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1. General information 

Unless otherwise noted, all reactions or reagents were obtained from commercial suppliers and 

used as received. Unless otherwise noted, all catalytic reactions were set up in an argon 

atmosphere glovebox (Vigor, SGI800-750TS-F). The substrates and reagents for catalytic 

reactions were degassed and stored in the glovebox, unless otherwise noted. All work-up and 

purification procedures were carried out with reagent-grade solvents in air. 

Thin Layer Chromatography analysis was performed on silica gel coated glass plates (0.25 mm) 

with fluorescence indicator UV254. For detection of spots, irradiation of UV light at 254 nm or 

staining reagent using phosphomolybdic acid solution was used. Flash column chromatography 

was conducted with silica gel 60 (particle size 230–400 mesh, Huanghai) at room temperature 

and under elevated pressure. 

Gas chromatography (GC) analysis was conducted on a Shimadzu GC-2030 instrument 

equipped with a Rtx-5 column (30 m × 0.25 mm) with dodecane as an internal standard. GC-

MS analysis was conducted on a Agilent 5977B GC/MSD instrument equipped with a HP-5MS 

UI column (30 m × 0.25 mm). 1H NMR and 13C NMR spectra were recorded at 400 MHz and 

101 MHz, respectively in CDCl3 (or (CD3)2SO) at room temperature. 1H NMR was reported as 

follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quadruplet, m = 

multiplet), coupling constant (J values) in Hz and integration. Chemical shifts (δ) were reported 

with respect to the corresponding solvent residual peak at 7.26 ppm for CDCl3 (or 2.50 ppm for 

(CD3)2SO) for 1H NMR. 13C NMR spectra (1H-broadband decoupled) were reported in ppm 

using the central peak of CDCl3 (77.16 ppm). High-resolution mass spectrometric 

measurements were provided by the Department of The State Key Laboratory of Biotherapy, 

Sichuan University. The molecular ion [M+H]+, [M+K]+ and [M+Na]+ are given in m/z units. 
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2. General procedure for the synthesis of Allenes 

Allenes: 

 

Method[1]: 

 
 

Step 1: 

To a solution of alkene (1.0 equiv), bromoform (1.5 equiv) and BnNEt3Cl (1 mol%) was added 

dropwise a solution of 50% NaOH, and the mixture was stirred at room temperature for 60 min, 

then heated to 60 ℃ and further stirred until conversion was complete as observed by TLC 

analysis. Water and DCM were added and the aqueous phase was extracted with DCM (3 x 50 

mL). The combined organic phases were washed with saturated NaCl solution, dried over 

Na2SO4 and the solvent removed under reduced pressure. The reaction mixture was purified by 

column chromatography afforded dibromocyclopropane derivatives. 

 

Step 2: 

EtMgBr (3.0 M in ether, 1.5 equiv) was added dropwise to a pre-cooled (ice-bath) solution of 

dibromocyclopropane derivatives (1.0 equiv) in dry THF (1.0 mL/mmol) under nitrogen 

atmosphere. After EtMgBr was added the mixture was then slowly warmed to room temperature, 

and stirred at room temperature for an additional 2 hours. Then the reaction was quenched by 

HCl (0.5 N, 10ml) solution, water was added, and the mixture extracted with ether (3 x 50 mL). 

The combined organic layers were washed with brine, dried with anhydrous Na2SO4 and filtered. 
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After removing the solvent under reduced pressure, the crude product was purified by column 

chromatography on silica gel to afford allenes. 

Spectral and physical data of 1a[1], 1s-1ad[1], 1ae[2], 1af[3]match literature reported values. 

3. General procedure for the synthesis of aryldiazonium 

tetrafluoroborates 

Aryldiazonium tetrafluoroborates: 

 

 

Method A： 

 
In a 50 mL round-bottom flask, the aniline (10 mmol, 1.0 equiv) was dissolved in a mixture of 

absolute ethanol (3.0 mL) and an aqueous solution of HBF4 (48% aq, 2.5 mL, 13.6 mmol, 1.36 

equiv), followed by dropwise addition of t-BuONO (2.7 mL, 23 mmol, 0.23 equiv) at 0 ℃. After 

stirring at room temperature for 1 h, diethyl ether (20 mL) was added to precipitate the 

arenediazonium tetrafluoroborate. The solids were filtered off and washed with diethyl ether 

(3×10 mL), dried in vacuo (10-3 mbar) for 10 minutes, and stored in refrigerator under N2 
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atmosphere. 

Arenediazonium salts 2a-2f, 2l-2n, 2p, 2r were synthesized in method A. Spectral and physical 

data of 2a[4] , 2b-2f[8], 2m-2n[7], 2p[8], 2r[4]match literature reported values. 

 

Method B： 

 
In a 100 mL round-bottom flask, the aniline (20 mmol, 1.0 equiv) was dissolved in a mixture of 

H2O (10 mL) and HBF4 (48% aq, 6 mL, 32.7 mmol, 1.64 equiv). After stirring for 15 min, the 

solution of NaNO2 (1.5 g, 22 mmol, 1.1 equiv., in 4.0 mL H2O) was added dropwise at 0 ℃. 

The mixture was stirred for another 30 min at 0 ℃. Then, the arenediazonium tetrafluoroborate 

was removed by filtration and washed successively twice with Et2O. The crude product was 

dried in vacuo for 20 min and was then directly used without further purification. 

Arenediazonium salts 2g-2k, 2o were synthesized in method B. Spectral and physical data of 

2g[5], 2h[5],2i[5], 2j[5], 2k[5], 2o[6], match literature reported values. 

 

Method C： 

 
To a solution 4-aminoazobenzene (550 mg, 2.8 mmol, 1.0 equiv) in 22 mL of THF was added 

BF3⋅OEt2 (1.19 g, 7.6 mmol, 2.7 equiv) at -40 ℃. The mixture was stirred for 20 min and then 

t-BuONO (515 mg, 5.0 mmol, 1.8 equiv) was added dropwise. The mixture was stirred for 10 

min and then gradually warmed to room temperature. Anhydrous ether was added to precipitate 

the diazonium salt. The mixture was filtered and the salt washed with ether copiously to give 

diazonium salt 2q (385.2 mg, 1.32 mmol, 47% yield). Spectral and physical data of 2q match 

literature reported values[9]. 

 

 

 

 

 

 

 



 

S6 

 

4. Optimization of cyano-sulfonylation of allene derivatives 

 

 

Entry Deviation from standard conditions Yield of 3aa 

1 S1 instead of S2 58% 

2 S2 85% 

3 S3 instead of S2 26% 

4 S4 instead of S2 67% 

5 S5 instead of S2 57% 

6 S6 instead of S2 44% 

7 S7 instead of S2 36% 

8 S8 instead of S2 52% 

aYields were determined by GC using dodecane as an internal standard. 
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5. General procedure for the synthesis of (E)-α- cyanomethyl vinylsulfones 

compounds 

 

In the glovebox, Allenes (0.2 mmol, 1.0 equiv), aryldiazonium tetrafluoroborates (0.4 

mmol, 2.0 equiv), CuCl2 (1.3 mg, 5.0 mol%), 1,10-phenanthroline (1.8 mg, 5.0 mol%), TMSCN 

(37.5 µl, 0.3 mmol), CsF (48.6 mg, 0.32 mmol) were added to chamber B, followed by addition 

of MeCN (2.5 mL). Tetrabromothiophene S,S-dioxides (0.4 mmol, 127.7 mg) in tetradecane 

(1.0 mL) was added to chamber A, followed by addition of 4-methylphenylene (56.6 µl, 0.45 

mmol). The two chamber system was sealed and removed out of the glovebox, then chamber A 

was heated to 100 °C in heat block. About ten minutes later, the sulfur dioxide was completely 

released since the system in chamber A became clear. Then chamber B was heated to 40 °C in 

heat block. After 16 hours, two chamber was cooled to room temperature. The mixture in 

chamber B was passed through a short silica gel pad with ethyl acetate. The filtrate was washed 

by ethyl acetate and H2O (15 mL×3), dried by Na2SO4, then concentrated and the residue was 

purified by flash column chromatography to give the desired product. 

6. The procedure for the 1 mmol scale reaction 

 

In the glovebox, Allenes (1.0 mmol, 1.0 equiv), aryldiazonium tetrafluoroborates (2.0 
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mmol, 2.0 equiv), CuCl2 (6.5 mg, 5.0 mol%), 1,10-phenanthroline (9.0 mg, 5.0 mol%), TMSCN 

(187.5 µl, 1.5 mmol), CsF (243 mg, 1.6 mmol) were added to chamber B, followed by addition 

of MeCN (4.0 mL). Tetrabromothiophene S,S-dioxides (2.0 mmol, 638.5 mg) in tetradecane 

(4.0 mL) was added to chamber A, followed by addition of 4-methylphenylene (283.0 µl, 2.25 

mmol). The two chamber system was sealed and removed out of the glovebox, then chamber A 

was heated to 100 °C in heat block. About ten minutes later, the sulfur dioxide was completely 

released since the system in chamber A became clear. Then chamber B was heated to 40 °C in 

heat block. After 16 hours, two chamber was cooled to room temperature. The mixture in 

chamber B was passed through a short silica gel pad with ethyl acetate. The filtrate was washed 

by ethyl acetate and H2O (15 mL×3), dried by Na2SO4, then concentrated and the residue was 

purified by flash column chromatography to give the desired product. 

7. Characterization data of products  

Prepared by the general procedure at the 40 °C; isolated as white 

solid using petroleum/ethyl acetate (5:1) as eluent (53.9 mg, 86%). 

Known compounds[10]. 1H NMR (400 MHz, Chloroform-d) δ 8.0 (s, 

1H), 7.8 (d, J = 7.6 Hz, 2H), 7.4 – 7.3 (m, 5H), 7.0 (d, J = 7.6 Hz, 

2H), 3.8 (s, 3H), 3.5 (s, 2H). 13C NMR (101 MHz, Chloroform-d) δ 164.3, 141.9, 132.1, 131.7, 

130.7, 130.7, 129.6, 129.4, 129.3, 115.3, 115.0, 55.8, 16.3. HRMS (ESI/Q-TOF) m/z: [M+Na]+ 

calcd for C17H15NNaO3S 336.0665; found: 336.0663. 

 

Prepared by the general procedure at the 40 °C; isolated as white 

solid using petroleum/ethyl acetate (8:1) as eluent (63.1mg, 84%). 
1H NMR (400 MHz, Chloroform-d) δ 8.08 (s, 1H), 7.94 (d, J = 8.9 

Hz, 2H), 7.56 – 7.39 (m, 7H), 7.29 – 7.22 (m, 1H), 7.18 – 7.08 (m, 

4H), 3.62 (s, 2H). 13C NMR (101 MHz, Chloroform-d) δ 163.1, 154.9, 142.2, 132.1, 131.50, 

131.49, 130.84, 130.78, 130.3, 129.5, 129.4, 125.2, 120.4, 118.2, 115.3, 16.4. HRMS (ESI/Q-

TOF) m/z: [M+Na]+ calcd for C22H17NNaO3S 398.0821; found: 398.0818. 

 

Prepared by the general procedure at the 40 °C; isolated as white 

solid using petroleum/ethyl acetate (8:1) as eluent (67.8 mg, 

87%). 1H NMR (400 MHz, Chloroform-d) δ 8.04 (s, 1H), 7.90 (d, 

J = 8.8 Hz, 2H), 7.53 – 7.32 (m, 10H), 7.14 (d, J = 8.9 Hz, 2H), 

5.15 (s, 2H), 3.58 (s, 2H). 13C NMR (101 MHz, Chloroform-d) δ 163.5, 142.0, 135.6, 132.1, 

3b
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131.7, 130.7, 130.7, 129.8, 129.4, 129.3, 128.8, 128.5, 127.6, 115.8, 115.3, 70.5, 16.4. HRMS 

(ESI/Q-TOF) m/z: [M+Na]+ calcd for C23H19NNaO3S 412.0978; found: 412.0984. 

 

Prepared by the general procedure at the 40 °C; isolated as white 

solid using petroleum/ethyl acetate (7:1) as eluent (44.0 mg, 74%). 

1H NMR (400 MHz, Chloroform-d) δ 8.06 (s, 1H), 7.86 (d, J = 8.1 

Hz, 2H), 7.51 – 7.38 (m, 7H), 3.58 (s, 2H), 2.46 (s, 3H). 13C NMR 

(101 MHz, Chloroform-d) δ 145.5, 142.4, 135.4, 132.1, 131.4, 130.8, 130.4, 129.5, 129.3, 128.5, 

115.3, 21.8, 16.4. HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C17H15NNaO2S 320.0716; found: 

320.0713. 

 

Prepared by the general procedure at the 40 °C; isolated as white solid 

using petroleum/ethyl acetate (8:1) as eluent (56.1mg, 78%). 1H 

NMR (400 MHz, Chloroform-d) δ 8.12 (s, 1H), 8.04 (d, J = 8.5 Hz, 

2H), 7.81 (d, J = 8.5 Hz, 2H), 7.66 – 7.59 (m, 2H), 7.54 – 7.39 (m, 

8H), 3.63 (s, 2H). 13C NMR (101 MHz, Chloroform-d) δ 147.3, 142.9, 139.0, 136.9, 132.0, 131.3, 

130.9, 129.5, 129.4, 129.1, 129.0, 128.8, 128.3, 127.5, 115.3, 16.5. HRMS (ESI/Q-TOF) m/z: 

[M+H]+ calcd for C22H18NO2S 360.1053; found: 360.1052. 

 
Prepared by the general procedure at the 40 °C; isolated as white solid 

using petroleum/ethyl acetate (8:1) as eluent (42.0mg, 63%). 1H 

NMR (400 MHz, Chloroform-d) δ 8.42 (d, J = 2.6 Hz, 1H), 7.95 (d, 

J = 2.4 Hz, 1H), 7.84 (dd, J = 8.7, 2.8 Hz, 2H), 7.74 (d, J = 8.0 Hz, 

1H), 7.69 – 7.65 (m, 1H), 7.53 – 7.42 (m, 2H), 7.30 – 7.24 (m, 4H), 7.06 (d, J = 2.5 Hz, 1H), 

3.42 (s, 2H). 13C NMR (101 MHz, Chloroform-d) δ 143.1, 135.6, 135.1, 132.3, 132.0, 131.1, 

130.9, 130.6, 130.2, 129.7, 129.6, 129.5, 129.4, 128.1, 128.0, 122.6, 115.2, 16.4. HRMS (ESI/Q-

TOF) m/z: [M+H]+ calcd for C20H16NO2S 334.0896; found: 334.0896.  

 

Prepared by the general procedure at the 40 °C; isolated as white solid 

using petroleum/ethyl acetate (5:1) as eluent (45.2 mg, 75%). 1H NMR 

(400 MHz, Chloroform-d) δ 8.11 (s, 1H), 8.06 – 8.00 (m, 2H), 7.55 – 

7.44 (m, 5H), 7.34 – 7.28 (m, 2H), 3.63 (s, 2H). 19F NMR (376 MHz, 

Chloroform-d) δ -102.00. 13C NMR (101 MHz, Chloroform-d) δ 166.2 (d, J = 257.8 Hz), 143.1, 

134.5 (d, J = 3.1 Hz), 131.8, 131.4 (d, J = 9.8 Hz), 131.0, 131.0, 129.5, 129.4, 117.2 (d, J = 22.8 

3f
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Hz), 115.1, 16.4. HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C16H12FNNaO2S 324.0465; 

found: 324.0461. 

 

Prepared by the general procedure at the 40 °C; isolated as white solid 

using petroleum/ethyl acetate (8:1) as eluent (58.5mg, 92%). 1H NMR 

(400 MHz, Chloroform-d) δ 8.10 (s, 1H), 7.96 (t, J = 1.9 Hz, 1H), 7.88 

(dt, J = 7.8, 1.4 Hz, 1H), 7.68 – 7.64 (m, 1H), 7.59 – 7.53 (m, 1H), 7.52 

– 7.44 (m, 5H), 3.61 (s, 2H). 13C NMR (101 MHz, Chloroform-d) δ 143.9, 140.3, 136.0, 134.5, 

131.7, 131.1, 131.0, 130.5, 129.6, 129.4, 128.4, 126.6, 115.1, 16.4. HRMS (ESI/Q-TOF) m/z: 

[M+Na]+ calcd for C16H12ClNNaO2S 340.0169; found: 340.0168. 

 

Prepared by the general procedure at the 40 °C; isolated as 

white solid using petroleum/ethyl acetate (5:1) as eluent 

(68.1mg, 77%). 1H NMR (400 MHz, Chloroform-d) δ 8.06 (s, 

1H), 7.99 (d, J = 2.3 Hz, 1H), 7.84 (dd, J = 8.7, 2.3 Hz, 1H), 

7.53 – 7.42 (m, 5H), 7.41 – 7.34 (m, 1H), 7.24 – 7.15 (m, 2H), 7.10 (d, J = 8.7 Hz, 1H), 7.04 

(td, J = 8.5, 2.5 Hz, 1H), 5.23 (s, 2H), 3.60 (s, 2H). 19F NMR (376 MHz, Chloroform-d) δ -

112.08. 13C NMR (101 MHz, Chloroform-d) δ 163.0 (d, J = 246.9 Hz), 158.6, 142.9, 137.6 (d, 

J = 7.5 Hz), 131.9, 131.1 (d, J = 4.0 Hz), 130.9, 130.5, 130.4, 129.5, 129.4, 129.0, 124.8, 122.5 

(d, J = 3.0 Hz), 115.5, 115.3 (d, J = 8.7 Hz), 114.1, 113.9, 113.5, 70.3 (d, J = 2.1 Hz), 16.4. 

HRMS (ESI/Q-TOF) m/z: [M+H]+ calcd for C23H17ClFNO3S 442.0674; found: 442.0675. 

 

Prepared by the general procedure at the 40 °C; isolated as white solid 

using petroleum/ethyl acetate (8:1) as eluent (57.0 mg, 79%). 1H NMR 

(400 MHz, Chloroform-d) δ 8.08 (s, 1H), 7.88 – 7.82 (m, 2H), 7.78 – 

7.73 (m, 2H), 7.54 – 7.41 (m, 5H), 3.61 (s, 2H). 13C NMR (101 MHz, 

Chloroform-d) δ 143.6, 137.6, 133.1, 131.8, 131.1, 130.8, 129.87, 129.86, 129.5, 129.4, 115.1, 

16.4. HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C16H12BrNNaO2S 383.9664; found: 

383.9656. 

 

Prepared by the general procedure at the 40 °C; isolated as orange solid 

using petroleum/ethyl acetate (8:1) as eluent (52.4mg, 64%). 1H NMR 

(400 MHz, Chloroform-d) δ 8.07 (s, 1H), 7.97 (d, J = 8.5 Hz, 2H), 7.68 

(d, J = 8.4 Hz, 2H), 7.53 – 7.40 (m, 5H), 3.60 (s, 2H). 13C NMR (101 

MHz, Chloroform-d) δ 143.6, 139.0, 138.3, 131.8, 131.1, 130.8, 129.6, 129.5, 129.4, 115.1, 
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102.5, 16.4. HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C16H12INNaO2S 431.9526; found: 

431.9525. 

 

Prepared by the general procedure at the 40 °C; isolated as white 

solid using petroleum/ethyl acetate (5:1) as eluent (58.6 mg, 90%). 
1H NMR (400 MHz, Chloroform-d) δ 8.20 – 8.14 (m, 3H), 8.13 – 

8.08 (m, 2H), 7.55 – 7.50 (m, 3H), 7.49 – 7.44 (m, 2H), 3.65 (s, 2H), 

2.69 (s, 3H). 13C NMR (101 MHz, Chloroform-d) δ 196.5, 144.2, 142.5, 141.2, 131.7, 131.2, 

130.5, 129.6, 129.5, 129.4, 128.8, 115.0, 27.0, 16.4. HRMS (ESI/Q-TOF) m/z: [M+H]+ calcd 

for C18H16NNaO3S 348.0665; found: 348.0663. 

 

Prepared by the general procedure at the 40 °C; isolated as white 

solid using petroleum/ethyl acetate (3:1) as eluent (48.5 mg, 71%). 
1H NMR (400 MHz, Chloroform-d) δ 8.26 (d, J = 8.4 Hz, 2H), 8.12 

(s, 1H), 8.06 (d, J = 8.4 Hz, 2H), 7.52 – 7.43 (m, 5H), 3.96 (s, 3H), 

3.62 (s, 2H). 13C NMR (101 MHz, Chloroform-d) δ 165.3, 144.0, 142.5, 135.3, 131.8, 131.1, 

130.8, 130.5, 129.6, 129.4, 128.5, 115.0, 52.8, 16.4. HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd 

for C18H15NNaO4S 364.0614; found: 364.0611. 

 
Prepared by the general procedure at the 40 °C; isolated as orange 

solid using petroleum/ethyl acetate (4:1) as eluent (41.9mg, 68%). 1H 

NMR (400 MHz, Chloroform-d) δ 8.16 – 8.08 (m, 3H), 7.96 – 7.86 

(m, 2H), 7.56 – 7.48 (m, 3H), 7.47 – 7.40 (m, 2H), 3.64 (s, 2H). 13C 

NMR (101 MHz, Chloroform-d) δ 145.0, 143.0, 133.4, 131.5, 131.4, 130.0, 129.6, 129.5, 129.1, 

118.0, 117.0, 114.9, 16.5. HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C17H12N2NaO2S 

331.0512; found: 331.0510. 

 

Prepared by the general procedure at the 40 °C; isolated as white solid 

using petroleum/ethyl acetate (8:1) as eluent (62.5mg, 85%). 1H NMR 

(400 MHz, Chloroform-d) δ 8.10 (s, 1H), 8.04 (d, J = 8.9 Hz, 2H), 

7.54 – 7.39 (m, 7H), 3.61 (s, 2H). 19F NMR (376 MHz, Chloroform-

d) δ -57.64. 13C NMR (101 MHz, Chloroform-d) δ 153.5 (q, J = 2.0 Hz), 143.7, 136.8, 131.8, 

131.1, 130.77, 130.75, 129.5, 129.4, 121.3, 120.2 (q, J = 260.1 Hz), 115.1, 16.4. HRMS (ESI/Q-

TOF) m/z: [M+Na]+ calcd for C17H12F3NNaO3S 390.0382; found: 390.0378. 
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Prepared by the general procedure at the 40 °C; isolated as orange solid 

using petroleum/ethyl acetate (2:1) as eluent (46.6mg, 71%). 1H NMR 

(400 MHz, Chloroform-d) δ 8.4 – 8.3 (m, 1H), 8.1 (s, 1H), 7.9 – 7.8 (m, 

3H), 7.6 – 7.4 (m, 5H), 3.7 (s, 2H). 13C NMR (101 MHz, Chloroform-d) 

δ 148.9, 145.3, 135.7, 132.8, 132.7, 131.8, 131.8, 131.0, 129.7, 129.5, 129.4, 125.4, 115.1, 16.5. 

HRMS (ESI/Q-TOF) m/z: [M+H]+ calcd for C16H13N2O4S 329.0591; found: 329.0596. 

 
Prepared by the general procedure at the 40 °C; isolated as 

orange solid using petroleum/ethyl acetate (2:1) as eluent 

(46.5mg, 60%). 1H NMR (400 MHz, Chloroform-d) δ 8.15 – 

8.07 (m, 5H), 7.99 – 7.92 (m, 2H), 7.57 – 7.44 (m, 8H), 3.64 

(s, 2H). 13C NMR (101 MHz, Chloroform-d) δ 155.7, 152.4, 143.5, 139.7, 132.3, 131.9, 131.0, 

130.9, 129.61, 129.56, 129.4, 129.3, 123.9, 123.4, 115.2, 16.4. HRMS (ESI/Q-TOF) m/z: 

[M+Na]+ calcd for C22H17N3NaO2S 410.0934; found: 410.0930. 

 

Prepared by the general procedure at the 40 °C; isolated as white solid 

using petroleum/ethyl acetate (3:1) as eluent (45.2mg, 65%). 1H NMR 

(400 MHz, Chloroform-d) δ 8.22 (s, 1H), 7.76 (d, J = 5.3 Hz, 1H), 

7.63 (d, J = 5.2 Hz, 1H), 7.54 – 7.42 (m, 5H), 3.87 (s, 3H), 3.67 (s, 

2H). 13C NMR (101 MHz, Chloroform-d) δ 159.3, 145.0, 141.4, 135.9, 132.2, 131.9, 130.7, 

130.3, 129.5, 129.4, 129.3, 115.4, 53.1, 16.4. HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for 

C16H13NNaO4S2 370.0178; found: 370.0174. 

 

Prepared by the general procedure at the 40 °C; isolated as white solid 

using petroleum/ethyl acetate (10:1) as eluent (51.1 mg, 78%). 1H 

NMR (400 MHz, Chloroform-d) δ 8.07 (s, 1H), 7.84 (d, J = 8.9 Hz, 

2H), 7.31 – 7.11 (m, 4H), 7.00 (d, J = 8.9 Hz, 2H), 3.83 (s, 3H), 3.38 

(s, 2H), 2.26 (s, 3H). 13C NMR (101 MHz, Chloroform-d) δ 164.4, 141.8, 137.6, 133.0, 131.4, 

130.9, 130.7, 130.3, 129.6, 127.8, 126.5, 115.3, 115.0, 55.8, 19.9, 16.1. HRMS (ESI/Q-TOF) 

m/z: [M+H]+ calcd for C18H18NO3S 328.1002; found: 328.1004. 

 

Prepared by the general procedure at the 40 °C; isolated as white 

solid using petroleum/ethyl acetate (8:1) as eluent (56,0 mg, 90%). 
1H NMR (400 MHz, Chloroform-d) δ 7.95 (s, 1H), 7.77 (d, J = 8.3 
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Hz, 2H), 7.32 (d, J = 8.3 Hz, 2H), 7.27 (d, J = 7.9 Hz, 1H), 7.22 – 7.12 (m, 3H), 3.50 (s, 2H), 

2.38 (s, 3H), 2.31 (s, 3H). 13C NMR (101 MHz, Chloroform-d) δ 145.5, 142.7, 139.2, 135.5, 

132.0, 131.6, 131.1, 130.4, 130.2, 129.2, 128.4, 126.4, 115.4, 21.8, 21.4, 16.4. HRMS (ESI/Q-

TOF) m/z: [M+Na]+ calcd for C18H17NNaO2S 334.0872; found: 334.0878. 

 

Prepared by the general procedure at the 40 °C; isolated as white 

solid using petroleum/ethyl acetate (5:1) as eluent (59.7mg, 88%). 
1H NMR (400 MHz, Chloroform-d) δ 8.14 (d, J = 8.1 Hz, 2H), 

8.06 (d, J = 7.5 Hz, 3H), 7.35 (d, J = 8.0 Hz, 2H), 7.29 (d, J = 8.0 

Hz, 2H), 3.63 (s, 2H), 2.65 (d, J = 1.1 Hz, 3H), 2.40 (s, 3H). 13C NMR (151 MHz, Chloroform-

d) δ 196.5, 144.1, 142.6, 142.0, 141.0, 130.1, 129.8, 129.3, 129.1, 128.9, 128.7, 115.1, 26.9, 

21.5, 16.4. HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C19H17NNaO3S 362.0821; found: 

362.0825. 

 

Prepared by the general procedure at the 40 °C; isolated as white 

solid using petroleum/ethyl acetate (8:1) as eluent (39.3mg, 60%). 
1H NMR (400 MHz, Chloroform-d) δ 7.98 (s, 1H), 7.83 (d, J = 8.3 

Hz, 2H), 7.45 – 7.35 (m, 4H), 6.99 (d, J = 8.8 Hz, 2H), 3.85 (s, 3H), 

3.60 (s, 2H), 2.45 (s, 3H). 13C NMR (101 MHz, Chloroform-d) δ 161.7, 145.3, 142.0, 135.8, 

131.8, 130.3, 128.3, 128.2, 124.4, 115.4, 114.8, 55.5, 21.7, 16.4. HRMS (ESI/Q-TOF) m/z: 

[M+Na]+ calcd for C18H17NNaO3S 350.0821; found: 350.0825. 

 

Prepared by the general procedure at the 40 °C; isolated as white 

solid using petroleum/ethyl acetate (10:1) as eluent (60.5 mg, 87%). 
1H NMR (400 MHz, Chloroform-d) δ 8.66 (s, 1H), 7.99 – 7.92 (m, 

4H), 7.90 – 7.86 (m, 1H), 7.65 – 7.58 (m, 2H), 7.55 (t, J = 7.7 Hz, 

1H), 7.48 (t, J = 7.2 Hz, 3H), 3.52 (s, 2H), 2.51 (s, 3H). 13C NMR (101 MHz, Chloroform-d) δ 

145.7, 141.6, 135.4, 134.1, 133.5, 131.1, 130.9, 130.5, 129.2, 128.9, 128.6, 127.5, 127.0, 126.6, 

125.3, 123.9, 115.4, 21.8, 16.5. HRMS (ESI/Q-TOF) m/z: [M+H]+ calcd for C21H18NO2S 

348.1053; found: 348.1055.  

 

Prepared by the general procedure at the 40 °C; isolated as white 

solid using petroleum/ethyl acetate (8:1) as eluent (77.5 mg, 94%). 
1H NMR (400 MHz, Chloroform-d) δ 8.11 (s, 1H), 7.85 (d, J = 8.4 

Hz, 2H), 7.78 – 7.70 (m, 3H), 7.62 (d, J = 7.3 Hz, 2H), 7.53 (d, J = 
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8.1 Hz, 2H), 7.51 – 7.38 (m, 2H), 3.66 (s, 2H). 13C NMR (101 MHz, Chloroform-d) δ 143.9, 

143.2, 139.5, 137.7, 133.1, 130.6, 130.28, 130.26, 129.9, 129.8, 129.1, 128.4, 128.0, 127.2, 

115.2, 16.5. HRMS (ESI/Q-TOF) m/z: [M+H]+ calcd for C20H15BrNO2S 412.0001; found: 

412.0000. 

 

Prepared by the general procedure at the 40 °C; isolated as white 

solid using petroleum/ethyl acetate (5:1) as eluent (57.1mg, 74%). 
1H NMR (400 MHz, Chloroform-d) δ 8.05 (s, 1H), 8.04 – 8.01 (m, 

2H), 7.51 – 7.39 (m, 4H), 7.24 – 7.14 (m, 2H), 3.60 (s, 2H). 19F 

NMR (376 MHz, Chloroform-d) δ -57.66, -107.08. 13C NMR (101 MHz, Chloroform-d) δ 

164.06 (d, J = 254.1 Hz), 153.51 (q, J = 1.8 Hz), 142.38, 136.63, 131.86 (d, J = 8.8 Hz), 130.75, 

130.55 (d, J = 1.8 Hz), 127.90 (d, J = 3.5 Hz), 121.37, 120.18 (q, J = 260.1 Hz), 116.79 (d, J = 

22.0 Hz), 114.93, 16.36. HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C17H11F4NO3S 408.0288; 

found: 408.0285. 

 

Prepared by the general procedure at the 40 °C; isolated as white 

solid using petroleum/ethyl acetate (10:1) as eluent (55.0 mg, 79%). 
1H NMR (400 MHz, Chloroform-d) δ 7.98 (s, 1H), 7.88 (d, J = 8.5 

Hz, 2H), 7.46 (d, J = 8.2 Hz, 2H), 7.37 (d, J = 8.2 Hz, 2H), 7.06 (d, 

J = 8.5 Hz, 2H), 3.89 (s, 3H), 3.55 (s, 2H). 13C NMR (101 MHz, Chloroform-d) δ 164.4, 140.4, 

137.0, 132.3, 130.8, 130.7, 130.5, 129.7, 129.3, 115.1, 55.8, 16.3. HRMS (ESI/Q-TOF) m/z: 

[M+Na]+ calcd for C17H14ClKNNaO3S 370.0275; found: 370.0271. 

 

Prepared by the general procedure at the 40 °C; isolated as white 

solid using petroleum/ethyl acetate (10:1) as eluent (44.7 mg, 57%). 
1H NMR (400 MHz, Chloroform-d) δ 7.96 (s, 1H), 7.89 (d, J = 8.8 

Hz, 2H), 7.62 (d, J = 8.3 Hz, 2H), 7.29 (d, J = 8.2 Hz, 2H), 7.06 (d, 

J = 8.8 Hz, 2H), 3.89 (s, 3H), 3.55 (s, 2H).13C NMR (101 MHz, Chloroform-d) δ 164.5, 140.5, 

132.6, 132.5, 130.9, 130.8, 130.8, 129.2, 125.3, 115.1, 55.8, 16.3. HRMS (ESI/Q-TOF) m/z: 

[M+Na]+ calcd for C17H14BrNNaO3S 413.9770; found: 413.9774. 

 
Prepared by the general procedure at the 40 °C; isolated as white 

solid using petroleum/ethyl acetate (8:1) as eluent (54.1 mg, 74%). 
1H NMR (400 MHz, Chloroform-d) δ 8.08 (s, 1H), 7.86 (d, J = 
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8.0 Hz, 2H), 7.75 (d, J = 8.1 Hz, 2H), 7.54 (d, J = 8.0 Hz, 2H), 7.43 (d, J = 8.0 Hz, 2H), 3.54 (s, 

2H), 2.48 (s, 3H). 19F NMR (376 MHz, Chloroform-d) δ -63.06. 13C NMR (101 MHz, 

Chloroform-d) δ 146.0, 140.6, 135.5, 134.8, 134.1, 132.3 (q, J = 33.0 Hz), 130.5, 129.5, 128.6, 

126.3 (q, J = 3.7 Hz), 123.5 (q, J = 272.5 Hz), 114.8, 21.8, 16.2. HRMS (ESI/Q-TOF) m/z: 

[M+H]+ calcd for C18H15F3NO2S 366.0770; found: 366.0770. 

 

Prepared by the general procedure at the 40 °C; isolated as white solid 

using petroleum/ethyl acetate (8:1) as eluent (48.3 mg, 64%). 1H NMR 

(400 MHz, Chloroform-d) δ 7.40 – 7.32 (m, 2H), 7.35 – 7.26 (m, 2H), 

7.24 – 7.16 (m, 2H), 7.15 – 7.06 (m, 4H), 6.91 – 6.81 (m, 4H), 3.58 (s, 

2H). 19F NMR (376 MHz, Chloroform-d) δ -103.84. 13C NMR (101 MHz, 

Chloroform-d) δ 165.3 (d, J = 256.3 Hz), 157.6, 138.2 (d, J = 219.1 Hz), 135.7 (d, J = 3.2 Hz), 

133.2, 130.6 (d, J = 9.6 Hz), 129.7, 129.3, 129.2, 128.9, 128.0, 127.7, 117.6, 116.0, 115.8, 20.7. 

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C22H16FNNaO2S 400.0778; found: 400.0774. 

 

Prepared by the general procedure at the 40 °C; isolated as white 

solid using petroleum/ethyl acetate (5:1) as eluent (44.8 mg, 63%). 
1H NMR (400 MHz, Chloroform-d) δ 8.28 (d, J = 8.3 Hz, 2H), 8.18 

(d, J = 8.5 Hz, 2H), 7.48 – 7.35 (m, 3H), 7.15 (d, J = 6.6 Hz, 2H), 

3.98 (s, 3H), 3.44 (s, 2H), 2.38 (s, 3H). 13C NMR (101 MHz, Chloroform-d) δ 165.4, 158.0, 

144.5, 140.6, 135.0, 130.6, 129.6, 129.4, 129.3, 127.7, 125.8, 116.9, 52.8, 23.5, 20.3. HRMS 

(ESI/Q-TOF) m/z: [M+Na]+ calcd for C19H17NNaO4S 378.0770; found: 378.0777. 

 

Prepared by the general procedure at the 40 °C; isolated as light 

yellow liquid using petroleum/ethyl acetate (8:1) as eluent (34.5 mg, 

54%). 1H NMR (400 MHz, Chloroform-d) δ 7.78 (d, J = 8.8 Hz, 2H), 

7.02 (d, J = 8.8 Hz, 2H), 6.96 (d, J = 10.4 Hz, 1H), 3.87 (s, 3H), 3.36 

(s, 2H), 2.39 – 2.28 (m, 1H), 1.82 – 1.68 (m, 5H), 1.36 – 1.20 (m, 5H). 13C NMR (101 MHz, 

Chloroform-d) δ 164.1, 150.3, 130.4, 129.9, 129.7, 115.3, 114.9, 55.7, 38.5, 31.2, 25.4, 25.1, 

14.6. HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C17H21NNaO3S 342.1134; found: 342.1136. 

 

Prepared by the general procedure at the 40 °C; isolated as light 

yellow liquid using petroleum/ethyl acetate (8:1) as eluent 

(32.8 mg, 51%). 1H NMR (400 MHz, Chloroform-d) δ 7.73 (d, 

J = 8.9 Hz, 2H), 7.06 (t, J = 7.6 Hz, 1H), 6.96 (d, J = 8.9 Hz, 
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2H), 3.81 (s, 3H), 3.30 (s, 2H), 2.23 (q, J = 7.5 Hz, 2H), 1.49 (s, 3H), 1.33 – 1.15 (m, 8H). 13C 

NMR (101 MHz, Chloroform-d) δ 164.1, 146.3, 131.7, 130.4, 129.7, 114.9, 114.9, 55.7, 31.5, 

29.0, 28.9, 27.9, 22.5, 14.6, 14.0. HRMS (ESI/Q-TOF) m/z: [M+H]+ calcd for C17H24NO3S 

322.1472; found: 322.1470. 

8. Transformations of (E)-α- cyanomethyl vinylsulfones compounds. 

1）[11] 

 
Compound 3a (0.2 mmol, 62.7 mg) was dissolved in MeOH (2.5 mL) and EtOAc (1.25 mL) 

and Pd/C (10 wt. %, 20.9 mg, 0.02 mmol) was added. The reaction mixture was stirred under a 

hydrogen atmosphere for 12 h at room temperature. The reaction was filtered through celite, 

and the cake was washed with CH2Cl2 (2 × 5 mL). The organic layers were combined and 

concentrated in vacuo. The crude product was purified by flash column chromatography using 

petroleum/ethyl acetate (10:1) as eluent to afford 4 as a colorless liquid (49.2 mg, 78%). 1H 

NMR (400 MHz, Chloroform-d) δ 7.91 (d, J = 8.1 Hz, 2H), 7.38 – 7.26 (m, 3H), 7.20 (d, J = 

7.3 Hz, 2H), 7.10 (d, J = 8.2 Hz, 2H), 3.93 (d, J = 1.4 Hz, 3H), 3.54 – 3.37 (m, 2H), 2.90 (dd, J 

= 13.4, 11.2 Hz, 1H), 2.80 (dd, J = 17.7, 4.2 Hz, 1H), 2.61 (dd, J = 17.7, 6.0 Hz, 1H). 13C NMR 

(101 MHz, Chloroform-d) δ 164.6, 135.1, 131.5, 129.2, 129.0, 127.7, 127.4, 115.4, 114.9, 62.3, 

55.8, 33.5, 16.5. HRMS (ESI/Q-TOF) m/z: [M+H]+ calcd for C17H17NNaO3S 338.0821; found: 

338.0824. 

2）[12] 

 

Compound 3a (0.2 mmol, 62.7 mg) was dissolved in EtOH (2 ml) and conc. H2SO4 (0.18 mmol, 

10 μL) was added. The reaction mixture was stirred under a hydrogen atmosphere for 24h at 

100 °C.  The filtrate was washed by ethyl acetate and H2O (15 mL×3), dried by Na2SO4, then 

concentrated and the residue was purified by flash column chromatography using 

petroleum/ethyl acetate (3:1) as eluent to afford 5 as a colorless liquid (66.3 mg, 92%). 1H NMR 



 

S17 

 

(400 MHz, Chloroform-d) δ 8.00 (s, 1H), 7.85 (d, J = 8.7 Hz, 2H), 7.49 – 7.37 (m, 5H), 7.00 (d, 

J = 8.8 Hz, 2H), 3.96 (q, J = 7.1 Hz, 2H), 3.87 (s, 3H), 3.52 (s, 2H), 1.15 (t, J = 7.1 Hz, 3H). 13C 

NMR (151 MHz, Chloroform-d) δ 168.9, 163.7, 140.6, 135.5, 133.2, 130.7, 130.4, 129.8, 129.0, 

128.8, 114.4, 61.4, 55.7, 33.0, 13.9. HRMS (ESI/Q-TOF) m/z: [M+H]+ calcd for C19H21O5S 

361.1104; found: 361.1105. 

9. Crystal structure and X-ray crystallographic data of 3a. 

A view of the molecular structure of compound 3a (CCDC deposition number: 2158587.) 

 
Compound 3a was crystallized by slow evaporation of PE:EA=10:1. 

Experimental 
The crystal was kept at 293.15 K during data collection. Using Olex2[13], the structure was 

solved with the Superflip[14] structure solution program using Charge Flipping and refined with 

the ShelXL[15] refinement package using Least Squares minimisation. 

 

Table 1 Crystal data and structure refinement for 3a. 
Identification code 211128_s1_ly 

Empirical formula C17H15NO3S 
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Formula weight 313.36 

Temperature/K 293.15 

Crystal system monoclinic 

Space group P21/c 

a/Å 5.1606(4) 

b/Å 42.233(3) 

c/Å 14.3998(11) 

α/° 90 

β/° 97.795(6) 

γ/° 90 

Volume/Å3 3109.4(4) 

Z 8 

ρcalcg/cm3 1.339 

μ/mm-1 0.220 

F(000) 1312.0 

Crystal size/mm3 0.35 × 0.3 × 0.25 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 5.792 to 52.74 

Index ranges -6 ≤ h ≤ 5, -52 ≤ k ≤ 34, -13 ≤ l ≤ 17 

Reflections collected 13163 

Independent reflections 6234 [Rint = 0.0343, Rsigma = 0.0495] 

Data/restraints/parameters 6234/0/399 

Goodness-of-fit on F2 1.041 

Final R indexes [I>=2σ (I)] R1 = 0.0492, wR2 = 0.1108 

Final R indexes [all data] R1 = 0.0726, wR2 = 0.1262 

Largest diff. peak/hole / e Å-3 0.21/-0.37 

 
Table 2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
Displacement Parameters (Å2×103) for 3a. Ueq is defined as 1/3 of of the 
trace of the orthogonalised UIJ tensor. 

Atom x y z U(eq) 

S1 9249.1(10) 3156.5(2) 819.2(4) 45.63(17) 
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O1 2603(4) 3623.1(4) -2523.7(12) 77.3(5) 

O2 10249(3) 3430.6(4) 1335.3(11) 57.8(4) 

O3 11064(3) 2928.7(4) 529.3(11) 59.2(4) 

C1 7202(4) 3279.3(5) -188.6(14) 40.4(5) 

C2 5202(4) 3493.0(5) -113.3(15) 48.2(6) 

C3 3696(4) 3596.1(5) -912.8(17) 53.6(6) 

C4 4178(5) 3494.3(5) -1782.1(16) 52.5(6) 

C5 6133(5) 3281.7(6) -1853.4(16) 57.7(6) 

C6 7647(5) 3172.3(5) -1050.4(16) 55.2(6) 

C7 3034(6) 3531.3(8) -3433.5(18) 95.2(11) 

C8 7199(4) 2946.8(5) 1483.4(14) 40.0(5) 

C9 6329(4) 2630.0(5) 1079.7(15) 46.0(5) 

C10 8152(5) 2376.4(6) 1373.4(17) 57.6(6) 

C11 6533(4) 3085.1(5) 2244.9(14) 45.7(5) 

C12 4926(4) 2962.8(5) 2924.9(14) 45.0(5) 

C13 3613(5) 3178.1(6) 3413.8(16) 62.6(7) 

C14 2033(6) 3076.7(8) 4059.8(18) 77.9(8) 

C15 1778(5) 2761.5(8) 4223.2(18) 73.7(8) 

C16 3089(5) 2544.7(7) 3757.1(17) 66.6(7) 

C17 4663(5) 2643.7(6) 3117.9(16) 56.2(6) 

N1 9572(5) 2177.3(6) 1610.3(19) 96.4(9) 

S2 4806.9(10) 4326.0(2) 1801.7(4) 48.22(17) 

O4 -2129(4) 4555.6(4) -1702.9(12) 71.2(5) 

O5 5526(3) 3996.5(4) 1837.7(11) 58.8(4) 

O6 6819(3) 4562.3(4) 1858.3(11) 61.4(5) 

C18 2662(4) 4392.8(5) 770.5(15) 42.9(5) 

C19 3001(5) 4650.0(7) 215.7(19) 74.4(8) 

C20 1383(5) 4697.7(7) -605(2) 78.4(9) 
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C21 -616(4) 4488.8(5) -879.5(16) 51.0(6) 

C22 -987(4) 4233.1(5) -324.8(16) 50.4(6) 

C23 653(4) 4186.0(5) 500.3(15) 47.8(5) 

C24 -4048(6) 4330.2(7) -2071(2) 85.4(9) 

C25 2932(4) 4403.5(5) 2713.7(15) 42.6(5) 

C26 2361(4) 4748.6(5) 2851.3(17) 50.8(6) 

C27 4526(5) 4917.0(6) 3388.2(19) 61.6(7) 

C28 2096(4) 4159.9(5) 3165.7(15) 47.4(5) 

C29 585(4) 4155.9(5) 3951.7(15) 46.0(5) 

C30 -1138(5) 3907.3(6) 4017.1(16) 55.5(6) 

C31 -2634(5) 3894.4(7) 4725.5(18) 71.6(8) 

C32 -2440(6) 4124.9(7) 5393(2) 77.4(8) 

C33 -678(6) 4367.3(7) 5360.6(19) 75.7(8) 

C34 824(5) 4383.5(6) 4653.4(18) 62.5(7) 

N2 6207(6) 5049.7(6) 3799(2) 96.5(8) 

Table 3 Anisotropic Displacement Parameters (Å2×103) for 3a. The 

Anisotropic displacement factor exponent takes the form: -

2π2[h2a*2U11+2hka*b*U12+…]. 

Atom U11 U22 U33 U23 U13 U12 

S1 39.8(3) 44.6(3) 52.6(3) 7.9(3) 6.6(2) -2.1(3) 

O1 91.0(13) 76.1(13) 59.0(11) 13.0(10) -10.8(9) 1.2(11) 

O2 57.8(9) 51.0(10) 62.1(10) 5.5(8) -1.0(8) -18.7(8) 

O3 42.6(8) 62.0(10) 75.2(11) 10.7(9) 15.7(8) 13.3(8) 

C1 40.7(11) 36.0(11) 45.5(12) 5.6(9) 9.1(9) 0.1(10) 

C2 51.5(13) 46.4(13) 48.7(13) 1.1(11) 13.7(10) 3.9(11) 

C3 51.1(13) 48.8(14) 60.9(15) 3.7(12) 8.2(11) 10.4(12) 

C4 59.6(14) 46.0(14) 49.8(14) 9.5(11) 0.4(11) -7.5(12) 
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C5 76.3(16) 54.6(15) 43.9(13) -2.9(12) 13.9(11) 2.4(14) 

C6 62.2(15) 48.3(14) 57.9(15) 2.8(12) 18.7(12) 10.1(12) 

C7 127(3) 101(2) 51.5(18) 14.9(17) -8.3(17) -22(2) 

C8 38.6(11) 35.9(11) 44.1(12) 5.1(9) 0.4(9) -1.2(10) 

C9 51.2(12) 39.6(12) 47.6(13) 2.1(10) 7.7(10) -0.4(11) 

C10 70.0(16) 43.5(14) 64.8(16) 2.9(12) 28.4(13) 3.4(13) 

C11 49.8(12) 40.0(12) 45.8(12) 1.3(10) 1.1(10) -5.6(11) 

C12 46.0(12) 49.3(14) 38.3(12) -0.6(10) 0.8(9) 0.5(11) 

C13 80.6(17) 59.5(16) 48.2(14) -1.3(12) 10.0(12) 10.4(14) 

C14 89(2) 98(2) 49.4(16) 0.3(16) 19.9(14) 28.0(19) 

C15 62.6(16) 109(2) 52.3(16) 18.7(17) 15.5(12) 8.7(18) 

C16 69.4(16) 73.5(18) 57.9(16) 15.7(14) 12.9(13) -7.2(15) 

C17 62.6(14) 56.0(15) 52.5(14) 7.2(12) 16.6(11) 1.2(13) 

N1 112(2) 67.0(17) 117(2) 22.3(15) 41.3(17) 37.6(16) 

S2 39.6(3) 52.1(4) 52.9(4) -2.2(3) 6.1(2) 1.5(3) 

O4 83.2(12) 62.5(11) 61.5(11) 14.2(9) -13.0(9) -15.2(10) 

O5 61.4(10) 53.8(10) 61.0(10) -2.9(8) 7.9(8) 18.2(9) 

O6 38.1(8) 73.7(12) 72.0(11) -4.5(9) 5.9(7) -13.5(8) 

C18 41.6(11) 39.5(12) 48.6(12) 0.6(10) 9.6(9) -1.8(10) 

C19 71.1(18) 66.1(18) 80.3(19) 19.0(15) -9.8(14) -33.6(15) 

C20 85.2(19) 66.0(18) 77.6(19) 30.2(15) -12.3(15) -34.1(16) 

C21 55.2(13) 45.9(14) 51.2(14) 2.5(11) 4.9(11) 2.1(12) 

C22 49.8(13) 45.7(13) 55.2(14) 0.4(11) 5.2(10) -10.1(11) 

C23 52.7(13) 41.4(12) 49.6(13) 3.8(11) 8.6(10) -5.4(11) 

C24 104(2) 76(2) 66.9(19) -0.8(15) -21.7(16) -19.5(19) 

C25 37.7(11) 41.1(12) 47.8(12) -2.9(10) 1.4(9) 0.1(10) 

C26 48.7(13) 41.0(13) 62.6(15) 0.7(11) 6.7(11) 1.0(11) 

C27 65.3(16) 46.2(15) 72.5(18) -6.2(13) 6.9(13) -6.5(14) 
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C28 50.2(13) 40.9(13) 50.1(13) -2.7(11) 3.5(10) 2.8(11) 

C29 45.0(12) 44.8(13) 47.0(13) 3.1(10) 2.4(9) 2.5(11) 

C30 65.9(15) 51.4(14) 47.0(13) 3.1(11) -0.2(11) -8.3(13) 

C31 70.8(17) 85(2) 58.5(16) 10.2(15) 7.8(13) -24.7(16) 

C32 75.9(18) 98(2) 62.4(18) -3.4(17) 23.0(14) -12.5(18) 

C33 95(2) 75(2) 60.8(17) -14.3(15) 23.3(15) -7.0(18) 

C34 71.4(16) 56.2(16) 61.4(16) -7.1(13) 14.8(13) -10.9(14) 

N2 96.5(19) 75.5(18) 112(2) -21.9(16) -5.9(16) -22.0(16) 

Table 4 Bond Lengths for 3a.  

Atom Atom Length/Å Atom Atom Length/Å 

S1 O2 1.4334(16) S2 O5 1.4393(16) 

S1 O3 1.4432(15) S2 O6 1.4344(16) 

S1 C1 1.754(2) S2 C18 1.751(2) 

S1 C8 1.759(2) S2 C25 1.764(2) 

O1 C4 1.364(3) O4 C21 1.358(3) 

O1 C7 1.413(3) O4 C24 1.423(3) 

C1 C2 1.386(3) C18 C19 1.374(3) 

C1 C6 1.369(3) C18 C23 1.371(3) 

C2 C3 1.370(3) C19 C20 1.366(3) 

C3 C4 1.378(3) C20 C21 1.374(3) 

C4 C5 1.365(3) C21 C22 1.372(3) 

C5 C6 1.384(3) C22 C23 1.376(3) 

C8 C9 1.503(3) C25 C26 1.505(3) 

C8 C11 1.328(3) C25 C28 1.321(3) 

C9 C10 1.450(3) C26 C27 1.455(3) 

C10 N1 1.137(3) C27 N2 1.130(3) 

C11 C12 1.461(3) C28 C29 1.459(3) 
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C12 C13 1.382(3) C29 C30 1.387(3) 

C12 C17 1.387(3) C29 C34 1.388(3) 

C13 C14 1.386(4) C30 C31 1.361(3) 

C14 C15 1.361(4) C31 C32 1.362(4) 

C15 C16 1.367(4) C32 C33 1.374(4) 

C16 C17 1.373(3) C33 C34 1.363(3) 

Table 5 Bond Angles for 3a. 
Atom Atom Atom Angle/˚ Atom Atom Atom Angle/˚ 

O2 S1 O3 119.08(10) O5 S2 C18 108.46(10) 

O2 S1 C1 108.93(10) O5 S2 C25 108.50(10) 

O2 S1 C8 109.00(10) O6 S2 O5 119.31(10) 

O3 S1 C1 107.42(10) O6 S2 C18 107.79(10) 

O3 S1 C8 106.48(10) O6 S2 C25 107.12(10) 

C1 S1 C8 105.05(9) C18 S2 C25 104.72(10) 

C4 O1 C7 117.7(2) C21 O4 C24 118.37(18) 

C2 C1 S1 119.94(16) C19 C18 S2 120.32(17) 

C6 C1 S1 119.75(16) C23 C18 S2 120.32(16) 

C6 C1 C2 120.3(2) C23 C18 C19 119.3(2) 

C3 C2 C1 119.0(2) C20 C19 C18 120.5(2) 

C2 C3 C4 120.8(2) C19 C20 C21 120.1(2) 

O1 C4 C3 115.1(2) O4 C21 C20 116.0(2) 

O1 C4 C5 124.9(2) O4 C21 C22 124.2(2) 

C5 C4 C3 120.0(2) C22 C21 C20 119.8(2) 

C4 C5 C6 119.8(2) C21 C22 C23 119.9(2) 

C1 C6 C5 120.1(2) C18 C23 C22 120.4(2) 

C9 C8 S1 114.08(15) C26 C25 S2 114.49(16) 

C11 C8 S1 118.01(16) C28 C25 S2 118.12(17) 

C11 C8 C9 127.87(19) C28 C25 C26 127.3(2) 

C10 C9 C8 113.38(18) C27 C26 C25 113.16(19) 

N1 C10 C9 179.4(3) N2 C27 C26 179.4(3) 

C8 C11 C12 129.2(2) C25 C28 C29 129.5(2) 

C13 C12 C11 118.1(2) C30 C29 C28 118.4(2) 
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C13 C12 C17 118.0(2) C30 C29 C34 118.0(2) 

C17 C12 C11 123.9(2) C34 C29 C28 123.5(2) 

C12 C13 C14 120.8(3) C31 C30 C29 121.0(2) 

C15 C14 C13 119.9(3) C30 C31 C32 120.4(3) 

C14 C15 C16 120.3(3) C31 C32 C33 119.6(3) 

C15 C16 C17 120.2(3) C34 C33 C32 120.6(3) 

C16 C17 C12 120.9(2) C33 C34 C29 120.4(2) 

Table 6 Torsion Angles for 3a. 

A B C D Angle/˚ A B C D Angle/˚ 

S1 C1 C2 C3 177.27(17) S2 C18 C19 C20 177.9(2) 

S1 C1 C6 C5 -176.38(17) S2 C18 C23 C22 -178.02(17) 

S1 C8 C9 C10 86.9(2) S2 C25 C26 C27 -80.7(2) 

S1 C8 C11 C12 -178.44(17) S2 C25 C28 C29 178.39(18) 

O1 C4 C5 C6 178.5(2) O4 C21 C22 C23 -179.9(2) 

O2 S1 C1 C2 -51.63(19) O5 S2 C18 C19 -134.4(2) 

O2 S1 C1 C6 125.99(18) O5 S2 C18 C23 44.5(2) 

O2 S1 C8 C9 -171.75(14) O5 S2 C25 C26 171.67(15) 

O2 S1 C8 C11 10.45(19) O5 S2 C25 C28 -11.2(2) 

O3 S1 C1 C2 178.11(16) O6 S2 C18 C19 -3.9(2) 

O3 S1 C1 C6 -4.3(2) O6 S2 C18 C23 174.95(17) 

O3 S1 C8 C9 -42.11(17) O6 S2 C25 C26 41.64(18) 

O3 S1 C8 C11 140.09(17) O6 S2 C25 C28 -141.28(17) 

C1 S1 C8 C9 71.64(16) C18 S2 C25 C26 -72.66(17) 

C1 S1 C8 C11 -106.16(18) C18 S2 C25 C28 104.43(19) 

C1 C2 C3 C4 -1.1(3) C18 C19 C20 C21 0.4(5) 

C2 C1 C6 C5 1.2(3) C19 C18 C23 C22 0.9(3) 

C2 C3 C4 O1 -177.7(2) C19 C20 C21 O4 179.8(3) 

C2 C3 C4 C5 1.7(4) C19 C20 C21 C22 0.3(4) 
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C3 C4 C5 C6 -0.8(4) C20 C21 C22 C23 -0.4(4) 

C4 C5 C6 C1 -0.6(4) C21 C22 C23 C18 -0.2(3) 

C6 C1 C2 C3 -0.3(3) C23 C18 C19 C20 -1.0(4) 

C7 O1 C4 C3 179.0(2) C24 O4 C21 C20 173.4(3) 

C7 O1 C4 C5 -0.3(4) C24 O4 C21 C22 -7.1(4) 

C8 S1 C1 C2 65.03(19) C25 S2 C18 C19 109.9(2) 

C8 S1 C1 C6 -117.35(18) C25 S2 C18 C23 -71.22(19) 

C8 C11 C12 C13 -153.5(2) C25 C28 C29 C30 148.0(2) 

C8 C11 C12 C17 27.3(4) C25 C28 C29 C34 -33.7(4) 

C9 C8 C11 C12 4.1(4) C26 C25 C28 C29 -5.0(4) 

C11 C8 C9 C10 -95.6(3) C28 C25 C26 C27 102.6(3) 

C11 C12 C13 C14 179.2(2) C28 C29 C30 C31 -178.8(2) 

C11 C12 C17 C16 -179.1(2) C28 C29 C34 C33 179.1(2) 

C12 C13 C14 C15 0.5(4) C29 C30 C31 C32 -0.8(4) 

C13 C12 C17 C16 1.7(4) C30 C29 C34 C33 -2.6(4) 

C13 C14 C15 C16 0.4(4) C30 C31 C32 C33 -1.5(4) 

C14 C15 C16 C17 -0.3(4) C31 C32 C33 C34 1.7(4) 

C15 C16 C17 C12 -0.8(4) C32 C33 C34 C29 0.4(4) 

C17 C12 C13 C14 -1.6(4) C34 C29 C30 C31 2.9(3) 

Table 7 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement 

Parameters (Å2×103) for 3a. 

Atom x y z U(eq) 

H2 4888.57 3565.34 471.16 58 

H3 2330.42 3736.62 -868.18 64 

H5 6446.51 3210.69 -2439.21 69 

H6 8969.56 3025.8 -1096.45 66 

H7A 1911.89 3651.57 -3889.75 143 
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H7B 2655.05 3309.85 -3520.27 143 

H7C 4826.21 3569.98 -3508.95 143 

H9A 4643.05 2578.5 1267.41 55 

H9B 6102.35 2644.1 401.13 55 

H11 7182.83 3288.71 2361.89 55 

H13 3792.54 3393.73 3307.71 75 

H14 1147.89 3223.59 4381.07 93 

H15 707.81 2693.36 4653.54 88 

H16 2914.56 2329.73 3873.45 80 

H17 5565.23 2494.67 2810.25 67 

H19 4344.23 4792.9 400.2 89 

H20 1634.23 4871.74 -978.09 94 

H22 -2344.05 4091.85 -505.93 60 

H23 396.44 4012.96 876.68 57 

H24A -4880.58 4400.45 -2672.76 128 

H24B -5334 4309.01 -1652.02 128 

H24C -3224.32 4129.22 -2137.73 128 

H26A 1952 4848.51 2242.55 61 

H26B 831.31 4766.48 3171.98 61 

H28 2534.15 3961.87 2951.44 57 

H30 -1273.25 3746.97 3570.33 67 

H31 -3794.76 3727.4 4753.74 86 

H32 -3493.07 4118.2 5868.54 93 

H33 -509.57 4521.7 5825.32 91 

H34 2017.4 4547.96 4641.01 75 
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11. Copies of 1H NMR, 19F NMR and 13C NMR spectra 

 
1H NMR Spectrum of 3a (CDCl3, 400 MHz) 

 

13C NMR Spectrum of 3a (CDCl3, 101MHz) 
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1H NMR Spectrum of 3b (CDCl3, 400 MHz) 

 
13C NMR Spectrum of 3b (CDCl3, 101MHz) 
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1H NMR Spectrum of 3c (CDCl3, 400 MHz) 

 
13C NMR Spectrum of 3c (CDCl3, 101MHz) 
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1H NMR Spectrum of 3d (CDCl3, 400 MHz) 

 
13C NMR Spectrum of 3d (CDCl3, 101MHz) 
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1H NMR Spectrum of 3e (CDCl3, 400 MHz) 

 
13C NMR Spectrum of 3e (CDCl3, 101MHz) 
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1H NMR Spectrum of 3f (CDCl3, 400 MHz) 

 

13C NMR Spectrum of 3f (CDCl3, 101MHz) 
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1H NMR Spectrum of 3g (CDCl3, 400 MHz) 

 

19F NMR Spectrum of 3g (CDCl3, 376 MHz) 
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13C NMR Spectrum of 3g (CDCl3, 101MHz) 
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1H NMR Spectrum of 3h (CDCl3, 400 MHz) 

 

13C NMR Spectrum of 3h (CDCl3, 101MHz) 



 

S38 

 

 

 
1H NMR Spectrum of 3i (CDCl3, 400 MHz) 

 
19F NMR Spectrum of 3i (CDCl3, 376 MHz) 
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13C NMR Spectrum of 3i (CDCl3, 101MHz) 
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1H NMR Spectrum of 3j (CDCl3, 400 MHz) 

 
13C NMR Spectrum of 3j (CDCl3, 101MHz) 
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1H NMR Spectrum of 3k (CDCl3, 400 MHz)

 

13C NMR Spectrum of 3k (CDCl3, 101MHz) 
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1H NMR Spectrum of 3l (CDCl3, 400 MHz) 

 
13C NMR Spectrum of 3l (CDCl3, 101MHz) 
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1H NMR Spectrum of 3m (CDCl3, 400 MHz)

 

13C NMR Spectrum of 3m (CDCl3, 101MHz) 
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1H NMR Spectrum of 3n (CDCl3, 400 MHz) 

 
13C NMR Spectrum of 3n (CDCl3, 101MHz) 
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1H NMR Spectrum of 3o (CDCl3, 400 MHz) 

 
19F NMR Spectrum of 3o (CDCl3, 376 MHz) 
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13C NMR Spectrum of 3o (CDCl3, 101MHz) 
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1H NMR Spectrum of 3p (CDCl3, 400 MHz)

 

13C NMR Spectrum of 3p (CDCl3, 101MHz) 
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1H NMR Spectrum of 3q (CDCl3, 400 MHz) 

 
13C NMR Spectrum of 3q (CDCl3, 101MHz) 



 

S49 

 

 
1H NMR Spectrum of 3r (CDCl3, 400 MHz) 

 
13C NMR Spectrum of 3r (CDCl3, 101MHz) 
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1H NMR Spectrum of 3s (CDCl3, 400 MHz) 

 
13C NMR Spectrum of 3s (CDCl3, 101MHz) 



 

S51 

 

 
1H NMR Spectrum of 3t (CDCl3, 400 MHz) 

 
13C NMR Spectrum of 3t (CDCl3, 101MHz) 
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1H NMR Spectrum of 3u (CDCl3, 400 MHz) 

 
13C NMR Spectrum of 3u (CDCl3, 101MHz) 
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1H NMR Spectrum of 3v (CDCl3, 400 MHz) 

 
13C NMR Spectrum of 3v (CDCl3, 101MHz) 



 

S54 

 

 
1H NMR Spectrum of 3w (CDCl3, 400 MHz) 

 
13C NMR Spectrum of 3w (CDCl3, 101MHz) 
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1H NMR Spectrum of 3x (CDCl3, 400 MHz) 

 
13C NMR Spectrum of 3x (CDCl3, 101MHz) 
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1H NMR Spectrum of 3y (CDCl3, 400 MHz) 

 
19F NMR Spectrum of 3y (CDCl3, 376 MHz) 
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13C NMR Spectrum of 3y (CDCl3, 101MHz) 
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1H NMR Spectrum of 3z (CDCl3, 400 MHz) 

 
13C NMR Spectrum of 3z (CDCl3, 101MHz) 
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1H NMR Spectrum of 3aa (CDCl3, 400 MHz) 

 
13C NMR Spectrum of 3aa (CDCl3, 101MHz) 
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1H NMR Spectrum of 3ab (CDCl3, 400 MHz) 

 
19F NMR Spectrum of 3ab (CDCl3, 376 MHz) 
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13C NMR Spectrum of 3ab (CDCl3, 101MHz) 
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1H NMR Spectrum of 3ac (CDCl3, 400 MHz) 

 
19F NMR Spectrum of 3ac (CDCl3, 376 MHz) 
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13C NMR Spectrum of 3ac (CDCl3, 101MHz) 
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1H NMR Spectrum of 3ad (CDCl3, 400 MHz) 

 
13C NMR Spectrum of 3ad (CDCl3, 101MHz) 
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1H NMR Spectrum of 3ae (CDCl3, 400 MHz) 

 
13C NMR Spectrum of 3ae (CDCl3, 101MHz) 
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1H NMR Spectrum of 3af (CDCl3, 400 MHz) 

 
13C NMR Spectrum of 3af (CDCl3, 101MHz) 
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1H NMR Spectrum of 4 (CDCl3, 400 MHz) 

 
13C NMR Spectrum of 4 (CDCl3, 101MHz) 



 

S68 

 

 
1H NMR Spectrum of 5 (CDCl3, 400 MHz) 

 
13C NMR Spectrum of 5 (CDCl3, 101MHz) 


