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1. General information

All chemicals were used as received without further purification unless stated
otherwise. "H NMR and **C NMR spectra were recorded at ambient temperature on a
300 MHz NMR spectrometer (75 MHz for *C). NMR experiments are reported in o
units, parts per million (ppm), and were referenced to CDCl3 (6 7.26 or 77.0 ppm) as
the internal standard. The coupling constants J are given in Hz. Column

chromatography was performed using EM Silica gel 60 (300-400 mesh).

2. Synthetic procedures

General procedure for the synthesis of aryl sulfides/selenides: Under Ny, the
mixture of arylboronic acid (0.4 mmol), sulfur/selenium powder (0.8 mmol), CuF; (10
mol %) in Py/DMSO (2 mL, 2 : 1) was stirred under 100 °C for 12 h. After the
completion of the reaction (monitored by TLC), the solvent was concentrated in
vacuum and the residue was purified by flash column chromatography on silica gel
with petroleum ether-EtOAC as the eluent to give the desired product.

General procedure for the synthesis of aryl thiols: Under N, the mixture of
arylboronic acid (0.4 mmol), sulfur powder (0.8 mmol), CuF; (10 mol %) in
Py/DMSO (2 mL, 2 : 1) was stirred at 100 °C for 12 h. To this reaction mixture,
NaBH, (1 mmol) was added. After the resultant reaction solution was stirred at 40 °C
for 5 h, water was added to quench the reaction. The mixture was extracted with ethyl
acetate, and the combined organic layer was washed with H,O and brine, dried over
Na,SO,4. The solvent was concentrated in vacuum and the residue was purified by
flash column chromatography on silica gel to give the desired product.

General procedure for the synthesis of unsymmetrical monosulfides: Under N,
the mixture of arylboronic acid (0.4 mmol), sulfur powder (0.8 mmol), CuF, (10 mol

%) in Py/DMSO (2 mL, 2 : 1) was stirred at 100 °C for 12 h. To this reaction mixture,
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NaBH,4 (1 mmol) was added. After the resultant reaction solution was stirred at 40 °C
for 5 h, aryl/alkyl iodide (0.6 mmol) was added and stirred at 100 °C for another 20 h.
The reaction mixture was extracted with ethyl acetate. The organic layer was washed
with H,O and brine, dried over Na,SO4. After removal of the solvent in vacuum, the
residue was purified by flash column chromatography on silica gel to give the desired

unsymmetrical monosulfides.

3. Characterization data for the products

dis(4-methylphenyl) disulfide (2a)™"

JSIRS!
Me Me

White solid (46.3 mg, 94% yield). *H NMR (CDCls, 300 MHz): 6 7.39 (d, J = 8.2 Hz,
4H), 7.11 (d, J = 8.0 Hz, 4H), 2.32 (s, 6H); *C NMR (CDCls, 75 MHz): ¢ 137.4,
133.8,129.8, 128.5, 21.1.
dipheny! disulfide (2b)!"!

O
White solid (41.4 mg, 95% vield). *H NMR (CDCls, 300 MHz): 6 7.55-7.53 (m, 4H),
7.36-7.27 (m, 4H), 7.25-7.23 (m, 2H). **C NMR (CDCls, 75 MHz): § 136.9, 129.0,

127.4,127.1.
bis(3-methylphenyl) disulfide (2c)®

Me\©/8—8\©/Me
White solid (34.9 mg, 71% yield). *H NMR (CDCls, 300 MHz): 6 7.48 (s, 4H), 7.32 (t,
J=17.6Hz, 2H), 7.16 (d, J = 7.5 Hz, 2H); *C NMR (CDCls, 75 MHz): ¢ 138.7, 136.8,

128.7,127.9, 124.4, 21.2.
bis(4-methoxyphenyl) disulfide (2d)™
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MeO OMe

White solid (52.8 mg, 95% yield). "H NMR (CDCls, 300 MHz): 6 7.40 (d, J = 8.9 Hz,
4H), 6.84 (d, J = 8.8 Hz, 4H), 3.80 (s, 6H). *C NMR (CDCls, 75 MHz): § 159.9,
132.7,128.4, 114.6, 55.4.

bis(2-methoxyphenyl) disulfide (2¢)"!

OMe OMe

White solid (36.1 mg, 65% yield). "H NMR (CDCls, 300 MHz): 6 7.53 (d, J = 7.7 Hz,
2H), 7.19 (t, J = 7.5 Hz, 2H), 6.93-6.84 (m, 4H), 3.90 (s, 6H). *C NMR (CDCls, 75
MHz): 6 159.2, 129.2, 128.0, 120.4, 118.4, 117.1, 55.3.

bis(4-chlorophenyl) disulfide (2f)

White solid (51.5 mg, 90% vyield). *"H NMR (CDCls, 300 MHz): ¢ 7.40 (d, J = 8.6 Hz,
4H), 7.29 (d, J = 8.7 Hz, 4H). *C NMR (CDCls, 75 MHz): 6 135.0, 133.6, 129.3
(One carbon is invisible because of overlapping.).

bis(2-chlorophenyl) disulfide (2g)™

L

White solid (53.8 mg, 94% yield). "H NMR (CDCls, 300 MHz): 6 7.55 (d, J = 7.9 Hz,
2H), 7.37 (d, J = 7.6 Hz, 2H), 7.16-7.23 (m, 4H). **C NMR (CDCls, 75 MHz): ¢
134.4,131.8,129.7, 127.8, 127.6, 127.2.

bis(4-bromophenyl) disulfide (2h)™

Br Br

White solid (63.6 mg, 85% yield). *H NMR (CDCls, 300 MHz): § 7.43 (d, J = 8.6 Hz,
4H), 7.33 (d, J = 8.6 Hz, 4H). *C NMR (CDCls, 75 MHz): ¢ 135.7, 132.2, 129.4,
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121.5.
bis(4-fluophenyl) disulfide (2i)*

White solid (40.6 mg, 80% yield). *"HNMR (CDCls, 300MHz): & 6.95-6.89 (m, 2H),
6.80-6.75 (m, 2H), 0.25 (s, 9H); *CNMR (CDCls, 75MHz): 6 163.0 (d, Jo.r = 245.7
Hz), 133.2 (d, Je.r = 8.4 Hz), 131.2 (d, Je.r = 8.3 Hz), 116.2 (d, Je.r = 23.3 Hz).
bis(4-cyanophenyl) disulfide (2j)*

NC CN

White solid (36.4 mg, 68% yield). '"H NMR (CDCls, 300 MHz): 6 7.61 (d, J = 8.8 Hz,
4H), 7.55 (d, J = 8.8 Hz, 4H); *C NMR (CDCl;, 75 MHz): ¢ 142.1, 132.8, 126.5,
117.9, 110.9.

bis(4-(trifluoromethyl)phenyl) disulfide (2k)!

FsC CF;

White solid (31.9 mg, 45% yield). '"H NMR (CDCls, 300 MHz): § 7.60-7.26 (m,
8H)."*C NMR (CDCls, 75 MHz): 6 140.8, 129.8, 128.4, 126.6, 123.8 (Jc.r = 270 Hz).
bis(2-naphthyl phenyl) disulfide (21)™

White solid (53.4 mg, 84% vyield). *"H NMR (CDCls, 300 MHz): d 7.99 (s, 2H),
7.80-7.72 (m, 6H), 7.64-7.60 (m, 2H), 7.49-7.42 (m, 4H); *C NMR (CDCls, 75 MHz)
§134.3,133.3,131.0, 129.9, 129.2, 128.9, 127.8, 127.6, 127.3, 127.1.
di(4-methylphenyl) selenide (4a)!"”

o
Me Me
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White solid (44.5 mg, 85% yield). "H NMR (CDCls, 300 MHz): 6 7.38 (d, J = 8.1 Hz,
4H), 7.10 (d, J = 7.8 Hz, 4H), 2.34 (s, 6H); **C NMR (CDCl;, 75 MHz): ¢ 137.2,
132.9, 130.1, 127.7, 21.1.

dipheny! selenide (4b)!"

OC

White solid (34.2 mg, 73% yield). "H NMR (CDCls, 300 MHz): 6 7.63-7.59 (m, 4H),

7.29-7.25 (m, 6H). *C NMR (CDCls, 75 MHz): 6 132.8, 131.5, 129.1, 127.6.

di(4-methoxyphenyl) selenide (4c)!”

ISRt
MeO OMe

White solid (46.5 mg, 79% vyield). *H NMR (CDCls, 300 MHz): 7.40 (d, J = 8.8 Hz,
4H), 6.81 (d, J = 8.8 Hz, 4H), 3.79 (s, 6H); *C NMR (CDCls, 75 MHz): ¢ 159.2,
134.6, 122.1, 115.0, 55.3.

di(4-chlorophenyl) selenide (4d)!"

ST

White solid (51.3 mg, 83% yield). *H NMR (CDCls, 300 MHz): 7.38 (d, J = 8.5 Hz,
4H), 7.25 (d, J = 8.4 Hz, 4H); 3C NMR (CDCls, 75 MHz): § 134.3, 133.9, 129.6,
129.0.

di(2-chlorophenyl) selenide (4e)®

.

White solid (50.1 mg, 83% vyield). *H NMR (CDCls, 300 MHz): 6 7.62-7.59 (m, 4H),
7.35-7.32 (m, 2H), 7.18-7.15 (m, 2H); *C NMR (CDCls, 75 MHz): 6. 133.2, 130.7,
129.3,129.1, 128.4, 127.9.

di(4-bromophenyl) selenide (4f)!"

JORS!
Br Br
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White solid (49.9 mg, 64 % yield). "H NMR (CDCls, 300 MHz): ¢ 7.40 (d, J = 8.6 Hz,
4H), 7.30 (d, J = 8.6 Hz, 4H); *C NMR (CDCl;, 75 MHz): J 134.6, 132.6, 129.6,
122.0.

4-methylbenzenethiol (5a)™

JoR
Me

White solid (39.2 mg, 79% yield). "H NMR (CDCls, 300 MHz): 6 7.19 (d, J = 8.0 Hz,
2H), 7.05 (d, J = 8.0 Hz, 2H), 3.39 (s, 1H), 2.30 (s, 3H). *C NMR (CDCls, 75 MHz):
§135.1,129.8, 129.7, 126.5, 21.0.

benzenethiol (5b)®

©/SH
Colorless liquid (35.2 mg, 80% yield). *H NMR (CDCls, 300 MHz): 6 7.27-7.10 (m,

5H), 3.43 (s, 1H); **C NMR (CDCls, 75 MHz): 6 130.7, 129.3, 129.0, 125.5.

4-chlorobenzenethiol (5¢)

Cl

White solid (46.6 mg, 81% yield). *"H NMR (CDCls, 300 MHz): d 7.20 (s, 4H), 3.45
(s, 1H). *C NMR (CDCls, 75 MHz): 6 131.7, 130.7, 129.1, 129.1.

4-bromobenzenethiol (5d)!%

Br

White solid (59.7 mg, 79% yield). *H NMR (CDCls, 300 MHz): § 7.35 (d, J = 8.5 Hz,
2H), 7.14 (d, J = 8.5 Hz, 2H), 3.44 (s, 1H); **C NMR (CDCls, 75 MHz): ¢ 132.1,
131.0, 129.9, 119.4.

4-methoxyphenyl 4-methylphenyl sulfide (3ab)™

roy
Me OMe

Colorless oil (73.6 mg, 80% vyield). *"H NMR (CDCls, 300 MHz): 6 7.42 (d, J = 8.9 Hz,
2H), 7.23 (d, J = 8.3 Hz, 2H), 7.11 (d, J = 8.1 Hz, 2H), 6.90 (d, J = 8.9 Hz, 2H), 3.83
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(s, 3H), 2.35 (s, 3H). 1°C NMR (CDCls, 75 MHz): 6 159.4, 136.0, 134.3 (2C), 134.2,
129.7 (2C), 129.3 (2C), 125.5, 114.8 (2C), 55.2, 20.9.
4-chlorophenyl phenyl sulfide (3bc)!*!

o
Cl
Colorless oil (68.6 mg, 78% vyield). 'H NMR (CDCls, 300 MHz): 6 7.38-7.26 (m, 8H).

13C NMR (CDCl3, 75 MHz): 6 135.1, 134.6, 132.9, 132.0, 131.3, 129.3, 129.3, 127.4.
4-chlorophenyl methyl sulfide (3cd)™*?

o
Cl

Colorless oil (48.7 mg, 77% yield). *"H NMR (CDCls, 300 MHz): 6 7.24 (d, J = 8.7 Hz,
2H), 7.16 (d, J = 8.7 Hz, 2H), 2.46 (s, 3H). *C NMR (CDCls, 75 MHz): ¢ 136.9,
130.7, 128.8, 127.7, 15.9.
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6. GC-MS analysis of the coupling compounds

GC-MS spectra of 2a and 3a

22,000,000 -
o
Me 2a Me
o
Me . Me TIC*1.00
L L I B I B I I I I INALLR I |I‘T||I
4.0 5.0 6.0 7.0 80 2.0 10.0 11.0 12.0
Peak Report TIC
Pealc R Time 1 Time F Time Area Area% Height Height% AH Mak Name
1 0408 0483 9508 138643 0.50 140229 0.71 099 M
2 10,088 10.933 11.033 27463717 90,50 19621062 0020 140 M
27602360 100.00 19761291 100.00
100 T
T o
Me 2a Me
" n
sg 63 | | 108 ghe 123167191 198213 nai feo o soz 3ijsos sapsss 3o AR TS 40 4ot dsidon
20 7 110 150 190 230 270 310 350 390 130 470
m/z
GC-MS spectra of 2b and 3b
2,200,000
s-s
S O O
ONs zb
3b
| TIC*1.00
ok
T e e B A O L B B I B S B S
5.0 6.0 7.0 8.0 a0 10.0
min
Peak Report TIC
Peaks E.Time 1Time F Time Area Area% Height Height®s AH Mark Name
1 7410 7400 7420 6614 0.91 11544 158 057 M
2 8.066 8.035 0.000 724028 00,00 717218 08.42 1.01 M
730642 100.00 728762 100.00
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1007 109 28
4 2b
65 154
N N 185
TR T Gl T REE N STt J. 207 | 238 957 231706 316 343 365 393 415 432 451 470 499
20 60 100 140 180 220 260 300 340 380 420 460 500
n/z
GC-MS spectra of 2c and 3c
60,000,000
Me\©/575\©/Me
2c ’
Me\©/s\©/Me
3c
| TIC*1.00
6.0 70 8.0 9.0 10.0 11.0
Peak Report TIC
Peak# R Time I Ture F Tine Area  Area% Height Height% AH Mak Nane
1 9.224 9.200 9.250 125465 0.13 102958 0.20 122 M
2 10.685 10.625 10.700 99492097 99.87 50647340 99.80 196 M
99617562 100.00 50750298 100.00
1]z
Me S-S Me
T
2c
6 153165179 198211 o3g | 280 278 284 315 343 354 380 407 431 450 465 137
LI B R L L L L B A DL I L L L L I B LA AL L B LA B B | R B B _
140 180 220 260 300 340 380 420 160 500
m/z
GC-MS spectra of 2d and 3d
30,000,000
MeO 2d OMe
ISR O
MeO 3d OMe TIC*1.00
} I
| L Tt LR B T T T T "|"'-r|""|"'I'”'|"|" T T
50 6.0 1.0 50 o0 10.0 110 12.0 130 140
min
Peak Report TIC
Peal E.Time I Tune F Time Area Areas Height Herght%s AH Mark Name
1 11.392 11.367 11.400 260384 0.70 245199 095 1.06 M
2 12.830 12.767 12.858 36762725 9030 25483680 99.05 144 M
37023109 100.00 25728888 100.00
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GC-MS spectra of 2e and 3e
5,500,000
OMe OMe
2e
OMe OMe
TIC*1.00
3
, : ° I .

e G B B B B L B e B B

7.0 8.0 0.0 10.0 11.0 12.0 13.0
Peak Report TIC
Peals= E.Time ITime F.Tine Area Area%o Height Height%s AH Mark Name
1 10.641 10.608 10.667 324202 572 256512 5.90 126 M
2 12.400 12.350 12.467 5342002 0428 4002073 94.10 131 MI
5666204 100.00 4340485 100,00
100 =5
OMe OMe
2e

ﬁl-. 297 311 327 341 355368 385 401 415 429 446 439471 489

o i b i e e A

3100 350 390 130 470

GC-MS spectra of 2f and 3f
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9,000,000
Cl of Cl
SR O
a . a L TIC*1.00
5 s 4 |
"|'"I""|""I""|""I'"|""I'"|""I'"T'|""I""|""|‘I""
5.0 6.0 7.0 8.0 9.0 10.0 110 120
min
Peak Report TIC
Pealc® R Time 1Tine F.Tie Area  Area% Height  Height% AH Mak Name
1 0.863 0.845 0.875 146059 1.66 146204 19 100 M
2 11443 11415 11.500 8644203 0834 7476350 98.08 116 M
8790352 100.00 7622554 100.00
100 —
286 s-s
| : : |
216 ¢ oA c
2 13155 175, 207 lﬁﬁ"‘ 251 288 95 311325 341355 372 399 415429 447 475489
o i o o i i ol o L o e
140 180 220 260 300 340 380 = 420 60 500
m/'z
GC-MS spectra of 2g and 3g
s e o b e e o se v
20,000,000
Cl Cl
S—S
29
Cl Cl
S
TIC*1.00
3g
L B o A o R o R RARA IRATI Lo ot
40 50 6.0 7.0 80 9.0 10.0 110 120 13.0
Peak Report TIC
Pealct R Time 1Tine F Tine Area  Area% Height Height% AH Mak Name
1 0.850 9.845 9.875 157694 147 173408 181 001 M
2 11439 11410 11.470 10502252 9853 0431426 9819 112 M
10749946 100.00 0604834 100.00
143 286 al a
216 29
24l 155 175 207 ] 231 ogg 299 318 341 355 370 337 415 429442 481475 401
300 340 380 420 160 500

m/z
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GC-MS spectra of 2h and 3h

10,000,000 '
o
Br 2h Br
JORS!
Br 3n EI TIC*1.00
||||||||||||||l'|l|l‘|‘u"|l
50 6.0 7.0 8.0 a0 10.0 11.0 12.0 13.0 14.0
min
Peak Report TIC
Peaks R.Time 1 Time F Time Area Area% Height Height% AH Mark Name
1 11.291 11.285 11.310 236085 262 512622 5.04 046 MI
2 12.679 12.655 12,740 8784501 07.38 8111797 04.086 1.08 M
0020586  100.00 8624410 100.00
100 -
108 T8 /@/S—S\Q\
b 189 Br 2h Br
_ 89 a2 87 g
35 50 ([, 96 119 139 157171 | 207 232 231 2s7281 || 312 307341353 401414429 445 461 489
| LI I L L L L L L L I L L L L L L L I A L L L L L L L L L L L AL I I | I|'|'|'|'|'|'|'|'|'|'|_'|'|'|
60 100 140 180 220 260 200 340 380 420 160 200 )
m/ z

GC-MS spectra of 2i and 3i

AL AL AT L AL AT A

4,000,000
oL
F 2i H
JORL!
Br s Br TIC*1.00
I Y
T S AN L A DL L) LA B LA L i LA BN U AR B
40 50 6.0 7.0 8.0 00 10.0
min
Peak Report TIC

Pealz R.Time ITime F.Time Area Area% Height Height%e AH Mark Nane

1 7.802 7875 7.017 218277 6.03 210001 6.35 103 MI

2 0.101 0150 0258 3401850 Q3.07 3008217 0345 1.13 M

3620127 100.00 3210118 100.00
100 T
S-S
1 O
254 F 2i F
50 o, 108 | 151 175 190297 221 25 278 298 319 343 358 387 404 419 437 459 473486
I'I'I'I'I'I'I'I'I'I'I'I'l'l'l'l'l'l'l'I'I'I'I'I'I'I'I'I'I'I'I'I'l'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I
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GC-MS spectra of 2j and 3j

6,000,000
NC 2 CN
IO RSN |
NC ! CN
3 ] H ATIC*1.00
. AL
LR L L s e B R e e ST aL 2 B RARE [ANanaz.
40 5.0 6.0 7.0 80 9.0 10.0 11.0 12.0 13.0 14, 150
Peak Report TIC
Peak# R.Tine 1 Time F Tine Area  Area% Height Height% AH Mak Nane
1 12.383 12.367 12417 665484 572 542468 972 123 M
2 14216 14133 14383 10961737 9428 5038870 9023 218 M
11627221 100.00 5581338 100.00
100 51 268
] NC 2 CN
a0 .
6373 l 107 ‘ HE oss 281 3 2
3543 |G 122 i 147 186 191 || 291 777 049 oeh 251 097 311 325 341 355367 3n3 390 415429 443 se1 475 450
I'I'I'I'I'I'I'I'I'IInTII'I'I'I'I'I||'| LN L L | II'I'I'I'I'W"'I'I'I'II L L L | -
20 60 100 18 220 260 300 340 380 420 160 500
m/ z
GC-MS spectra of 2k and 3k
600,000
F3C 2k CF3
I TIC*1.00
R B e e e e e e e
50 6.0 7.0 8.0 o0 10.0
min
Peak Report TIC
Peak= B .Time I Time F Time Area Area®s Height Height% AH Mark Name
1 0372 9340 9400 377920 100.00 343613 100.00 110 M
377920 100.00 343613 100.00
100 -
177
s-s
108 F3C 2k CF3
89 133 N aae
5 I 33 g5 [t IJAE 230 =0
TN N N I ¥ O O 139 208001233045 270 | | zarabe | ari ses  apraze 4z 485
1 T 1 1 1 Ll 1 1 1 1 1 1 ) 1 1 1 T T 1 I 1 T T 1 T 1 ) 'ﬁ‘TII 1 T T 1 1 1 T 1 1 1 1 II“’I 1 1
20 60 100 140 180 220 260 300 340 380 20 46 )
m/
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GC-MS spectra of 2l and 3l

S LU ALLAAREL LT3 0= L L AWTLANT- -1 . S MEG
1,000,000
2
S
2
ﬂl JIC*1.00
|
SR SSNNS—S———SSS—SSSMSSSS M S LS
70 80 a0 100 11.0 12.0 13.0 14.0 150 16.0 17.0
Peak Report TIC
Pealz: R Time 1Time F Time Area Area¥s Height Height®e AH Mark Name
1 14267 14.245 14.300 189286 13.15 121912 18.05 155 MI
2 15551 15.505 15.630 1250601 86.85 553545 8105 226 MI
1430077 100.00 675457 100.00
100 -
139 s-s
] i 2l
- 207
F 128 l 254 o a1 R
gpid B3 | 8o | | BT ) 477381 | 2o osr | 987 | g0g |325 911355 57ians 30w 435499 4=r 475 4ng
LI DL L LI I L AL L LA | |'|'|'|'|'|'|'|'|'|"“T"|'|'|'|'|'|'|'|'|'|'|'|'|'|'|'|"T“|'|'|'|'|'|'|'|'|'|'|_'|'|'|
20 100 140 180 220 260 30 340 380 420 160 200
m/z
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