Radical-Radical Cross-Coupling for C-S Bond

Formation

Zhiliang Huang,™ Dongchao Zhang,™ Xiaotian Qi,™™ Zhiyuan Yan,™ Mengfan

Wang,"™ Haiming Yan,”! and Aiwen Lei*[! [

@ College of Chemistry and Molecular Sciences, the Institute for Advanced Studies

(IAS), Wuhan University, Wuhan 430072, People’s Republic of China

™ School of Chemistry and Chemical Engineering, Chongqing University, Chongging
400030, People’ s Republic of China

[ National Research Center for Carbohydrate Synthesis, Jiangxi Normal University,

Nanchang 330022, People’ s Republic of China

S1



Table of Contents

1. General ConSIAerations. .......oovvveeee e S3

2. General Procedure for Oxidative C-H/S-H Cross-Coupling

between electron-rich arene and thiol............ccccooeiiiiiin i, S3
3. The Procedure for Controlled EXPeriments......ceeeeeeeeneennisecnenes S4
4. General Computational Calculation Details........................... S7
5. Kinetic isotope effect (KIE) eXperiment....ccceeeeereieccacearenenens S17
6. Kinetic Studies.....ccceiiiiiiiniiiiiiiiiiiiiiineitiiiicetccesennnsscenns. S18
7. Proposed MechaniSm......ccceeeuiieiieeneeniiniiaciecsecscnssassasscns. S20
8. Analytical Data of ProduCtS....cceeeeeeeeeierinrenecenrenscnacensenscnnn. S20
0. RefeIeNCeS.cccuueeiiiiiineiiiiiiietteetsnnstcessnnassccssennsseorionasses S25

S2



1. General Considerations

All manipulations were carried out using standard Schlenk Techniques. All glassware
was oven dried at 120 °C for more than 1 hour prior to use. Toluene and CH3CN was
dried and distilled from 4A molecular sieves under nitrogen. Unless otherwise noted,
analytical grade solvents and commercially available reagents were used as received.
Thin layer chromatography (TLC) employed glass 0.25 mm silica gel plates. Flash
chromatography columns were packed with 200-300 mesh silica gel in petroleum (bp.
60-90 °C). Gradient flash chromatography was conducted eluting with a continuous
gradient from petroleum to the indicated solvent, which are listed below as
volume/volume ratios. All new compounds were characterized by ‘*H NMR, *C NMR
and HRMS. The known compounds were characterized by *H NMR, **C NMR. The
'H and **C NMR spectra were recorded on a Bruker-BioSpin spectrometers at 400
MHz (*H NMR), 100 MHz (**C NMR). The chemical shifts (8) were given in part per
million relative to internal tetramethylsilane (0 ppm for *H) and CDCl; (77.00 ppm
for 3C). High resolution mass spectra (HRMS) were measured with a Waters
Micromass GCT instrument and accurate masses were reported for the molecular ion
([IM+H]"). GC yields were recorded with a Varian GC 3900 gas chromatography

instrument with a FID detector.

2. General Procedure for Oxidative C-H/S-H cross-coupling between

electron-rich arene and thiol.

In an oven dried Schlenk tube equipped with a stir-bar, electron-rich arene (0.3 mmol)
and DDQ (0.6 mmol) were combined. The reaction tube was allowed to be vacuumed
and purged with nitrogen for three times. Then, toluene (1 mL) was added by syringe
under nitrogen. After that, 2 mL of toluene solution of thiol (0.6 mmol) was added to
the mixture by constant-flow pump in 10 min. Finally, the Schlenk tube was allowed
to stir at room temperature for 2 h. After completion of the reaction, the reaction
mixture was quenched by water and extracted with ethyl ether (3 x 10 mL). The

organic layers were combined and dried over sodium sulfate. The pure product was
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obtained by flash chromatography on silica gel with petroleum ether/ethyl acetate

(60/1).

. HS\@\ DDQ (0.6 mmol) S
—_—

/© cl toluene (3 mL) /Ej \©\

MeO MeO Cl

rt,2h
0.3 mmol 0.6 mmol trace
. HS\@\ DDQ (0.6 mmol) ]
cl toluene (3 mL) \©\
MeO OMe MeO OMe Cl
rt,2h
0.3 mmol 0.6 mmol 65%
oM
OMe © s
i . HSY DDQ (0.6 mmol) /@[ \(
toluene (3 mL) MeO oM
MeO OMe t2h © ©
0.3 mmol 0.6 mmol trace
OMe OMe
. \/@ DDQ (0.6 mmol) S
HS toluene (3 mL)
MeO OMe i, 2 h MeO OMe
0.3 mmol 0.6 mmol 22%

Besides the substrates in Scheme 2 of the manuscript, some other electron-rich arenes
and alkylthiols were also tested for this transformation. As shown above, when anisole
or 1,3-dimethoxy-5-methylbenzene was employed as the substrate to react with
4-chlorobenzenethiol, the corresponding product could be obtained in trace amount or
65% yield. Propane-2-thiol could react with 1, 3, 5-trimethoxybenzene to afford the
corresponding product in trace amount, while phenylmethanethiol could give 22%

yield.

3. The Procedure for Controlled Experiments.

Radical inhibition experiment

In an oven dried Schlenk tube equipped with a stir-bar, 1, 3, 5-trimethoxybenzene la

(0.3 mmol), DDQ (0.6 mmol) and TEMPO (0.72 mmol) were combined. The reaction
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tube was allowed to be vacuumed and purged with nitrogen for three times. Then,
toluene (1 mL) was added by syringe under nitrogen. After that, 2 mL of toluene
solution of 4-chlorobenzenethiol 2a (0.6 mmol) was added to the mixture by
constant-flow pump in 10 min. Finally, the Schlenk tube was allowed to stir at room
temperature for 2 h. After completion of the reaction, the reaction mixture was
quenched by water and biphenyl was then added. GC yield was recorded with a

Varian GC 2000 gas chromatography.

OMe OMe

HS
. DDQ (2.0 eq) s
cl toluene (3 mL), rt, 2 h \©\
MeO OMe MeO oM Cl

TEMPO (2.4 eq) e
1a 2a 3aa, trace

Radical trapping experiments

In an oven dried Schlenk tube equipped with a stir-bar, 1, 3, 5-trimethoxybenzene la
or 4-chlorobenzenethiol 2a or both were combined with DDQ. The reaction tube was
allowed to be vacuumed and purged with nitrogen for three times. Then,
1,1-diphenylethylene and toluene (3 mL) were added by syringe under nitrogen.
Finally, the Schlenk tube was allowed to stir at room temperature for 2 h. After
completion of the reaction, it was quenched by water. The reaction mixture was

recorded with Shimadzu GCMS-QP2010.

MeO OMe

DDQ (0.6 mmol)
1a + JJ\

Ph”” “Ph CHCN (3mL), rt, 2 h |
OMe
0.3 mmol 0.3 mmol Ph Ph

5, detected by GC-MS

DDQ (0.6 mmol) S
2a + JJ\ )I
Ph”” “Ph CHsCN (3 mL), rt, 2 h b ph ol

0.3 mmol 0.3 mmol 6, detected by GC-MS
DDQ (0.6 mmol)
1a + 2a + JJ\ > 3aa + 5 + 6
Ph Ph  CH3CN (3mL), rt,2h W

N
0.3 mmol 0.6 mmol 0.6 mmol detected by GC-MS
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Reaction of 1a and bis(4-chlorophenyl) disulfide 4 under standard conditions

Cl
\©\ DDQ (2.0 eq)
1a + S/S X > 3aa
toluene (3 mL), rt,2 h
Cl

0.3 mmol 4, 0.33 mmol

In an oven dried Schlenk tube equipped with a stir-bar, 1, 3, 5-trimethoxybenzene la
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(0.3 mmol), DDQ (0.6 mmol) were combined. The reaction tube was allowed to be
vacuumed and purged with nitrogen for three times. Then, toluene (1 mL) was added
by syringe under nitrogen. After that, 2 mL of toluene solution of 4 (0.6 mmol) was
added to the mixture by constant-flow pump in 10 min. Finally, the Schlenk tube was
allowed to stir at room temperature for 2 h. After completion of the reaction, the
reaction mixture was quenched by water and biphenyl was then added. GC yield was

recorded with a Varian GC 2000 gas chromatography.
4. General Computational Calculation Details

Complete Reference for Gaussian 09

Gaussian 09, Revision D.01, Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G.
E.; Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson,
G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.;
Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.;
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T,
Montgomery, Jr., J. A.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers,
E.; Kudin, K. N.; Staroverov, V. N.; Kobayashi, R.; Normand, J.; Raghavachari, K;
Rendell, A.; Burant, J. C.; lyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, N.
J.; Klene, M.; Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.;
Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.;
Ochterski, J. W.; Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.; Voth, G. A,
Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; Farkas, O.; Foresman, J.
B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J. Gaussian, Inc., Wallingford CT, 2013.

Absolute Calculation Energies, Enthalpies, and Free Energies

All the DFT calculations were carried out with the GAUSSIAN 09 series of
programs. DFT method B3-LYP! with a standard 6-31G(d) basis set was used for
geometry optimizations. Harmonic frequency calculations were performed for all

stationary points to confirm them as a local minima or transition structures and to
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derive the thermochemical corrections for the enthalpies and free energies. M06
functional,? which could give more accurate energy information, is used to calculate
single point energies. Solvent effects were considered by single point calculations on
the gas-phase stationary points with a SMD continuum solvation model.® The larger
basis set 6-311+G(d,p) is used in the solvation single point calculations. The energies

given in this work are the M06 calculated Gibbs free energies in acetonitrile solvent.

OMej +
[DDQ] HDDQ' HDDQ HZDDQ
s* sH_\ +
@ @ Qi ﬁl © Q
8
Geometry  Eelec-B3Lyp) Geeorr-ayp)  Hicorr-ayp)  Eisolv, mos)’ IF®
DDQ -1485.075304 0.022546 0.076025 -1484.909075 -

[DDQ]J-- -1485.203033 0.021561 0.074827 -1485.101208 -
HDDQ-e  -1485.683527 0.033808 0.087381 -1485.531512 -
HDDQ-  -1485.804010 0.034296 0.087283 -1485.723771 -
H,DDQ  -1486.319839 0.047168 0.100326 -1486.176958 -

la -575.8080921 0.161423 0.212271 -575.611819 -
7 -575.5443935  0.160005 0.211977 -575.3995032 -
8 -1089.394768  0.048558 0.088945 -1089.274993 -
2a -1090.017441  0.057656 0.097438 -1089.902183 -
9 -1664.998349  0.231405 0.305277 -1664.734791 -
10 -575.1159527  0.147244 0.199316 -574.9221967 -
11 -1089.727870  0.057728 0.098864 -1089.685196 -
3aa -1664.620884  0.219641 0.292019 -1664.30877 -

*The electronic energy calculated by B3LYP in gas phase. "The thermal correction to

Gibbs free energy calculated by B3LYP in gas phase. “The thermal correction to

enthalpy calculated by B3LYP in gas phase. “The electronic energy calculated by M06

in acetonitrile solvent. *The B3LYP calculated imaginary frequencies for the transition
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states.

The electron transfer pathway for the formation of thiyl radical:

SH ST

A G =15.0 kcal/mol
+ DDQ > + [DDQ]®*~ (S1)

The hydrogen atom transfer (HAT) pathway for the formation of 1,3,5-trimethoxy phenyl radical:

OMe

OMe
H A G =40.3 kcal/mol
+ DDQ * + HDDQ* (S2)
MeO OMe MeO OMe

The pathway which involves the deprotonation process before radical-radical cross-coupling:

ot
OMe
OMe_\ A G = 15.2 kcal/mol

/@[H + [HDDQ]™ > . + H,DDQ (S3)
MeO OMe MeO OMe
OMe OMe
Se . A G =-55.1 kcal/mol S
o - 00, -
Cl MeO OMe Cl MeO OMe

The radical-radical cross-coupling pathway for C-S bond formation:

ome |°T

OMe
Se A G = -23.5 kcal/mol S
D/ R /©/ o (s5)
H
Cl MeO OMe Cl MeO OMe

The deprotonation step after radical-radical combination:

M
OMe OMe

s A G = -16.3 kcal/mol S
cl VeO OMe Cl MeO OMe
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Optimized geometries for all the compounds and transition states
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5. Kinetic Isotope Effect (KIE) experiment.

Synthesis of 1,3,5-trimethoxybenzene-d3.

OMe OMe

H CH,CICH,CI D D
+ Dol AT
OMe 30min o OMe

D

MeO

6.090

T
—7.260 I‘Q

—3.769

38.42{ I(_

o [100 T

T T T T T T T T T T T
0 55 5.0 4.5 4.0 35 3.0 25 2.0 1.5 1.0 0.5 0.0
1 (ppm)

T T T T T T T
9.5 9.0 8.5 8.0 7.5 7.0 6.5

In an oven dried Schlenk tube equipped with a stir-bar, 1,3,5-trimethoxybenzene (2.0
mmol) was added. The reaction tube was allowed to be vacuumed and purged with
nitrogen for three times. Then, 1,2-dichloroethane (2 mL) and deuterium chloride
solution (1 mL, 35 wt. % in D,0O, 99 atom % D (Aldrich)) was added by syringe under
nitrogen. Finally, the Schlenk tube was allowed to stir at room temperature for 30 min.
After completion of the reaction, the reaction mixture was extracted with
dichloromethane (3 x 5 mL). The organic layers were combined and dried over
sodium sulfate. The desired product (92 atom % D) was obtained after removing the

solvents. *H NMR spectra for the product was shown as above:

Procedure for KIE measurement.
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In an oven dried Schlenk tube equipped with a stir-bar, 1,3,5-trimethoxybenzene (0.3
mmol), 1,3,5-trimethoxybenzene-d3 (0.3 mmol), and 4-chlorobenzenethiol (0.3 mmol)
were combined. The reaction tube was allowed to be vacuumed and purged with
nitrogen for three times. Then, toluene (3 mL) was added by syringe. After that, DDQ
(0.6 mmol) was added to the mixture under nitrogen. Finally, the Schlenk tube was
allowed to stir at room temperature for 2 h. After completion of the reaction, the
reaction mixture was quenched by water and extracted with ethyl ether (3 x 10 mL).
The organic layers were combined and dried over sodium sulfate. The pure product
was obtained by flash chromatography on silica gel with petroleum ether/ethyl acetate

(60/1). *H NMR spectra for the isolated product was shown as above:

6. Kinetic Studies
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In an oven dried self-prepared three-necked micro reactor with a magnetic stirrer,
DDQ (136.2 mg, 0.6 mmol) and 1,3,5-trimethoxybenzene (1a) were added. The
reactor was allowed to be vacuumed and purged with nitrogen for three times.
Toluene (3 mL) and 4-chlorobenzenethiol (2a) (86.7 mg, 0.6 mmol, in 2 mL of
toluene) was added in via syringe. The mixture was allowed to stir at room
temperature and monitored by React IR. After the completion of the reaction, the
reaction mixture was quenched by water and diphenyl as the internal standard were
added. Finally, the yield was determined by GC.

The reactions of DDQ (136.2 mg, 0.6 mmol), 2a (86.7 mg, 0.6 mmol) and different
concentrations of 1a (0.005 M, 0.015 M, 0.03 M, 0.05 M, 0.06 M, 0.08 M, 0.12 M)
give GC vyields were 29%, 67%, 65%, 60%, 53%, 53% and 38%, respectively.
According to the increase of IR absorption of the product vs t and its initial and final
concentration, the change of concentration of the product vs t could be calculated, and
then the initial rate also could be obtained. Figure S1-S2 were obtained by this

method and were farther treated.

0.05
..uo.unoo_lzo M
0.080 M
0'04 i .. .....................
o ©
. 0.060 M
= 0.03- . 000088888832233228!
— * gs8**’ 0.050 M
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e 0.030
-g 0.02 - . * . ° .......oooooooyoooooo
& ....8’ ......
0.01+ '.38. * ..ooooooooo(o)ﬁ)olglvlon
;: o’ .oooo""..
33:: eoe®? 0.005 M
0.00 JJecessccccccecsccecscscscccscscccccce
0 100 200 300 400 500 600
t/s

Figure S1. Kinetic profiles of the reactions with different concentrations of 1a from 0.005 M ~

0.12 M. DDQ (0.6 mmol, 0.12 M), 2a (0.6 mmol, 0.12 M).
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Equation y=a+b*
Weight No Weighting
Residual Sum 12.25568
of Squares
Pearson's r 0.99156
Adj. R-Square 0.97983
Value Standard Error

101
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0 [ ] Intercept 1.47957 1.0149
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Figure S2 Kinetic plots of the reactions with different concentrations of 1a from 0.005 M ~ 0.12 M.
DDQ (0.6 mmol, 0.12 M), 2a (0.6 mmol, 0.12 M).

7. Proposed Mechanism

[DDQ - 8]®
presistent radcial
| DDQ
L]
_—
Cl HAT al
8 rad/cal radical [HDDQ]
3aa
OMe OMe_\. + Cross- coup/mg MeO oMe deprotonation
DDQ or HDDQ ®
SET
MeO OMe MeO OMe

Scheme S1. Proposed mechanism.

8. Analytical Data of Products.

OMe
jone!
eO OMe Cl

(4-Chlorophenyl)(2,4,6-trimethoxyphenyl)sulfane (3aa).*
Purified by column chromatography on a silica gel column using petroleum ether :
ethyl acetate = 60:1 as the eluent to give the title compound as a white solid (91.4 mg,

98% yield).
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'H NMR (400 MHz, CDCls) 8 7.11 (d, J = 8.4 Hz, 2H), 6.94 (d, J = 8.8 Hz, 2H), 6.21
(s, 2H), 3.86 (s, 3H), 3.80 (s, 6H).
BBCL'H} NMR (100 MHz, CDCls) § 163.06, 162.36, 137.29, 129.98, 128.50, 126.84,

98.03, 91.10, 56.25, 55.42.
OMe

QSQ
MeO OMe

p-Tolyl(2,4,6-trimethoxyphenyl)sulfane (3ab).*

Purified by column chromatography on a silica gel column using petroleum ether :
ethyl acetate = 60:1 as the eluent to give the title compound as a white solid (60.9 mg,
70% yield).

'H NMR (400 MHz, CDCls) & 7.06 — 6.86 (m, 4H), 6.20 (s, 2H), 3.86 (s, 3H), 3.80 (s,
6H), 2.24 (s, 3H).

Bc{*H} NMR (100 MHz, CDCls) § 162.70, 162.40, 134.91, 134.03, 129.22, 125.84,
99.05, 91.04, 56.23, 55.36, 20.84.

OMe
jons!
MeO OMe OMe

(4-Methoxyphenyl)(2,4,6-trimethoxyphenyl)sulfane (3ac).”

Purified by column chromatography on a silica gel column using petroleum ether :
ethyl acetate = 20:1 as the eluent to give the title compound as a white solid (72.6 mg,
79% yield).

'H NMR (400 MHz, CDCl3) 6 7.06 (d, J = 9.2 Hz, 2H), 6.73 (d, J = 9.2 Hz, 2H), 6.19
(s, 2H), 3.84 (s, 3H), 3.81 (s, 6H), 3.73 (s, 3H).

BC{*H} NMR (100 MHz, CDCls) § 162.48, 162.17, 157.38, 129.06, 128.35, 114.12,
100.22, 91.00, 56.16, 55.31, 55.17.

OMe
jone!
MeO OMe F

(4-Fluorophenyl)(2,4,6-trimethoxyphenyl)sulfane (3ad).*
Purified by column chromatography on a silica gel column using petroleum ether :
ethyl acetate = 60:1 as the eluent to give the title compound as a light yellow solid

(68.9 mg, 78% yield).
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'H NMR (400 MHz, CDCl3) § 7.09 - 6.96 (m, 2H), 6.94 - 6.80 (m, 2H), 6.21 (d, J =
2.0 Hz, 2H), 3.86 (d, J = 2.0 Hz, 3H), 3.81 (d, J = 2.0 Hz, 6H).

BC{'H} NMR (100 MHz, CDCls) § 162.85, 162.26, 160.64 (d, J = 241 Hz), 133.47
(d, J = 3.1 Hz), 127.66 (d, J = 7.8 Hz), 115.43 (d, J = 22.0 Hz), 99.04, 91.06, 56.20,
55.37.

OMe
QSO
MeO OMe Br

(4-Bromophenyl)(2,4,6-trimethoxyphenyl)sulfane (3ae).*

Purified by column chromatography on a silica gel column using petroleum ether :
ethyl acetate = 60:1 as the eluent to give the title compound as a white solid (101.2
mg, 95% yield).

'H NMR (400 MHz, CDCl3) & 7.36 — 7.16 (m, 2H), 6.95 — 6.79 (m, 2H), 6.21 (s, 2H),
3.87 (s, 3H), 3.80 (s, 6H).

B¢c{"H} NMR (100 MHz, CDCls) & 163.06, 162.31, 137.99, 131.34, 127.08, 117.70,
97.77, 91.06, 56.22, 55.40.

OMe Br
jsae
MeO OMe

(2-Bromophenyl)(2,4,6-trimethoxyphenyl)sulfane (3af).*

Purified by column chromatography on a silica gel column using petroleum ether :
ethyl acetate = 60:1 as the eluent to give the title compound as a white solid (93.8 mg,
88% yield).

'H NMR (400 MHz, CDCls) & 7.45 (d, J = 8.0 Hz, 1H), 7.02 (t, J = 7.6 Hz, 1H), 6.88
(t,J = 7.6 Hz, 1H), 6.51 (d, J = 8.0 Hz, 1H), 6.23 (s, 2H), 3.87 (s, 3H), 3.78 (s, 6H).
BCc{"H} NMR (100 MHz, CDCls) & 163.28, 162.52, 139.67, 132.37, 127.16, 125.28,
125.10, 119.97, 97.44, 91.08, 56.21, 55.40.

OMe
jsne!
MeO OMe NO,

(4-Nitrophenyl)(2,4,6-trimethoxyphenyl)sulfane (3ag).*

Purified by column chromatography on a silica gel column using petroleum ether :
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ethyl acetate = 20:1 as the eluent to give the title compound as a light yellow solid
(88.7 mg, 92% yield).

'H NMR (400 MHz, CDCls) 5 8.00 (d, J = 8.8 Hz, 2H), 7.05 (d, J = 8.8 Hz, 2H), 6.25
(s, 2H), 3.90 (s, 3H), 3.81 (s, 6H).

13C{lH} NMR (100 MHz, CDCl3) 6 163.71, 162.31, 149.39, 144.49, 124.71, 123.61,
95.77, 91.20, 56.21, 55.45.

OMe
J@[S N
T
MeO oM~

2-((2,4,6-Trimethoxyphenyl)thio)pyridine (3ah).

Purified by column chromatography on a silica gel column using petroleum ether :
ethyl acetate = 60:1 as the eluent to give the title compound as a white solid (73.2 mg,
88% yield).

'H NMR (400 MHz, CDCls) & 8.36 (dd, J = 4.8, 0.9 Hz, 1H), 7.36 (td, J = 8.0, 1.8 Hz,
1H), 6.96-6.86 (m, 1H), 6.72 (d, J = 8.0 Hz, 1H), 6.23 (s, 2H), 3.88 (s, 3H), 3.80 (s,
6H).

BCc{"H} NMR (100 MHz, CDCls) & 163.08, 162.22, 161.67, 149.12, 136.05, 119.22,
118.82, 97.44,91.12, 56.18, 55.38.

HRMS (ESI) calcd for C14H15NOsS [M+H]": 278.0851; found: 278.0844.

OMe

8.0
T

MeO Ol\/{g

2-((2,4,6-Trimethoxyphenyl)thio)benzo[d]oxazole (3ai).

Purified by column chromatography on a silica gel column using petroleum ether :
ethyl acetate = 20:1 as the eluent to give the title compound as a yellow solid (77.1
mg, 81% yield).

'H NMR (400 MHz, CDCls) § 7.65 — 7.48 (m, 1H), 7.36 (d, J = 7.5 Hz, 1H), 7.25 —
7.11 (m, 2H), 6.22 (s, 2H), 3.86 (s, 3H), 3.81 (s, 6H).

BC{*H} NMR (100 MHz, CDCls) § 164.37, 163.67, 161.92, 151.72, 142.29, 123.85,
123.33, 118.51, 109.68, 93.59, 91.24, 56.21, 55.39.

HRMS (ESI) calcd for C16H15NO4S [M+H]": 318.0800; found: 318.0793.
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MeO oMs™N

1-Methyl-5-((2,4,6-trimethoxyphenyl)thio)-1H-tetrazole (3aj).

Purified by column chromatography on a silica gel column using petroleum ether :
ethyl acetate = 20:1 as the eluent to give the title compound as a white solid (46.6 mg,
55% vyield).

'H NMR (400 MHz, CDCl3) 6 6.18 (s, 2H), 3.97 (s, 3H), 3.88-3.74 (m, 9H).

BCc{"H} NMR (100 MHz, CDCls) & 163.66, 161.53, 153.61, 92.90, 91.22, 56.13,
55.39, 33.61.

HRMS (ESI) calcd for C11H14N403S [M+H]": 283.0865; found: 283.0858.
OMe

S\’\}(\i»/
MeO OMe

2-Methyl-5-((2,4,6-trimethoxyphenyl)thio)-1,3,4-thiadiazole (3ak).

Purified by column chromatography on a silica gel column using petroleum ether :
ethyl acetate = 20:1 as the eluent to give the title compound as a white solid (70.7 mg,
79% yield).

'H NMR (400 MHz, CDCl3) & 6.19 (s, 2H), 3.88 (s, 3H), 3.84 (s, 6H), 2.60 (s, 3H).
BCc{"H} NMR (100 MHz, CDCls) & 170.97, 164.41, 163.99, 161.90, 97.74, 91.04,
56.17, 55.43, 15.51.

HRMS (ES') calcd for C12H14N20382 [M+H]+: 2990524, found: 299.0517.

e
MeO OMe Cl

(4-Chlorophenyl)(2,4-dimethoxyphenyl)sulfane (3al).

Purified by column chromatography on a silica gel column using petroleum ether :
ethyl acetate = 60:1 as the eluent to give the title compound as a light yellow solid
(59.8 mg, 71% yield).

'H NMR (400 MHz, CDCls) 6 7.36 (d, J = 8.2 Hz, 1H), 7.16 (d, J = 8.6 Hz, 2H), 7.02
(d, J = 8.6 Hz, 2H), 6.57-6.46 (m, 2H), 3.83 (s, 3H), 3.79 (s, 3H).

BC{*H} NMR (101 MHz, CDCls) § 162.13, 160.42, 137.06, 136.61, 130.99, 128.74,

128.50, 111.22, 105.34, 99.28, 55.89, 55.45.
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HRMS (ESI) calcd for C14H13C10,S [M+H]": 281.0403; found: 281.0318.
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