol, 6 

equiv.) was added portionwise over 10 min,, and the resulting mixture was stirred for additional 8 

h (monitored by TLC). Finally, the reaction mixture was quenched with saturated aqueous NH4Cl 

solution (10 mL) and extracted with DCM (3 × 30 mL). The combined organic extracts were washed 

with brine, dried over anhydrous Na2SO4, filtered, and concentrated in vacuo. Purification by flash 

column chromatography on silica gel (eluent: petroleum ether-ethyl acetate, 2:1) afforded the 

product 4ab (54% yield, 95.0% ee).

8.2 Synthesis of chiral β-amino alcohol13

4a

S
O

O

O BnNH2, NaBH4

DCM, -8 oC

NHBn

4ac

OH

To a Schlenk flask charged with 4a (1.0 mmol, 1.0 equiv.) in DCM (5 mL) was added BnNH2 (3.0 

mmol, 3.0 equiv.) at 0 °C. The mixture was stirred at -8°C for 16 h. Then, NaBH4 (8 mmol, 8 equiv.) 

was added portionwise over 10 min, and the resulting mixture was stirred for additional 8 h 

(monitored by TLC). Finally, the reaction mixture was quenched with saturated aqueous NH4Cl 

solution (10 mL) and extracted with DCM (3 × 30 mL). The combined organic extracts were washed 

with brine, dried over anhydrous Na2SO4, filtered, and concentrated in vacuo. Purification by flash 

column chromatography on silica gel (eluent: petroleum ether-ethyl acetate, 2:1) afforded the 

product 4ac (62% yield, 91.1% ee).
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9. Mechanistic studies

9.1 Comparison of Oxidants for Epoxidation of 1aa

C7, Oxidant, Acid

MeCN, -30 ℃, 30 minS
O O S

O O

O

1a 2a

Entry Condition Yield (%) ee (%)

1 H2O2, DMBA 91 94

2 H2O2, DMBA, without C7 N.R. -

3 H2O2, AcOH 79 87

4 t-BuOOH, AcOH 80 86

5 AcOOH, AcOH 45 87

aStandard reaction conditions: 1a (0.5 mmol), C7 (10 μmol, 2 mol%), and Acid (6 equiv.) were dissolved in 2 mL 
of MeCN, then Oxidant (3.0 equiv., 30% aqueous solution was diluted in 0.5 mL MeCN) was added to the solution 
dropwise at -30 oC, using a syringe pump over 0.5 h. Isolated yields. Determined by chiral HPLC analysis.

9.2 18O-Labeling experiment

To a Schlenk flask charged with Substrate 1a (24.23 mg, 0.1 mmol, 1.0 equiv.), C7 (1.7 mg, 2 

mol%), DMBA (69.7 mg, 0.6 mmol, 6.0 equiv.) and H2
18O (1.5 equiv., 98 atom %) in MeCN (2 

mL) was added H2O2 (30% aq., 3.0 equiv., pre-diluted in 0.5 mL MeCN) via syringe pump over 2 

h at 0 °C (or -40 oC for the low-temperature set). After an additional 1 h at the same temperature, 

the reaction was quenched with sat. Na2SO3 and analysed by GC-MS (Supplementary Fig. 2 and 3). 

At 0 oC, 18O-incorporation into the epoxide was 0.76%, while at -40 °C it dropped to 0.03%. 

Lowering the temperature from 0 °C to -40 °C reduces 18O-incorporation to within experimental 

error, indicating negligible O-atom exchange with bulk water under cryogenic conditions.
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H2
18O/H2

16O2 labeling experiment

C7 (2 mol%), H2O2, H2
18O

DMBA, MeCN, -40 oC
S

O O S
O O

18O

1a 2a

0 oC: 0.76% 18O-incorporation

-40 oC: 0.03% 18O-incorporation

a. Regular epoxide at 0 oC                       b. Epoxide obtained from the H2
18O experiment at 0 oC

Supplementary Fig. 2 18O-Labeling experiment at 0 oC

a. Regular epoxide at -40 oC                      b. Epoxide obtained from the H2
18O experiment at -40 

oC

 

Supplementary Fig. 3 18O-Labeling experiment at -40 oC

9.3 Competitive epoxidation experiment

S
O O

7a:1a = 1:1 yield: 91.9% : 24.9%

C7 (2 mol%)
30% H2O2 (2 eq.)

MeCN, -40 ℃, 1h+7a

1a

S
O O

+8a

2a

ee: 0% : 98.0%

O

O
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An MeCN solution (2.0 mL) containing 7a (0.04 mmol, 1.0 equiv.), 1a (0.04 mmol, 1.0 equiv.), C7 

(1.0 mg, 2 mol %) and DMBA (0.25 mmol, 6.0 equiv.) was prepared in a 10 mL vial equipped with 

a stir bar and cooled at -40 oC. Then a solution of H2O2 (30% aq., 2.0 equiv., pre-diluted in 0.5 mL 

MeCN) was added via syringe pump over 30 min. The solution was further stirred at -30 ºC for 30 

minutes. At this point, biphenyl (0.04 mmol, internal standard) was added; the solution was 

immediately passed through a basic alumina plug (200 mg, rinsed with 2 × 1 mL EtOAc). GC 

analysis of the solution provided substrate conversions and product yields relative to the internal 

standard integration; products were identified by comparison with authentic samples. 

S
O O

5a:1a = 1:1 yield: 79.2% : 31.1%

C7 (2 mol%)
30% H2O2 (2 eq.)

MeCN, -40 ℃, 1h+5a

1a

S
O O

+6a

2a

ee: 85.8% : 98.1%

O

O

O O

An MeCN solution (2.0 mL) containing 5a (0.04 mmol, 1.0 equiv.), 1a (0.04 mmol, 1.0 equiv.), C7 

(1.0 mg, 2 mol %) and DMBA (0.25 mmol, 6.0 equiv.) was prepared in a 10 mL vial equipped with 

a stir bar and cooled at -40 oC. Then a solution of H2O2 (30% aq., 2.0 equiv., pre-diluted in 0.5 mL 

MeCN) was added via syringe pump over 30 min. The solution was further stirred at -30 ºC for 30 

minutes. At this point, biphenyl (0.04 mmol, internal standard) was added; the solution was 

immediately passed through a basic alumina plug (200 mg, rinsed with 2 × 1 mL EtOAc). GC 

analysis of the solution provided substrate conversions and product yields relative to the internal 

standard integration; products were identified by comparison with authentic samples. 
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10. Spectra data

(S)-N-((1-methyl-1H-benzo[d]imidazol-2-yl)methyl)-N-((1-((1-methyl-1H-
benzo[d]imidazol-2-yl)methyl)pyrrolidin-2-yl)methyl)ethanamine (L1)

N N

N NN N

Yellow solid, m.p.= 79.3-80.1 oC. 1H NMR (400 MHz, CDCl3) δ 7.77 – 7.64 (m, 2H), 

7.28 – 7.19 (m, 6H), 4.20 (d, J = 13.2 Hz, 1H), 3.86 – 3.79 (m, 4H), 3.72 (d, J = 13.6 

Hz, 1H), 3.65 – 3.55 (m, 4H), 2.76 – 2.70 (m, 1H), 2.63 – 2.49 (m, 4H), 2.40 (dd, J = 

12.8, 8.0 Hz, 1H), 2.28 (q, J = 7.2 Hz, 1H), 1.94 – 1.88 (m, 1H), 1.62 – 1.49 (m, 2H), 

1.45 – 1.37 (m, 1H), 1.04 (t, J = 7.2 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 152.4, 

152.2, 142.1, 142.1, 136.3, 136.2, 122.6, 122.4, 121.9, 121.8, 119.5, 119.4, 109.1, 62.3, 

58.8, 54.9, 52.4, 52.3, 48.8, 30.4, 30.1, 29.9, 22.5, 11.6.  HRMS-ESI (m/z): calcd for 

C25H33N6 [M + H]+: 417.2762, found: 417.2763.

(1S,2S)-N1,N2-dimethyl-N1,N2-bis((1-methyl-1H-benzo[d]imidazol-2-

yl)methyl)cyclohexane-1,2-diamine (L2)

N N

N NN N

White solid, m.p.= 165.1-165.5 oC. 1H NMR (400 MHz, CDCl3) δ 7.74 – 7.72 (m, 2H), 

7.27 – 7.24 (m, 6H), 3.97 (s, 4H), 3.80 (s, 6H), 2.72 (s, 2H), 2.16 (s, 6H), 2.00 (d, J = 

10.8 Hz, 2H), 1.80 (d, J = 7.2 Hz, 2H), 1.29 – 1.16 (m, 4H). 13C NMR (100 MHz, 

CDCl3) δ 152.5, 142.2, 136.3, 122.5, 121.8, 119.6, 109.1, 62.8, 51.7, 35.9, 29.9, 25.6, 

24.0. HRMS-ESI (m/z): calcd for C26H35N6 [M + H]+: 431.2918, found: 431.2919.
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(1S,2S)-N1,N2-dimethyl-N1,N2-bis((1-methyl-1H-benzo[d]imidazol-2-yl)methyl)-

1,2-diphenylethane-1,2-diamine (L3)

N N

N NN N

PhPh

White solid, m.p.= 234.3-234.7 oC. 1H NMR (400 MHz, CDCl3) δ 7.81 – 7.74 (m, 2H), 

7.31 – 7.24 (m, 6H), 7.21 – 7.05 (m, 10H), 4.53 (s, 2H), 3.87 – 3.84 (m, 8H), 3.75 (d, J 

= 13.6 Hz, 2H), 2.11 (s, 6H). 13C NMR (100 MHz, CDCl3) δ 152.2, 142.4, 136.3, 133.4, 

129.9, 127.8, 127.1, 122.6, 121.9, 119.8, 109.1, 65.4, 51.9, 36.4, 29.9. HRMS-ESI 

(m/z): calcd for C34H37N6 [M + H]+: 529.3075, found: 529.3079.

(S)-N-benzyl-1-(1-methyl-1H-benzo[d]imidazol-2-yl)-N-((1-((1-methyl-1H-

benzo[d]imidazol-2-yl)methyl)pyrrolidin-2-yl)methyl)methanamine (L4)

N N

N NN N

White solid, m.p.= 136.3-137.1 oC. 1H NMR (400 MHz, CDCl3) δ 7.74 – 7.65 (m, 2H), 

7.35 – 7.26 (m, 4H), 7.27 – 7.17 (m, 7H), 4.20 (d, J = 13.2 Hz, 1H), 3.75 (q, J = 10.8 

Hz, 2H), 3.61 (t, J = 11.2 Hz, 3H), 3.55 (s, 3H), 3.46 (s, 3H), 2.75 – 2.64 (m, 3H), 2.56 

– 2.46 (m, 1H), 2.28 (q, J = 7.6 Hz, 1H), 2.02 – 1.90 (m, 1H), 1.64 – 1.55 (m, 1H), 1.52 

– 1.37 (m, 2H). 13C NMR (100 MHz, CDCl3) δ 152.3, 151.7, 142.2, 142.2, 138.4, 136.2, 

129.6, 128.3, 127.5, 122.6, 122.4, 121.9, 121.8, 119.5, 119.5, 109.1, 109.1, 62.4, 60.2, 

59.4, 54.8, 52.4, 52.1, 30.5, 29.9, 29.7, 22.4. HRMS-ESI (m/z): calcd for C30H35N6 [M 

+ H]+: 479.2918, found: 479.2916.
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(S)-1-mesityl-N-((1-methyl-1H-benzo[d]imidazol-2-yl)methyl)-N-((1-((1-methyl-

1H-benzo[d]imidazol-2-yl)methyl)pyrrolidin-2-yl)methyl)methanamine (L5)

N N

N NN N

White solid, m.p.= 135.3-136.1 oC. 1H NMR (400 MHz, CDCl3) δ 7.73 – 7.64 (m, 2H), 

7.26 – 7.17 (m, 6H), 6.84 (s, 2H), 4.08 (d, J = 13.2 Hz, 1H), 3.81 – 3.68 (m, 2H), 3.69 

– 3.60 (m, 2H), 3.55 (s, 3H), 3.49 (s, 3H), 2.80 – 2.68 (m, 2H), 2.63 – 2.51 (m, 2H), 

2.32 (s, 6H), 2.25 (s, 3H), 2.07 – 1.86 (m, 3H), 1.47 – 1.39 (m, 1H), 1.32 – 1.20 (m, 

2H). 13C NMR (100 MHz, CDCl3) δ 152.0, 149.7, 142.1, 142.1, 138.0, 137.0, 136.2, 

136.1, 131.3, 129.3, 122.6, 122.4, 121.9, 121.8, 119.4, 109.1, 109.1, 62.2, 60.0, 54.7, 

53.7, 52.0, 51.3, 30.9, 29.8, 29.6, 22.5, 20.9, 20.2. HRMS-ESI (m/z): calcd for C33H41N6 

[M + H]+: 521.3388, found: 521.3383.

(S)-N-(4-bromobenzyl)-1-(1-methyl-1H-benzo[d]imidazol-2-yl)-N-((1-((1-methyl-

1H-benzo[d]imidazol-2-yl)methyl)pyrrolidin-2-yl)methyl)methanamine (L6)

N N

N NN N

Br

Yellow solid, m.p.= 131.7-133.5 oC. 1H NMR (400 MHz, CDCl3) δ 7.75 – 7.65 (m, 2H), 

7.40 (d, J = 8.0 Hz, 2H), 7.27 – 7.21 (m, 6H), 7.16 (d, J = 8.4 Hz, 2H), 4.17 (d, J = 13.2 

Hz, 1H), 3.82 – 3.78 (m, 1H), 3.68 (d, J = 13.6 Hz, 2H), 3.61 (s, 3H), 3.54 (s, 3H), 3.45 

(d, J = 13.2 Hz, 1H), 2.76 (s, 2H), 2.59 – 2.55 (m, 1H), 2.51 – 2.46 (m, 1H), 2.32 (d, J 

= 10.8 Hz, 1H), 2.05 – 1.88 (m, 2H), 1.51 – 1.40 (m, 1H), 1.30 – 1.24 (m, 2H). 13C 

NMR (100 MHz, CDCl3) δ 151.4, 142.1, 137.4, 136.1, 131.4, 131.1, 122.7, 122.5, 

122.1, 121.9, 121.2, 119.6, 119.5, 109.1, 62.3, 59.3, 54.9, 52.4, 52.1, 31.6, 30.5, 30.0, 

29.8, 22.5. HRMS-ESI (m/z): calcd for C30H34BrN6 [M + H]+: 557.2023, found: 
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557.2021.

(S)-N-(4-methoxybenzyl)-1-(1-methyl-1H-benzo[d]imidazol-2-yl)-N-((1-((1-

methyl-1H-benzo[d]imidazol-2-yl)methyl)pyrrolidin-2-yl)methyl)methanamine 

(L7)

N N

N NN N

OMe

White solid, m.p.= 53.9-55.1 oC. 1H NMR (400 MHz, CDCl3) δ 7.74 – 7.65 (m, 2H), 

7.27 – 7.17 (m, 8H), 6.83 (d, J = 8.8 Hz, 2H), 4.23 (d, J = 13.2 Hz, 1H), 3.78 (s, 3H), 

3.76 – 3.66 (m, 2H), 3.64 – 3.49 (m, 6H), 3.43 (s, 3H), 2.74 – 2.62 (m, 3H), 2.54 – 2.42 

(m, 1H), 2.31 – 2.20 (m, 1H), 2.02 – 1.89 (m, 1H), 1.64 – 1.52 (m, 1H), 1.53 – 1.42 (m, 

1H), 1.44 – 1.32 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 158.9, 152.3, 151.9, 142.1, 

142.1, 136.2, 136.2, 130.8, 130.3, 122.6, 122.4, 122.0, 121.8, 119.5, 119.4, 113.6, 

109.1, 62.3, 59.4, 59.3, 55.3, 54.9, 52.4, 51.9, 30.5, 30.0, 29.7, 22.3. HRMS-ESI (m/z): 

calcd for C31H37N6O [M + H]+: 509.3024, found: 509.3025.

(S)-N-benzyl-1-(1,5-dimethyl-1H-benzo[d]imidazol-2-yl)-N-((1-((1,5-dimethyl-

1H-benzo[d]imidazol-2-yl)methyl)pyrrolidin-2-yl)methyl)methanamine (L8)

 

N N

N NN N

Yellow solid, m.p.= 135.4-136.8 oC. 1H NMR (400 MHz, CDCl3) δ 7.47 (d, J = 8.0 Hz, 

2H), 7.34 – 7.26 (m, 4H), 7.25 – 7.23 (d, J = 4.9 Hz, 1H), 7.15 – 7.01 (m, 4H), 4.18 (d, 

J = 13.2 Hz, 1H), 3.81 – 3.66 (m, 2H), 3.61 – 2.53 (d, J = 23.2 Hz, 6H), 3.46 (s, 3H), 

2.74 – 2.62 (m, 3H), 2.46 (s, 6H), 2.26 (q, J = 8.4 Hz, 1H), 2.01 – 1.91 (m, 2H), 1.63 – 

1.52 (m, 1H), 1.42 – 1.35 (m, 1H), 1.29 – 1.23 (m, 1H). 13C NMR (100 MHz, CDCl3) 

δ 152.2, 151.7, 142.5, 142.4, 138.5, 134.3, 134.3, 131.5, 131.4, 129.6, 128.3, 127.4, 
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124.0, 123.8, 119.3, 119.2, 108.6, 108.6, 62.4, 60.2, 59.4, 54.8, 52.3, 52.2, 30.5, 30.0, 

29.8, 22.4, 21.6. HRMS-ESI (m/z): calcd for C32H39N6 [M + H]+: 507.3231, found: 

557.3232.

(1aR,6bS)-1a-phenyl-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 2,2-dioxide 

(2a)

S
OO

O

White solid, m.p.= 147.8-149.1 oC. 95% yield, 98.0% ee. 1H NMR (400 MHz, CDCl3) 

δ 7.84 – 7.81 (m, 1H), 7.78 – 7.75 (m, 2H), 7.71 – 7.63 (m, 3H), 7.54 – 7.47 (m, 3H), 

4.59 (s, 1H). 13C NMR (100 MHz, CDCl3) δ 140.0, 133.7, 133.3, 132.1, 131.3, 129.7, 

129.4, 128.2, 125.5, 124.1, 75.6, 60.1. Chiral HPLC: The ee was determined by Daicel 

Chiralcel AD, Hexanes/IPA = 80/20, 1.0 mL/min, λ = 220 nm, T =25 ℃, t (major) = 

16.837 min, t (minor) = 22.351 min. HRMS-ESI (m/z): calcd for C14H11O3S [M + H]+: 

259.0424, found: 259.0425.
(1aR,6bS)-6-methyl-1a-phenyl-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 2,2-
dioxide (2b)

S
OO

O

White solid, m.p.= 169.2-172.1 oC. 89% yield, 99.7% ee. 1H NMR (400 MHz, CDCl3) 

δ 7.77 (dd, J = 7.6, 1.6 Hz, 2H), 7.64 (d, J = 7.2 Hz, 1H), 7.54 – 7.43 (m, 5H), 4.66 (s, 

1H), 2.55 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 139.5, 137.7, 134.5, 131.4, 130.9, 

130.6, 129.1, 128.8, 125.2, 120.9, 74.8, 58.0, 17.4. Chiral HPLC: The ee was 

determined by Daicel Chiralcel AD, Hexanes/IPA = 80/20, 1.0 mL/min, λ = 220 nm, T 

=25 ℃, t (major) = 12.654 min, t (minor) = 24.917 min. HRMS-ESI (m/z): calcd for 

C15H13O3S [M + H]+: 273.0580, found: 273.0581.

(1aR,6bS)-5-methyl-1a-phenyl-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 2,2-

dioxide (2c)
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S
OO

O

White solid, m.p.= 187.1-187.6 oC. 85% yield, 90.0% ee. 1H NMR (400 MHz, CDCl3) 

δ 7.78 – 7.68 (m, 3H), 7.53 – 7.46 (m, 4H), 7.43 (d, J = 7.8 Hz, 1H), 4.53 (s, 1H), 2.48 

(s, 3H). 13C NMR (100 MHz, CDCl3) δ 144.3, 136.6, 133.0, 132.2, 130.6, 129.2, 128.8, 

128.1, 125.1, 123.3, 75.2, 59.6, 21.7. Chiral HPLC: The ee was determined by Daicel 

Chiralcel AD, Hexanes/IPA = 80/20, 1.0 mL/min, λ = 220 nm, T =25 ℃, t (major) = 

25.751 min, t (minor) = 45.070 min. HRMS-ESI (m/z): calcd for C15H13O3S [M + H]+: 

273.0580, found: 273.0588.

(1aR,6bS)-4-methyl-1a-phenyl-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 2,2-

dioxide (2d)

S
OO

O

White solid, m.p.= 154.5-157.1 oC. 90% yield, 95.5% ee. 1H NMR (400 MHz, CDCl3) 

δ 7.75 (d, J = 8.0 Hz, 2H), 7.62 (s, 1H), 7.58 – 7.41 (m, 5H), 4.55 (s, 1H), 2.47 (s, 3H). 

13C NMR (100 MHz, CDCl3) δ 142.5, 139.5, 133.9, 130.6, 129.9, 129.1, 128.8, 127.4, 

125.2, 123.7, 75.3, 59.5, 21.6. Chiral HPLC: The ee was determined by Daicel Chiralcel 

AD, Hexanes/IPA = 80/20, 1.0 mL/min, λ = 220 nm, T =25 ℃, t (major) = 15.662 min, 

t (minor) = 22.342 min. HRMS-ESI (m/z): calcd for C15H13O3S [M + H]+: 273.0580, 

found: 273.0584.

(1aR,6bS)-5-methoxy-1a-phenyl-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 

2,2-dioxide (2e)

S
OO

MeO O

White solid, m.p.= 159.7-160.3 oC. 88% yield, 98.2% ee. 1H NMR (400 MHz, CDCl3) 

δ 7.79 – 7.73 (m, 3H), 7.50 – 7.49 (d, J = 7.6 Hz, 3H), 7.15 – 7.09 (m, 2H), 4.52 (s, 

1H), 3.92 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 163.3, 135.1, 130.9, 130.7, 129.2, 

128.8, 125.2, 125.1, 116.8, 113.0, 75.4, 59.3, 56.0. Chiral HPLC: The ee was 
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determined by Daicel Chiralcel AD, Hexanes/IPA = 80/20, 1.0 mL/min, λ = 220 nm, T 

=25 ℃, t (major) = 30.706 min, t (minor) = 48.341 min. HRMS-ESI (m/z): calcd for 

C15H13O4S [M + H]+: 289.0530, found: 289.0535.

(1aR,6bS)-6-chloro-1a-phenyl-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 2,2-

dioxide (2f)

S
OO

Cl
O

White solid, m.p.= 149.3-151.3 oC. 89% yield, 98.8% ee. 1H NMR (400 MHz, CDCl3) 

δ 7.80 (d, J = 1.6 Hz, 1H), 7.75 (dd, J = 8.6, 1.2 Hz, 2H), 7.68 – 7.58 (m, 2H), 7.55 – 

7.48 (m, 3H), 4.57 (s, 1H). 13C NMR (100 MHz, CDCl3) δ 141.0, 137.9, 133.4, 131.1, 

130.9, 129.1, 128.9, 128.7, 124.5, 124.0, 75.8, 58.9. Chiral HPLC: The ee was 

determined by Daicel Chiralcel AD, Hexanes/IPA = 80/20, 1.0 mL/min, λ = 220 nm, T 

=25 ℃, t (major) = 15.190 min, t (minor) = 19.252 min. HRMS-ESI (m/z): calcd for 

C14H10ClO3S [M + H]+: 293.0034, found: 293.0035.

(1aR,6bS)-5-chloro-1a-phenyl-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 2,2-

dioxide (2g)

S
OO

Cl O

White solid, m.p.= 198.8-201.2 oC. 95% yield, 96.8% ee. 1H NMR (400 MHz, CDCl3) 

δ 7.78 – 7.73 (m, 3H), 7.68 (d, J = 1.6 Hz, 1H), 7.61 (dd, J = 8.4, 2.0 Hz, 1H), 7.56 – 

7.48 (m, 3H), 4.55 (s, 1H). 13C NMR (100 MHz, CDCl3) δ 139.6, 137.8, 134.7, 131.8, 

130.9, 129.2, 128.9, 127.9, 124.9, 124.4, 75.4, 58.8. Chiral HPLC: The ee was 

determined by Daicel Chiralcel AD, Hexanes/IPA = 80/20, 1.0 mL/min, λ = 220 nm, T 

=25 ℃, t (major) = 20.815 min, t (minor) = 27.713 min. HRMS-ESI (m/z): calcd for 

C14H10ClO3S [M + H]+: 293.0034, found: 293.0031.

(1aR,6bS)-4-chloro-1a-phenyl-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 2,2-

dioxide (2h)
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S
O O

O

Cl

White solid, m.p.= 177.5-179.2 oC. 91% yield, 99.1% ee. 1H NMR (400 MHz, CDCl3) 

δ 7.78 – 7.75 (m, 2H), 7.72 (d, J = 7.2 Hz, 1H), 7.65 – 7.48 (m, 5H), 4.85 (s, 1H). 13C 

NMR (100 MHz, CDCl3) δ 141.2, 133.9, 133.6, 132.8, 130.9, 129.2, 128.9, 124.4, 

121.8, 75.2, 57.5. Chiral HPLC: The ee was determined by Daicel Chiralcel AD, 

Hexanes/IPA = 80/20, 1.0 mL/min, λ = 220 nm, T =25 ℃, t (major) = 10.823 min, t 

(minor) = 13.483 min. HRMS-ESI (m/z): calcd for C14H10ClO3S [M + H]+: 293.0034, 

found: 293.0033.

(1aR,6bS)-1a,5-diphenyl-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 2,2-dioxide 

(2i)

S
OO

Ph O

White solid, m.p.= 142.4-143.5 oC. 75% yield, 99.6% ee. 1H NMR (400 MHz, CDCl3) 

δ 7.92 – 7.75 (m, 5H), 7.64 – 7.57 (m, 2H), 7.56 – 7.44 (m, 6H), 4.64 (s, 1H). 13C NMR 

(100 MHz, CDCl3) δ 146.7, 138.8, 137.9, 133.5, 130.7, 130.3, 129.3, 129.2, 129.0, 

128.9, 127.4, 126.2, 125.0, 123.9, 75.4, 59.6. Chiral HPLC: The ee was determined by 

Daicel Chiralcel AD, Hexanes/IPA = 80/20, 1.0 mL/min, λ = 220 nm, T =25 ℃, t 

(major) = 37.900 min, t (minor) = 52.057 min. HRMS-ESI (m/z): calcd for C20H15O3S 

[M + H]+: 335.0737, found: 335.0738.

(1aR,6bS)-1a-(o-tolyl)-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 2,2-dioxide 

(2j)

S
O O

O

White solid, m.p.= 186.7-188.1 oC. 86% yield, 92.0% ee. 1H NMR (400 MHz, CDCl3) 

δ 7.85 – 7.54 (m, 5H), 7.45 – 7.40 (m, 1H), 7.34 – 7.26 (m, 2H), 4.60 (s, 1H). 13C NMR 

(100 MHz, CDCl3) δ 139.7, 139.5, 133.2, 132.7, 131.6, 131.0, 130.9, 127.8, 126.1, 

123.8, 123.6, 75.4, 59.0, 19.9. Chiral HPLC: The ee was determined by Daicel Chiralcel 
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AD, Hexanes/IPA = 80/20, 1.0 mL/min, λ = 220 nm, T =25 ℃, t (major) = 13.778 min, 

t (minor) = 18.705 min. HRMS-ESI (m/z): calcd for C15H13O3S [M + H]+: 273.0580, 

found: 273.0582.
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(1aR,6bS)-1a-(m-tolyl)-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 2,2-dioxide 

(2k)

S
OO

O

White solid, m.p.= 145.3-146.3 oC. 96% yield, 93.5% ee. 1H NMR (400 MHz, CDCl3) 

δ 7.86 – 7.28 (m, 1H), 7.70 – 7.61 (m, 3H), 7.58 – 7.54 (m, 2H), 7.40 – 7.32 (m, 2H), 

4.59 (s, 1H), 2.42 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 139.5, 138.8, 133.1, 132.8, 

131.6, 131.5, 129.7, 128.8, 127.6, 126.3, 124.8, 123.5, 75.2, 59.4, 21.4. Chiral HPLC: 

The ee was determined by Daicel Chiralcel AD, Hexanes/IPA = 80/20, 1.0 mL/min, λ 

= 220 nm, T =25 ℃, t (major) = 14.735 min, t (minor) = 19.483 min. HRMS-ESI (m/z): 

calcd for C15H13O3S [M + H]+: 273.0580, found: 273.0587.
(1aR,6bS)-1a-(p-tolyl)-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 2,2-dioxide 
(2l)

S
OO

O

White solid, m.p.= 184.6-186.3 oC. 94% yield, 96.1% ee. 1H NMR (400 MHz, CDCl3) 

δ 7.83 – 7.79 (m, 1H), 7.70 – 7.62 (m, 5H), 7.30 (d, J = 7.6 Hz, 2H), 4.57 (s, 1H), 2.42 

(s, 3H). 13C NMR (100 MHz, CDCl3) δ 141.0, 139.5, 133.1, 132.9, 131.5, 129.6, 129.1, 

127.6, 123.5, 121.8, 75.1, 59.4, 21.5. Chiral HPLC: The ee was determined by Daicel 

Chiralcel AD, Hexanes/IPA = 80/20, 1.0 mL/min, λ = 220 nm, T =25 ℃, t (major) = 

20.969 min, t (minor) = 30.829 min. HRMS-ESI (m/z): calcd for C15H13O3S [M + H]+: 

273.0580, found: 273.0583.

(1aR,6bS)-1a-(3,5-dimethylphenyl)-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 

2,2-dioxide (2m)

S
OO

O

White solid, m.p.= 162.3-163.5 oC. 95% yield, 98.4% ee. 1H NMR (400 MHz, CDCl3) 

δ 7.84 – 7.78 (m, 1H), 7.70 – 7.59 (m, 3H), 7.36 (s, 2H), 7.15 (s, 1H), 4.58 (s, 1H), 2.37 
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(s, 6H). 13C NMR (100 MHz, CDCl3) δ 139.6, 138.7, 133.1, 132.9, 132.6, 131.5, 127.6, 

126.9, 124.6, 123.5, 75.3, 59.2, 21.3. Chiral HPLC: The ee was determined by Daicel 

Chiralcel AD, Hexanes/IPA = 80/20, 1.0 mL/min, λ = 220 nm, T =25 ℃, t (major) = 

12.096 min, t (minor) = 16.875 min. HRMS-ESI (m/z): calcd for C16H15O3S [M + H]+: 

287.0737, found: 287.0736.

(1aR,6bS)-1a-(4-ethylphenyl)-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 2,2-

dioxide (2n)

S
OO

Et
O

White solid, m.p.= 139.2-141.3 oC. 65% yield, 96.8% ee. 1H NMR (400 MHz, CDCl3) 

δ 7.84 – 7.80 (m, 1H), 7.70 – 7.63 (m, 5H), 7.33 (d, J = 8.0 Hz, 2H), 4.57 (s, 1H), 2.71 

(q, J = 7.6 Hz, 2H), 1.27 (t, J = 7.6 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 147.3, 

139.5, 133.1, 132.9, 131.5, 129.2, 128.4, 127.6, 123.6, 122.0, 75.2, 59.4, 28.8, 15.4. 

Chiral HPLC: The ee was determined by Daicel Chiralcel AD, Hexanes/IPA = 80/20, 

1.0 mL/min, λ = 220 nm, T =25 ℃, t (major) = 19.833 min, t (minor) = 29.821 min. 

HRMS-ESI (m/z): calcd for C16H15O3S [M + H]+: 287.0737, found: 287.0739.

(1aR,6bS)-1a-(4-(tert-butyl)phenyl)-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 

2,2-dioxide (2o)

S
OO

t-Bu
O

White solid, m.p.= 140.5-142.2 oC. 96% yield, 97.0% ee. 1H NMR (400 MHz, CDCl3) 

δ 7.85 – 7.80 (m, 1H), 7.70 – 7.63 (m, 5H), 7.53 – 7.50 (m, 2H), 4.57 (s, 1H), 1.35 (s, 

9H). 13C NMR (100 MHz, CDCl3) δ 154.1, 139.5, 133.1, 132.9, 131.5, 128.9, 127.6, 

125.9, 123.6, 121.8, 75.1, 59.4, 34.9, 31.2. Chiral HPLC: The ee was determined by 

Daicel Chiralcel AD, Hexanes/IPA = 80/20, 1.0 mL/min, λ = 220 nm, T =25 ℃, t 

(major) = 16.469 min, t (minor) = 21.876 min. HRMS-ESI (m/z): calcd for C18H19O3S 

[M + H]+: 315.1050, found: 315.1055.
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(1aR,6bS)-1a-(2-methoxyphenyl)-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 

2,2-dioxide (2p)

S
OO

MeO
O

White solid, m.p.= 120.6-122.2 oC. 90% yield, 99.9% ee. 1H NMR (400 MHz, CDCl3) 

δ 7.85 – 7.78 (m, 1H), 7.75 – 7.70 (m, 1H), 7.67 – 7.61 (m, 3H), 7.53 – 7.48 (m, 1H), 

7.08 (t, J = 7.6 Hz, 1H), 7.02 (d, J = 8.4 Hz, 1H), 4.70 (s, 1H), 3.88 (s, 3H). 13C NMR 

(100 MHz, CDCl3) δ 159.0, 139.7, 133.1, 133.0, 132.6, 131.5, 131.4, 127.8, 123.6, 

121.0, 113.8, 111.5, 73.2, 58.8, 56.0. Chiral HPLC: The ee was determined by Daicel 

Chiralcel OD, Hexanes/IPA = 80/20, 1.0 mL/min, λ = 220 nm, T =25 ℃, t (major) = 

19.880 min, t (minor) = 24.016 min. HRMS-ESI (m/z): calcd for C15H13O4S [M + H]+: 

289.0530, found: 289.0533.

(1aR,6bS)-1a-(3-methoxyphenyl)-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 

2,2-dioxide (2q)

S
O O

OMe
O

White solid, m.p.= 128.4-130.0 oC. 77% yield, 97.4% ee. 1H NMR (400 MHz, CDCl3) 

δ 7.85 – 7.82 (m, 1H), 7.72 – 7.64 (m, 3H), 7.43 – 7.33 (m, 2H), 7.28 – 7.27 (m, 1H), 

7.07 – 7.04 (m, 1H), 4.58 (s, 1H), 3.86 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 159.8, 

139.6, 133.1, 132.7, 131.6, 130.0, 127.6, 126.2, 123.6, 121.4, 117.0, 114.1, 75.0, 59.6, 

55.5. Chiral HPLC: The ee was determined by Daicel Chiralcel OD, Hexanes/IPA = 

80/20, 1.0 mL/min, λ = 220 nm, T =25 ℃, t (major) = 24.311 min, t (minor) = 26.781 

min. HRMS-ESI (m/z): calcd for C15H13O4S [M + H]+: 289.0530, found: 289.0532.
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(1aR,6bS)-1a-(4-methoxyphenyl)-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 

2,2-dioxide (2r)

S
OO

OMe
O

White solid, m.p.= 112.7-114.2 oC. 95% yield, 81.1% ee. 1H NMR (400 MHz, CDCl3) 

δ 7.84 – 7.79 (m, 1H), 7.70 – 7.61 (m, 5H), 7.00 (d, J = 8.8 Hz, 2H), 4.56 (s, 1H), 3.85 

(s, 3H). 13C NMR (100 MHz, CDCl3) δ 161.5, 139.5, 133.1, 132.9, 131.5, 130.7, 127.6, 

123.5, 116.5, 114.4, 75.1, 59.4, 55.4. Chiral HPLC: The ee was determined by Daicel 

Chiralcel AS, Hexanes/IPA = 80/20, 1.0 mL/min, λ = 220 nm, T =25 ℃, t (major) = 

75.875 min, t (minor) = 92.333 min. HRMS-ESI (m/z): calcd for C15H13O4S [M + H]+: 

289.0530, found: 289.0538.

 (1aR,6bS)-1a-(2-chlorophenyl)-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 2,2-

dioxide (2s)

S
OO

Cl
O

White solid, m.p.= 178.6-181.0 oC. 82% yield, 99.1% ee. 1H NMR (400 MHz, CDCl3) 

δ 7.84 – 7.80 (m, 1H), 7.78 – 7.73 (m, 2H), 7.70 – 7.63 (m, 2H), 7.53 – 7.40 (m, 3H), 

4.76 (s, 1H). 13C NMR (100 MHz, CDCl3) δ 139.4, 135.2, 133.2, 132.4, 132.3, 132.2, 

131.7, 130.1, 128.0, 127.4, 124.2, 123.6, 74.1, 59.5. Chiral HPLC: The ee was 

determined by Daicel Chiralcel AD, Hexanes/IPA = 80/20, 1.0 mL/min, λ = 220 nm, T 

=25 ℃, t (major) = 14.402 min, t (minor) = 19.674 min. HRMS-ESI (m/z): calcd for 

C14H10ClO3S [M + H]+: 293.0034, found: 293.0037.

(1aR,6bS)-1a-(3-chlorophenyl)-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 2,2-

dioxide (2t)

S
OO

Cl
O
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White solid, m.p.= 153.4-155.1 oC. 85% yield, 99.7% ee. 1H NMR (400 MHz, CDCl3) 

δ 7.85 – 7.80 (m, 1H), 7.77 – 7.62 (m, 5H), 7.51 – 7.48 (m, 1H), 7.43 (t, J = 8.0 Hz, 

1H), 4.58 (s, 1H). 13C NMR (100 MHz, CDCl3) δ 139.3, 134.9, 133.3, 132.4, 131.7, 

130.9, 130.2, 129.2, 127.7, 127.3, 127.0, 123.5, 74.2, 59.8. Chiral HPLC: The ee was 

determined by Daicel Chiralcel AD, Hexanes/IPA = 80/20, 1.0 mL/min, λ = 220 nm, T 

=25 ℃, t (major) = 11.670 min, t (minor) = 16.018 min. HRMS-ESI (m/z): calcd for 

C14H10ClO3S [M + H]+: 293.0034, found: 293.0034.

(1aR,6bS)-1a-(4-chlorophenyl)-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 2,2-

dioxide (2u)

S
OO

Cl
O

White solid, m.p.= 157.4-158.5 oC. 95% yield, 99.9% ee. 1H NMR (400 MHz, CDCl3) 

δ 7.83 – 7.80 (m, 1H), 7.72 – 7.63 (m, 5H), 7.49 – 7.45 (m, 2H), 4.57 (s, 1H). 13C NMR 

(100 MHz, CDCl3) δ 139.2, 137.1, 133.3, 132.5, 131.7, 130.5, 129.2, 127.7, 123.6, 

123.5, 74.4, 59.8. Chiral HPLC: The ee was determined by Daicel Chiralcel AD, 

Hexanes/IPA = 80/20, 1.0 mL/min, λ = 220 nm, T =25 ℃, t (major) = 23.831 min, t 

(minor) = 33.725 min. HRMS-ESI (m/z): calcd for C14H10ClO3S [M + H]+: 293.0034, 

found: 293.0038.

(1aR,6bS)-1a-(4-fluorophenyl)-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 2,2-

dioxide (2v)

S
OO

F
O

White solid, m.p.= 149.5-150.8 oC. 96% yield, 93.1% ee. 1H NMR (400 MHz, CDCl3) 

δ 7.82 – 7.80 (m, 1H), 7.78 – 7.73 (m, 2H), 7.71 – 7.63 (m, 3H), 7.18 (t, J = 8.4 Hz, 

2H), 4.57 (s, 1H). 13C NMR (100 MHz, CDCl3) δ 164.2 (d, 1JC-F = 249.5 Hz), 139.2, 

133.2, 132.6, 131.7, 131.3 (d, 3JC-F = 8.8 Hz), 127.7, 123.6, 120.8(d, 4JC-F = 3.3 Hz), 

116.2 (d, 2JC-F = 22.1 Hz), 74.5, 59.7. Chiral HPLC: The ee was determined by Daicel 

Chiralcel AD, Hexanes/IPA = 80/20, 1.0 mL/min, λ = 220 nm, T =25 ℃, t (major) = 
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20.046 min, t (minor) = 26.975 min. HRMS-ESI (m/z): calcd for C14H10FO3S [M + H]+: 

277.0330, found: 277.0333.

(1aR,6bS)-1a-(4-bromophenyl)-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 2,2-

dioxide (2w)

S
OO

Br
O

Yellow solid, m.p.= 168.4-170.3 oC. 85% yield, 98.0% ee. 1H NMR (400 MHz, CDCl3) 

δ 7.85 – 7.80 (m, 1H), 7.71 – 7.64 (m, 7H), 4.56 (s, 1H). 13C NMR (100 MHz, CDCl3) 

δ 139.3, 133.3, 132.5, 132.1, 131.7, 130.7, 127.7, 125.4, 124.0, 123.6, 74.5, 59.8. Chiral 

HPLC: The ee was determined by Daicel Chiralcel AD, Hexanes/IPA = 80/20, 1.0 

mL/min, λ = 220 nm, T =25 ℃, t (major) = 24.797 min, t (minor) = 39.397 min. HRMS-

ESI (m/z): calcd for C14H10BrO3S [M + H]+: 336.9529, found: 336.9535.

(1aR,6bS)-1a-(4-(trifluoromethyl)phenyl)-1a,6b-dihydrobenzo[4,5]thieno[2,3-

b]oxirene 2,2-dioxide (2x)

S
OO

CF3

O

White solid, m.p.= 121.8-122.2 oC. 86% yield, 99.0% ee. 1H NMR (400 MHz, CDCl3) 

δ 7.92 (d, J = 8.0 Hz, 2H), 7.85 – 7.810 (m, 1H), 7.76 (d, J = 8.0 Hz, 2H), 7.73 – 7.66 

(m, 3H), 4.60 (s, 1H). 13C NMR (100 MHz, CDCl3) δ 139.2, 133.4, 132.7 (q, 2JC-F = 

32.7 Hz), 132.3, 131.8, 129.6, 129.1, 127.7, 125.8 (q, 3JC-F = 3.7 Hz), 123.7 (q, 1JC-F = 

270.9 Hz), 123.6, 74.2, 60.0. Chiral HPLC: The ee was determined by Daicel Chiralcel 

AD, Hexanes/IPA = 80/20, 1.0 mL/min, λ = 220 nm, T =25 ℃, t (major) = 16.990 min, 

t (minor) = 29.899 min. HRMS-ESI (m/z): calcd for C15H10F3O3S [M + H]+: 327.0298, 

found: 327.0299.

4-((1aR,6bS)-2,2-dioxidobenzo[4,5]thieno[2,3-b]oxiren-1a(6bH)-yl)benzonitrile 

(2y)

S
OO

CN
O



S35

Yellow solid, m.p.= 166.2-168.3 oC. 78% yield, 99.1% ee. 1H NMR (400 MHz, CDCl3) 

δ 7.90 (d, J = 8.4 Hz, 2H), 7.85 – 7.80 (m, 1H), 7.77 (d, J = 8.4 Hz, 2H), 7.73 – 7.67 

(m, 3H), 4.60 (s, 1H). 13C NMR (100 MHz, CDCl3) δ 139.1, 133.5, 132.5, 132.1, 132.0, 

130.3, 129.8, 127.8, 123.6, 118.0, 114.5, 74.0, 60.3. Chiral HPLC: The ee was 

determined by Daicel Chiralcel AD, Hexanes/IPA = 80/20, 1.0 mL/min, λ = 220 nm, T 

=25 ℃, t (major) = 42.414 min, t (minor) = 63.261 min. HRMS-ESI (m/z): calcd for 

C15H10NO3S [M + H]+: 284.0376, found: 284.0380.

methyl 4-((1aR,6bS)-2,2-dioxidobenzo[4,5]thieno[2,3-b]oxiren-1a(6bH)-yl) 

benzoate (2z)

S
O O

CO2Me
O

Yellow solid, m.p.= 178.8-179.5 oC. 93% yield, 99.5% ee. 1H NMR (400 MHz, CDCl3) 

δ 8.15 (d, J = 8.4 Hz, 2H), 7.88 – 7.79 (m, 3H), 7.71 – 7.64 (m, 3H), 4.60 (s, 1H), 3.95 

(s, 3H). 13C NMR (100 MHz, CDCl3) δ 166.3, 139.3, 133.3, 132.4, 132.2, 131.8, 129.9, 

129.8, 129.2, 127.7, 123.6, 74.5, 60.0, 52.4. Chiral HPLC: The ee was determined by 

Daicel Chiralcel IA, Hexanes/IPA = 80/20, 1.0 mL/min, λ = 220 nm, T =25 ℃, t (major) 

= 27.137 min, t (minor) = 46.817 min. HRMS-ESI (m/z): calcd for C16H12O5S [M + 

H]+: 316.0405, found: 316.0406.

(1R,2S,5R)-2-isopropyl-5-methylcyclohexyl 4-((1aR,6bS)-2,2-dioxidobenzo[4,5] 

thieno [2,3-b]oxiren-1a(6bH)-yl)benzoate (2za)

S
O O

O

OO

Colorless oil. 75% yield, 99.3% ee. 1H NMR (400 MHz, CDCl3) δ 8.16 (d, J = 8.4 Hz, 

2H), 7.85 (d, J = 8.4 Hz, 3H), 7.74 – 7.63 (m, 3H), 4.96 (td, J = 10.8, 4.4 Hz, 1H), 4.60 

(s, 1H), 2.13 (d, J = 12.4 Hz, 1H), 2.02 – 1.88 (m, 1H), 1.78 – 1.70 (m, 2H), 1.64 – 1.56 

(m, 2H), 1.27 (d, J = 11.2 Hz, 1H), 1.19 – 1.16 (m, 2H), 0.93 (t, J = 6.8 Hz, 6H), 0.80 

(d, J = 6.8 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 165.3, 139.4, 133.3, 132.9, 132.4, 

131.7, 129.9, 129.5, 129.2, 127.7, 123.6, 75.4, 74.6, 59.9, 47.3, 40.9, 34.3, 31.5, 26.6, 
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23.7, 22.1, 20.8, 16.5. Chiral HPLC: The ee was determined by Daicel Chiralcel IA, 

Hexanes/IPA = 80/20, 1.0 mL/min, λ = 220 nm, T =25 ℃, t (major) = 16.679 min, t 

(minor) = 22.629 min. HRMS-ESI (m/z): calcd for C25H29O5S [M + H]+: 441.1731, 

found: 441.1734.

(3-methyl-3-((4R,8R)-4,8,12-trimethyltridecyl)-2l3-oxiran-2-yl)methyl 4-

((1aR,6bS)-2,2-dioxidobenzo[4,5]thieno[2,3-b]oxiren-1a(6bH)-yl)benzoate (2zb)

S
OO

C
O

O

O

O

Yellow oil. 35% yield, 98.3% ee. 1H NMR (400 MHz, CDCl3) δ 8.19 (d, J = 8.4 Hz, 

2H), 7.89 – 7.82 (m, 3H), 7.73 – 7.64(m, 3H), 4.66 – 4.58 (m, 2H), 4.33 (dd, J = 12.0, 

6.8 Hz, 1H), 3.14 (dd, J = 7.2, 4.4 Hz, 1H), 1.37 (s, 6H), 1.31 – 1.19 (m, 10H), 1.16 – 

1.01 (m, 8H), 0.89 – 0.82 (m, 12H). 13C NMR (100 MHz, CDCl3) δ 165.6, 139.4, 133.3, 

132.4, 131.8, 131.8, 130.1, 130.1, 129.2, 127.7, 123.6, 74.5, 64.4, 60.9, 60.0, 59.6, 39.4, 

38.6, 37.4, 37.4, 37.3, 36.9, 32.8, 32.8, 32.7, 28.0, 24.8, 24.5, 22.7, 22.6, 22.5, 22.5, 

19.7, 19.6, 17.0. Chiral HPLC: The ee was determined by Daicel Chiralcel IA, 

Hexanes/IPA = 80/20, 1.0 mL/min, λ = 220 nm, T =25 ℃, t (major) = 13.013 min, t 

(minor) = 15.407 min. HRMS-ESI (m/z): calcd for C35H49O6S [M + H]+: 597.3245, 

found: 597.3247.

(2S,3S)-2-phenyl-3-(phenylsulfonyl)oxirane (4a)

S
O

O

O

White solid, m.p.= 120.1-122.5 oC. 68% yield, 91.6% ee. 1H NMR (400 MHz, CDCl3) 

δ 8.03 – 7.96 (m, 2H), 7.74 (t, J = 7.6 Hz, 1H), 7.64 (t, J = 7.0 Hz, 2H), 7.40 – 7.33 (m, 

3H), 7.30 – 7.23 (m, 2H), 4.59 (d, J = 1.6 Hz, 1H), 4.18 (d, J = 1.2 Hz, 1H). 13C NMR 

(100 MHz, CDCl3) δ 136.9, 134.6, 132.7, 129.6, 129.5, 128.9, 128.8, 126.1, 71.1, 57.5.

Chiral HPLC: The ee was determined by Daicel Chiralcel AD, Hexanes/IPA = 90/10, 

1.0 mL/min, λ = 220 nm, T =25 ℃, t (minor) = 22.056 min, t (major) = 23.208 min. 

HRMS-ESI (m/z): calcd for C14H13O3S [M + H]+: 261.0580, found: 261.0586.
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(2S,3S)-2-(phenylsulfonyl)-3-(p-tolyl)oxirane (4b)

S
O

O

O

White solid, m.p.= 132.5-134.1 oC. 62% yield, 88.9% ee. 1H NMR (400 MHz, CDCl3) 

δ 8.02 – 7.96 (m, 2H), 7.74 (t, J = 7.6 Hz, 1H), 7.63 (t, J = 8.0 Hz, 2H), 7.20 – 7.10 (m, 

4H), 4.55 (d, J = 1.2 Hz, 1H), 4.18 (d, J = 1.6 Hz, 1H), 2.35 (s, 3H). 13C NMR (100 

MHz, CDCl3) δ 139.7, 137.0, 134.6, 129.6, 129.5, 129.5, 128.9, 126.1, 71.0, 57.6, 21.3. 

Chiral HPLC: The ee was determined by Daicel Chiralcel AD, Hexanes/IPA = 90/10, 

1.0 mL/min, λ = 220 nm, T =25 ℃, t (minor) = 24.382 min, t (major) = 31.109 min. 

HRMS-ESI (m/z): calcd for C15H15O3S [M + H]+: 275.0737, found: 275.0733.

(2S,3S)-2-(4-chlorophenyl)-3-(phenylsulfonyl)oxirane (4c)

S
O

O

O

Cl

White solid, m.p.= 123.1-124.6 oC. 81% yield, 84.0% ee. 1H NMR (400 MHz, CDCl3) 

δ 7.99 (d, J = 7.2 Hz, 2H), 7.75 (t, J = 7.6 Hz, 1H), 7.64 (t, J = 8.0 Hz, 2H), 7.34 (d, J 

= 8.4 Hz, 2H), 7.20 (d, J = 8.4 Hz, 2H), 4.57 (d, J = 1.6 Hz, 1H), 4.14 (d, J = 1.6 Hz, 

1H). 13C NMR (100 MHz, CDCl3) δ 136.8, 135.6, 134.7, 131.3, 129.6, 129.1, 128.9, 

127.4, 71.0, 56.9. Chiral HPLC: The ee was determined by Daicel Chiralcel AD, 

Hexanes/IPA = 90/10, 1.0 mL/min, λ = 220 nm, T =25 ℃, t (minor) = 13.386 min, t 

(major) = 15.910 min. HRMS-ESI (m/z): calcd for C14H12ClO3S [M + H]+: 295.0191, 

found: 295.0193. 

(2S,3S)-2-phenyl-3-tosyloxirane (4d)

S
O

O

O

White solid, m.p.= 118.1-120.6 oC. 69% yield, 90.1% ee. 1H NMR (400 MHz, CDCl3) 

δ 7.87 (d, J = 8.0 Hz, 2H), 7.42 (d, J = 8.0 Hz, 2H), 7.38 – 7.34 (m, 3H), 7.26 – 7.23 

(m, 2H), 4.56 (d, J = 1.6 Hz, 1H), 4.16 (d, J = 1.6 Hz, 1H), 2.49 (s, 3H). 13C NMR (100 

MHz, CDCl3) δ 145.9, 133.9, 132.8, 130.2, 129.6, 128.9, 128.8, 126.1, 71.2, 57.5, 21.8. 
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Chiral HPLC: The ee was determined by Daicel Chiralcel AD, Hexanes/IPA = 90/10, 

1.0 mL/min, λ = 220 nm, T =25 ℃, t (major) = 21.257 min, t (minor) = 24.297 min. 

HRMS-ESI (m/z): calcd for C15H15O3S [M + H]+: 275.0736, found: 275.0731. 

(2S,3S)-2-((4-chlorophenyl)sulfonyl)-3-phenyloxirane (4e)

S
O

O

O

Cl

White solid, m.p.= 125.1-127.5 oC. 65% yield, 91.6% ee. 1H NMR (400 MHz, CDCl3) 

δ 7.93 (d, J = 8.6 Hz, 2H), 7.61 (d, J = 8.6 Hz, 2H), 7.39 – 7.36 (m, 3H), 7.29 – 7.22 

(m, 2H), 4.59 (d, J = 1.5 Hz, 1H), 4.17 (d, J = 1.6 Hz, 1H). 13C NMR (100 MHz, CDCl3) 

) δ 141.6, 135.3, 132.5, 130.4, 129.9, 129.7, 128.9, 126.1, 71.0, 57.7. Chiral HPLC: The 

ee was determined by Daicel Chiralcel AD, Hexanes/IPA = 90/10, 1.0 mL/min, λ = 220 

nm, T =25 ℃, t (major) = 20.597 min, t (minor) = 22.583 min. HRMS-ESI (m/z): calcd 

for C14H12ClO3S [M + H]+: 295.0190, found: 295.0191. 
(2S,3S)-2-((4-fluorophenyl)sulfonyl)-3-phenyloxirane (4f)

S
O

O

O

F

White solid, m.p.= 135.2-136.9 oC. 65% yield, 90.0% ee. 1H NMR (400 MHz, CDCl3) 

δ 8.05 – 7.97 (m, 2H), 7.41 – 7.34 (m, 3H), 7.34 – 7.29 (m, 2H), 7.28 – 7.26 (m, 2H), 

4.59 (d, J = 1.6 Hz, 1H), 4.17 (d, J = 1.2 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ 166.5 

(d, 1JC-F = 260.0 Hz), 132.9 (d, 4JC-F = 3.2 Hz), 132.5, 131.9 (d, 3JC-F = 9.7 Hz), 129.7, 

128.9, 126.1, 117.0 (d, 2JC-F = 22.6 Hz), 71.1, 57.7. Chiral HPLC: The ee was 

determined by Daicel Chiralcel AD, Hexanes/IPA = 90/10, 1.0 mL/min, λ = 220 nm, T 

=25 ℃, t (major) = 20.681 min, t (minor) = 23.214 min. HRMS-ESI (m/z): calcd for 

C14H12FO3S [M + H]+: 279.0486, found: 279.0488. 

(1aS,6aS)-6a-phenyl-1a,6a-dihydro-6H-indeno[1,2-b]oxiren-6-one (6a)

O

O

White solid, m.p.= 86.4-87.2 oC. 80% yield, 85.7% ee. 1H NMR (400 MHz, CDCl3) δ 
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8.31 (d, J = 7.2 Hz, 1H), 7.74 – 7.59 (m, 5H), 7.51 – 7.42 (m, 3H), 4.22 (s, 1H). 13C 

NMR (100 MHz, CDCl3) δ 161.5, 136.4, 134.3, 133.3, 131.6, 130.7, 129.7, 129.5, 

128.7, 126.0, 123.0, 85.7, 58.8. Chiral HPLC: The ee was determined by Daicel 

Chiralcel AD, Hexanes/IPA = 90/10, 1.0 mL/min, λ = 220 nm, T =25 ℃, t (minor) = 

14.177 min, t (major) = 20.847 min. HRMS-ESI (m/z): calcd for C15H11O2 [M + H]+: 

223.0754, found: 223.0756.

(1aS,6aS)-6a-(m-tolyl)-1a,6a-dihydro-6H-indeno[1,2-b]oxiren-6-one (6b)

O

O

White solid, m.p.= 88.1-89.6 oC. 68% yield, 85.8% ee. 1H NMR (400 MHz, CDCl3) δ 

8.31 (d, J = 7.6 Hz, 1H), 7.73 – 7.61 (m, 3H), 7.46 – 7.32 (m, 3H), 7.29 – 7.22 (m, 1H), 

4.21 (s, 1H), 2.41 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 161.6, 138.6, 136.4, 134.3, 

133.2, 131.6, 130.6, 130.5, 129.5, 128.6, 126.6, 123.0, 123.0, 85.8, 58.8, 21.4. Chiral 

HPLC: The ee was determined by Daicel Chiralcel AD, Hexanes/IPA = 90/10, 1.0 

mL/min, λ = 220 nm, T =25 ℃, t (minor) = 12.431 min, t (major) = 14.240 min. HRMS-

ESI (m/z): calcd for C16H13O2 [M + H]+: 237.0911, found: 237.0915.

(1aS,6aS)-6a-(4-(tert-butyl)phenyl)-1a,6a-dihydro-6H-indeno[1,2-b]oxiren-6-one 

(6c)

O

O

t-Bu

Colorless oil. 61% yield, 73.0% ee. 1H NMR (400 MHz, CDCl3) δ 8.31 (d, J = 7.6 Hz, 

1H), 7.72 – 7.61 (m, 3H), 7.56 – 7.47 (m, 4H), 4.21 (s, 1H), 1.35 (s, 9H). 13C NMR 

(100 MHz, CDCl3) δ 161.6, 153.0, 136.5, 134.3, 131.6, 130.6, 130.3, 129.4, 125.7, 

125.7, 123.1, 85.8, 58.8, 34.8, 31.3. Chiral HPLC: The ee was determined by Daicel 

Chiralcel AD, Hexanes/IPA = 90/10, 1.0 mL/min, λ = 220 nm, T =25 ℃, t (minor) = 

11.386 min, t (major) = 31.964 min. HRMS-ESI (m/z): calcd for C19H19O2 [M + H]+: 

279.1380, found: 279.1389.
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(1aS,6aS)-6a-(2-methoxyphenyl)-1a,6a-dihydro-6H-indeno[1,2-b]oxiren-6-one 

(6d)

O

O

MeO

White solid, m.p.= 107.2-108.2 oC. 73% yield, 88.4% ee. 1H NMR (400 MHz, CDCl3) 

δ 8.30 (d, J = 8.0 Hz, 1H), 7.74 – 7.59 (m, 4H), 7.45 – 7.40 (m, 1H), 7.03 (t, J = 8.0 Hz, 

1H), 6.95 (d, J = 8.4 Hz, 1H), 4.19 (s, 1H), 3.79 (s, 3H). 13C NMR (100 MHz, CDCl3) 

δ 161.8, 157.6, 136.5, 134.1, 131.5, 131.5, 130.5, 129.7, 128.1, 123.1, 122.0, 120.4, 

111.0, 85.0, 56.5, 55.7. Chiral HPLC: The ee was determined by Daicel Chiralcel AD, 

Hexanes/IPA = 90/10, 1.0 mL/min, λ = 220 nm, T =25 ℃, t (major) = 17.038 min, t 

(minor) = 20.951 min. HRMS-ESI (m/z): calcd for C16H13O3 [M + H]+: 253.0860, 

found: 253.0861.

(1aS,6aS)-6a-(4-fluorophenyl)-1a,6a-dihydro-6H-indeno[1,2-b]oxiren-6-one (6e)

O

O

F

White solid, m.p.= 133.7-134.4 oC. 89% yield, 83.1% ee. 1H NMR (400 MHz, CDCl3) 

δ 8.31 (d, J = 7.6 Hz, 1H), 7.76 – 7.56 (m, 5H), 7.15 – 7.56 (m, 2H), 4.21 (s, 1H). 13C 

NMR (100 MHz, CDCl3) δ 163.6 (d, 1JC-F = 247.6 Hz), 161.4, 136.2, 134.4, 131.7, 

130.8, 129.5, 129.3 (d, 4JC-F = 3.0 Hz), 128.1(d, 3JC-F = 8.7 Hz), 122.9, 115.8 (d, 2JC-F = 

21.9 Hz), 85.5, 58.8. Chiral HPLC: The ee was determined by Daicel Chiralcel AD, 

Hexanes/IPA = 90/10, 1.0 mL/min, λ = 220 nm, T =25 ℃, t (minor) = 14.672 min, t 

(major) = 28.171 min. HRMS-ESI (m/z): calcd for C15H10FO2 [M + H]+: 241.0660, 

found: 241.0665.

4-((1aS,6aS)-6-oxo-1a,6-dihydro-6aH-indeno[1,2-b]oxiren-6a-yl)benzonitrile (6f)

O

O

CN

White solid, m.p.= 129.3-131.3 oC. 69% yield, 89.6% ee. 1H NMR (400 MHz, CDCl3) 
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δ 8.31 (d, J = 7.6 Hz, 1H), 7.80 – 7.63 (m, 7H), 4.25 (s, 1H). 13C NMR (100 MHz, 

CDCl3) δ 160.8, 138.3, 135.7, 134.6, 132.6, 131.8, 131.1, 129.6, 126.9, 122.7, 118.1, 

113.8, 84.9, 58.9. Chiral HPLC: The ee was determined by Daicel Chiralcel OD, 

Hexanes/IPA = 90/10, 1.0 mL/min, λ = 220 nm, T =25 ℃, t (major) = 29.243 min, t 

(minor) = 32.256 min. HRMS-ESI (m/z): calcd for C16H10NO2 [M + H]+: 248.0707, 

found: 248.0708.

(R)-N1,N2-dibenzyl-1-phenylethane-1,2-diamine (4ab)

NHBn
NHBn

Colourless oil. 54% yield, 95.0% ee. 1H NMR (400 MHz, CDCl3) δ 7.39 – 7.33 (m, 

4H), 7.32 – 7.22 (m, 11H), 3.80 – 3.69 (m, 4H), 3.53 (d, J = 13.2 Hz, 1H), 2.86 – 2.75 

(m, 2H), 1.88 (s, 2H). 13C NMR (100 MHz, CDCl3) δ 142.5, 140.7, 140.4, 128.6, 128.4, 

128.4, 128.2, 128.1, 127.4, 127.3, 126.9, 126.9, 61.8, 56.2, 53.8, 51.4. Chiral HPLC: 

The ee was determined by Daicel Chiralcel IA, Hexanes/IPA = 90/10, 0.5 mL/min, λ = 

220 nm, T =25 ℃, t (minor) = 13.037 min, t (major) = 14.470 min. HRMS-ESI (m/z): 

calcd for C22H25N2 [M + H]+: 317.2012, found: 317.2011.

(R)-2-(benzylamino)-2-phenylethan-1-ol (4ac)

OH
NHBn

White solid, m.p.= 68.7-69.2 oC. 62% yield, 91.1% ee. 1H NMR (400 MHz, CDCl3) δ 

7.42 – 7.36 (m, 2H), 7.35 – 7.28 (m, 7H), 7.28 – 7.22 (m, 1H), 3.83 (dd, J = 8.8, 4.4 

Hz, 1H), 3.76 (d, J = 13.2 Hz, 1H), 3.72 (dd, J = 10.8, 4.4 Hz, 1H), 3.63 – 3.54 (m, 2H), 

2.25 (s, 2H). 13C NMR (100 MHz, CDCl3) δ 140.5, 140.1, 128.7, 128.5, 128.3, 127.7, 

127.3, 127.1, 66.8, 63.8, 51.2. Chiral HPLC: The ee was determined by Daicel Chiralcel 

OD, Hexanes/IPA = 90/10, 0.5 mL/min, λ = 220 nm, T =25 ℃, t (major) = 17.093 min, 

t (minor) = 21.892 min. HRMS-ESI (m/z): calcd for C15H18NO [M + H]+: 228.1383, 

found: 228.1385.
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6,6-dimethyl-6a-phenyl-1a,6a-dihydro-6H-indeno[1,2-b]oxirene (8a)

O

White solid, m.p.= 93.7-95.2 oC. 78% yield. 1H NMR (400 MHz, CDCl3) δ 7.54 – 7.46 

(m, 3H), 7.43 – 7.35 (m, 3H), 7.32 (t, J = 7.6 Hz, 1H), 7.25 – 7.20 (m, 2H), 4.38 (s, 

1H), 1.51 (s, 3H), 1.10 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 154.1, 139.4, 134.9, 

128.8, 128.6, 128.2, 128.1, 126.2, 124.8, 123.9, 74.6, 63.9, 47.2, 27.8, 22.4. HRMS-

ESI (m/z): calcd for C17H17O7 [M + H]+: 237.1274, found: 237.1277.



S43

11. References

1. Chen, Y. et al. Supported manganese catalysts achieve highly efficient C–H bond oxidation 

and olefin epoxidation. Green Chem. 27, 7717–7727 (2025).

2. Wang, X., Miao, C., Wang, S., Xia, C. & Sun, W. Bioinspired manganese and iron complexes 

with tetradentate N ligands for the asymmetric epoxidation of olefins. ChemCatChem 5, 2489– 

2494 (2013).

3. Zhang, K. et al. Exploration of a chiral cobalt catalyst for visible-light-induced enantioselective 

radical conjugate addition. Angew. Chem. Int. Ed. 58, 13375–13379 (2019).

4. Chen, X. et al. Enantioselective epoxidation of electron-deficient alkenes catalyzed by 

manganese complexes with chiral N4 ligands derived from rigid chiral diamines. Adv. Synth. 

Catal. 359, 2535-2541 (2017).

5. Zhang, X. et al. Palladium-catalyzed C2-Selective direct arylation of benzo[b]thiophene 1,1-

dioxides with arylboronic acids. ACS Omega 9, 1738−1747 (2024).

6. P. Tosatti, A. Pfaltz. Iridium-Catalyzed Asymmetric Hydrogenation of Benzo[b]thiophene 1,1-

Dioxides. Angew. Chem. Int. Ed. 56, 4579–4582 (2017).

7. Liu, G. et al. Efficient synthesis of chiral 2,3-dihydrobenzo[b]thiophene 1,1-dioxides via Rh-

catalyzed hydrogenation. Chem. Sci. 10, 2507–2512 (2019).

8. Yan, Q. et al. Highly efficient enantioselective synthesis of chiral sulfones by Rh-catalyzed 

asymmetric hydrogenation. J. Am. Chem. Soc. 141, 1749−1756 (2019).

9. S. Bendels, U. Grether, et al. WO 2014/086806 A1, 2014.

10. Ke, L. et al. Photoredox cleavage of a Csp3–Csp3 bond in aromatic hydrocarbons. J. Am. Chem. 

Soc. 145, 12284−12292 (2023). 

11. Yuan, Y. et al. Harnessing the potential of electron donor–acceptor complexes and N-centered 

radicals: expanding the frontiers of isoquinoline derivative synthesis. J. Org. Chem. 89, 

3538−3545 (2024).

12. Y. Liu, H. Zhang, H. Bao. CN107641068 A , 2018.



S44

13. L. Bou-Iserte, A. Latorre, et al. Three-Step telescoped synthesis of monosubstituted vicinal 

diamines from Aldehydes. ACS Omega, 4, 2261–2267 (2019).



S45

12. NMR spectra and HPLC chromatograms

(S)-N-((1-methyl-1H-benzo[d]imidazol-2-yl)methyl)-N-((1-((1-methyl-1H-
benzo[d]imidazol-2-yl)methyl)pyrrolidin-2-yl)methyl)ethanamine (L1)

1H NMR of L1

13C NMR of L1
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(1S,2S)-N1,N2-dimethyl-N1,N2-bis((1-methyl-1H-benzo[d]imidazol-2-

yl)methyl)cyclohexane-1,2-diamine (L2)

1H NMR of L2

13C NMR of L2
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(1S,2S)-N1,N2-dimethyl-N1,N2-bis((1-methyl-1H-benzo[d]imidazol-2-yl)methyl)-

1,2-diphenylethane-1,2-diamine (L3)

1H NMR of L3

13C NMR of L3
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(S)-N-benzyl-1-(1-methyl-1H-benzo[d]imidazol-2-yl)-N-((1-((1-methyl-1H-

benzo[d]imidazol-2-yl)methyl)pyrrolidin-2-yl)methyl)methanamine (L4)

1H NMR of L4

13C NMR of L4
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(S)-1-mesityl-N-((1-methyl-1H-benzo[d]imidazol-2-yl)methyl)-N-((1-((1-methyl-

1H-benzo[d]imidazol-2-yl)methyl)pyrrolidin-2-yl)methyl)methanamine (L5)

1H NMR of L5

13C NMR of L5
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(S)-N-(4-bromobenzyl)-1-(1-methyl-1H-benzo[d]imidazol-2-yl)-N-((1-((1-methyl-

1H-benzo[d]imidazol-2-yl)methyl)pyrrolidin-2-yl)methyl)methanamine (L68)

1H NMR of L6

13C NMR of L6
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(S)-N-(4-methoxybenzyl)-1-(1-methyl-1H-benzo[d]imidazol-2-yl)-N-((1-((1-

methyl-1H-benzo[d]imidazol-2-yl)methyl)pyrrolidin-2-yl)methyl)methanamine 

(L7)

1H NMR of L7

13C NMR of L7
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(S)-N-benzyl-1-(1,5-dimethyl-1H-benzo[d]imidazol-2-yl)-N-((1-((1,5-dimethyl-

1H-benzo[d]imidazol-2-yl)methyl)pyrrolidin-2-yl)methyl)methanamine (L8)

1H NMR of L8

 

13C NMR of L8
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(1aR,6bS)-1a-phenyl-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 2,2-dioxide 
(2a)

1H NMR of 2a 

13C NMR of 2a
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(1aR,6bS)-6-methyl-1a-phenyl-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 2,2-
dioxide (2b)

1H NMR of 2b

13C NMR of 2b
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(1aR,6bS)-5-methyl-1a-phenyl-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 2,2-

dioxide (2c)

1H NMR of 2c

13C NMR of 2c
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(1aR,6bS)-4-methyl-1a-phenyl-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 2,2-

dioxide (2d)

1H NMR of 2d 

13C NMR of 2d
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(1aR,6bS)-5-methoxy-1a-phenyl-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 

2,2-dioxide (2e)

1H NMR of 2e 

13C NMR of 2e
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(1aR,6bS)-6-chloro-1a-phenyl-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 2,2-

dioxide (2f)

1H NMR of 2f

13C NMR of 2f
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(1aR,6bS)-5-chloro-1a-phenyl-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 2,2-

dioxide (2g)

1H NMR of 2g 

13C NMR of 2g
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(1aR,6bS)-4-chloro-1a-phenyl-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 2,2-

dioxide (2h)

1H NMR of 2h

13C NMR of 2h
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(1aR,6bS)-1a,5-diphenyl-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 2,2-dioxide 

(2i)

1H NMR of 2i

13C NMR of 2i
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(1aR,6bS)-1a-(o-tolyl)-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 2,2-dioxide 

(2j)

1H NMR of 2j

13C NMR of 2j
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(1aR,6bS)-1a-(m-tolyl)-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 2,2-dioxide 

(2k)

1H NMR of 2k 

13C NMR of 2k
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S75

(1aR,6bS)-1a-(p-tolyl)-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 2,2-dioxide 

(2l)

1H NMR of 2l 

13C NMR of 2l



S76

S
OO

O

S
OO

O



S77

(1aR,6bS)-1a-(3,5-dimethylphenyl)-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 

2,2-dioxide (2m)

1H NMR of 2m

13C NMR of 2m



S78

S
OO

O

S
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O



S79

(1aR,6bS)-1a-(4-ethylphenyl)-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 2,2-

dioxide (2n)

1H NMR of 2n 

13C NMR of 2n 
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OO
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O
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S81

(1aR,6bS)-1a-(4-(tert-butyl)phenyl)-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 

2,2-dioxide (2o)

1H NMR of 2o

13C NMR of 2o



S82

S
OO

t-Bu
O

S
OO
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O



S83

(1aR,6bS)-1a-(2-methoxyphenyl)-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 

2,2-dioxide (2p)

1H NMR of 2p

13C NMR of 2p



S84

S
OO

MeO
O

S
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S85

(1aR,6bS)-1a-(3-methoxyphenyl)-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 

2,2-dioxide (2q)

1H NMR of 2q

13C NMR of 2q
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S87

(1aR,6bS)-1a-(4-methoxyphenyl)-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 

2,2-dioxide (2r)

1H NMR of 2r

13C NMR of 2r



S88
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O
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O



S89

(1aR,6bS)-1a-(2-chlorophenyl)-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 2,2-
dioxide (2s)

1H NMR of 2s

13C NMR of 2s
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S
OO
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O
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S91

(1aR,6bS)-1a-(3-chlorophenyl)-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 2,2-

dioxide (2t)

1H NMR of 2t 

13C NMR of 2t
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S
OO
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O
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S93

(1aR,6bS)-1a-(4-chlorophenyl)-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 2,2-

dioxide (2u)

1H NMR of 2u

13C NMR of 2u
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S
OO
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O
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S95

(1aR,6bS)-1a-(4-fluorophenyl)-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 2,2-

dioxide (2v)

1H NMR of 2v 

13C NMR of 2v
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S97

(1aR,6bS)-1a-(4-bromophenyl)-1a,6b-dihydrobenzo[4,5]thieno[2,3-b]oxirene 2,2-

dioxide (2w)

1H NMR of 2w 

13C NMR of 2w



S98

S
OO
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O
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S99

(1aR,6bS)-1a-(4-(trifluoromethyl)phenyl)-1a,6b-dihydrobenzo[4,5]thieno[2,3-

b]oxirene 2,2-dioxide (2x)

1H NMR of 2x

13C NMR of 2x
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S101

4-((1aR,6bS)-2,2-dioxidobenzo[4,5]thieno[2,3-b]oxiren-1a(6bH)-yl)benzonitrile 

(2y)

1H NMR of 2y

13C NMR of 2y



S102

S
OO

CN
O

S
OO

CN
O



S103

methyl 4-((1aR,6bS)-2,2-dioxidobenzo[4,5]thieno[2,3-b]oxiren-1a(6bH)-yl) 

benzoate (2z)

1H NMR of 2z

13C NMR of 2z
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S105

(1R,2S,5R)-2-isopropyl-5-methylcyclohexyl 4-((1aR,6bS)-2,2-dioxidobenzo[4,5] 

thieno [2,3-b]oxiren-1a(6bH)-yl)benzoate (2za)

1H NMR of 2za

13C NMR of 2za
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S107

(3-methyl-3-((4R,8R)-4,8,12-trimethyltridecyl)-2l3-oxiran-2-yl)methyl 4-

((1aR,6bS)-2,2-dioxidobenzo[4,5]thieno[2,3-b]oxiren-1a(6bH)-yl)benzoate (2zb)

 
1H NMR of 2zb

 



S108

13C NMR of 2zb
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S110

(2S,3S)-2-phenyl-3-(phenylsulfonyl)oxirane (4a)

1H NMR of 4a

13C NMR of 4a
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S112

(2S,3S)-2-(phenylsulfonyl)-3-(p-tolyl)oxirane (4b)

1H NMR of 4b 

13C NMR of 4b
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S114

(2S,3S)-2-(4-chlorophenyl)-3-(phenylsulfonyl)oxirane (4c)

1H NMR of 4c

13C NMR of 4c
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S116

(2S,3S)-2-phenyl-3-tosyloxirane (4d)

1H NMR of 4d

13C NMR of 4d
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S118

(2S,3S)-2-((4-chlorophenyl)sulfonyl)-3-phenyloxirane (4e)

1H NMR of 4e

13C NMR of 4e
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S120

(2S,3S)-2-((4-fluorophenyl)sulfonyl)-3-phenyloxirane (4f)

1H NMR of 4f

13C NMR of 4f
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S122

(1aS,6aS)-6a-phenyl-1a,6a-dihydro-6H-indeno[1,2-b]oxiren-6-one (6a)

1H NMR of 6a 

13C NMR of 6a



S123

O

O

O

O



S124

(1aS,6aS)-6a-(m-tolyl)-1a,6a-dihydro-6H-indeno[1,2-b]oxiren-6-one (6b)

1H NMR of 6b 

13C NMR of 6b
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O

O
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S126

(1aS,6aS)-6a-(4-(tert-butyl)phenyl)-1a,6a-dihydro-6H-indeno[1,2-b]oxiren-6-one 

(6c)

1H NMR of 6c

13C NMR of 6c
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S128

(1aS,6aS)-6a-(2-methoxyphenyl)-1a,6a-dihydro-6H-indeno[1,2-b]oxiren-6-one 

(6d)

1H NMR of 6d 

13C NMR of 6d
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S130

(1aS,6aS)-6a-(4-fluorophenyl)-1a,6a-dihydro-6H-indeno[1,2-b]oxiren-6-one (6e)

1H NMR of 6e 

13C NMR of 6e
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S132

4-((1aS,6aS)-6-oxo-1a,6-dihydro-6aH-indeno[1,2-b]oxiren-6a-yl)benzonitrile (6f)

1H NMR of 6f 

 
13C NMR of 6f
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S134

(R)-N1,N2-dibenzyl-1-phenylethane-1,2-diamine (4ab)

1H NMR of 4ab

13C NMR of 4ab 



S135

NHBn
NHBn

NHBn
NHBn



S136

(R)-2-(benzylamino)-2-phenylethan-1-ol (4ac)

1H NMR of 4ac

13C NMR of 4ac



S137

OH
NHBn

OH
NHBn



S138

6,6-dimethyl-6a-phenyl-1a,6a-dihydro-6H-indeno[1,2-b]oxirene (8a)

1H NMR of 8a

13C NMR of 8a


