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Abstract A method for copper(ll)-mediated N-N bond formation of N-
imidoylisothioureas has been developed for the synthesis of 1,2,4-tri-
azoles. The reaction requires cerium(IV) sulfate as an oxidant and pro-
ceeds at room temperature. This approach provides access to a variety
of substituted 1,2,4-triazoles.
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Copper-catalyzed or -mediated heteroatom-heteroatom
bond formation, such as the formation of N-N! and N-S
bonds,? has been recently utilized for the construction of
heterocycles and azo compounds.? This strategy has several
advantages: it does not require either a leaving group on
the heteroatom or prefunctionalization to create the bond
between the two heteroatoms, which makes the oxidative
heteroatom-heteroatom bond-coupling reaction step- and
atom-economical. In addition, building blocks containing
an N-N bond that are challenging to prepare and handle
can be avoided. Therefore, this transformation could ex-
pand the library of heterocycles. Furthermore, copper salts
are inexpensive, less toxic, and readily available. Our labo-
ratory has already reported the synthesis of 1,2,4-thiadi-
azoles by copper-catalyzed N-S bond formation.2? In con-
tinuation of our work, we report herein the copper-mediat-
ed synthesis of 1,2,4-triazoles with cerium(IV) sulfate as
the oxidant.

1,2,4-Triazoles are a pharmaceutically important class
of heterocycles'*> that are synthesized by various routes. In
the case of triazole 1, several routes are known.®-8 Our ap-
proach employs amidine 2 and isothiocyanate 3 for the
preparation of N-imidoylthiourea 4 that is subjected to al-
kylation to give N-imidoylisothiourea 5 containing two NH

88% yield

groups that are subsequently coupled (Scheme 1). This new
synthetic approach could complement previous methods
especially, when their necessary components are challeng-
ing to prepare.
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Scheme 1 Previous strategies and our work

At the outset, we optimized the reaction conditions for
the oxidative N-N bond coupling of N-imidoylisothiourea
5a (Table 1), which was prepared by S-methylation of N-im-
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idoylthiourea 4a generated from amidine 2 and isothiocya-
nate 3. Initially, the conditions known for N-N bond forma-
tion using copper salts were examined, but they failed to
provide 1a (entry 1 and 2).! Addition of Oxone as an oxi-
dant with copper(Il) acetate showed the feasibility of this
transformation (entry 3). Copper salts and oxidants were
screened (entries 4-12) and we eventually found that ceri-
um(IV) sulfate and copper(Il) nitrate gave 1a in good yield
(entry 10). When the amount of copper(Il) nitrate was re-
duced without changing the amount of cerium(IV) sulfate,
the yields showed that this reaction could be carried out
under catalytic conditions (entry 13 and 14); however, the

Table 1 Optimization of N-N Bond Formation

yields decreased as the amount of copper(II) nitrate was re-
duced. The reactions under acidic conditions, in which ceri-
um(IV) becomes the stronger oxidant, afforded better re-
sults than in the absence of acids with substoichiometric
amounts of copper(Il) nitrate, but the yield of 1a did not
surpass that obtained with a near stoichiometric amount of
copper(ll) nitrate (entry 10 vs. entries 15-17). The addition
of 1,10-phenanthroline (1,10-phen) resulted in a lower
yield (entry 18). Cerium(IV) sulfate in the absence of cop-
per(I) nitrate did not produce 1a (entry 19), implying that
cerium(IV) sulfate plays a role as an oxidant in the forma-
tion of N-imidoylisothiourea-copper complexes. Hyperva-

Ph

NH S K2C03 Mel NH HN” o conditions
)I\ DMF 50 °C Ph)I\N/)\SM )\ )\
4a 5a 1a
Entry Cu salt (equiv) Oxidant (equiv) Temp (°C), time (h) Yield*® (%) of 1a

1 Cu(OAc), (1.1) - 60, 2 -

2 CuBr (0.2) - 100, 2 dec.

3 Cu(OAc), (1.1) Oxone (2) rt., 0.5 9

4 Cu(OTf), (1.1) Oxone (1.1) rt,0.5 30

5 CuS0, (1.1) Oxone (1.1) 60, 0.5 35

6 Cuso, (1.1) CAN (1.1) rt,0.5 39

7 CuO (1.1) CAN (1.1) r.t,0.5 8

8 CuS0, (1.1) Ce(S0,),-4 H,0 (2.2) rt., 3 65

9 CuOSe (1.1) Ce(S0,),+4 H,0 (2.2) rt., 4 73
10 Cu(NO;),-2.5 H,0 (1.1) Ce(S0,),-4 H,0 (2.2) rt.,2 89 (88)de
11 Cu(NO;),2.5 H,0 (1. 1) Ce(S0,),-4 Hy0 (1.5) rt., 4 68
12 Cu(NO3),-2.5 H,0 (1.1 0, (1 atm) rt, 4 -
13 Cu(NO;),-2.5 H,0 (0. ) Ce(S0O,4),-4 H,0 (2.2) rt.,3 80
14 Cu(NO;),2.5 H,0 (0.2) Ce(S0,),-4 Hy0 (2.2) rt,3 63
159 Cu(NO;),2.5 H,0 (0.2) Ce(S0,),-4 Hy0 (2.2) rt,3 72
16" Cu(NO3),-2.5 H,0 (0.2) Ce(S0,),-4 H,0 (2.2) rt., 3 67
17 Cu(NO;),-2.5 H,0 (0.2) Ce(S0O,4),-4 H,0 (2.2) rt.,3 78
18 Cu(NO;),2.5 H,0 (0.2) Ce(S0,),-4 Hy0 (2.2) rt, 5 25
19 Ce(S0,),-4 Hy0 (2.2) rt., 2 -
20k PhI(OAC), (1.5) rt, 1 22
21! PhI(OCOCF;), (1.5) rt, 1 dec.

3 Reaction condition: 5a (0.2 mmol) and DMF (1 mL).

> NMR yield using an internal standard.
¢ DMSO was used as the solvent.

45a (1 mmol).
¢ Isolated yield.

5% imidoyl isothiourea 5a remained.
9 Pivalic acid (0.2 equiv) was added.

" Pivalic acid (0.5 equiv) was added.

i Formic acid (0.2 equiv) was added.
11,10-Phen (0.2 equiv) was added.

K CH,Cl, was used as the solvent.

12,2,2-Trifluoroethanol was used as the solvent.
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lent iodine reagents known for oxidative N-N bond forma-
tion,® (diacetoxyiodo)benzene and [bis(trifluoroacetoxy)io-
do]benzene, were also tested to compare them with
copper-based reactions in yield. Interestingly, (diacetoxyio-
do)benzene generated the desired product, but the yield of
1a was disappointing and there were intractable byprod-
ucts in the mixture that hampered purification (entries 20
and 21).

On the basis of the obtained results and literature re-
ports,'>f2a< 3 plausible pathway for the copper(ll)-mediated
formation of N-N bond is depicted in Scheme 2. Coordina-
tion of copper(II) A is followed by oxidation using one-elec-
tron oxidant Ce(IV) to generate copper complex B.!° Reduc-
tive elimination of the copper species forms the N-N bond
affording the triazole 1 and reduced copper, the latter is ox-
idized under the air atmosphere to copper(II).

Lo L
ed
NH  NH HN  NH
|
|L/ Cu(InLy U
—_—
5 A
1/2 H0 Ce(IV)
LA ce(ill
cu(iL

Scheme 2 Proposed pathway for N-N bond formation to give 1,2,4-
triazoles 1

Having found an appropriate combination, copper(Il)
nitrate and cerium(IV) sulfate, we next explored various
substrates (Schemes 3 and 4). At first, we investigated sub-
strates with different alkyl groups at the sulfur atom in 5
(Scheme 3); 1,2,4-triazoles substituted with the benzyl 1b
and isopropyl 1c, allyl 1d, and propargyl 1e groups were
obtained in good yields.

Various N-imidoylisothioureas 5f-x were reacted under
the optimized conditions to investigate whether the trans-
formation would be applicable to the synthesis of 1,2,4-tri-
azoles bearing aryl, heteroaryl, and alkyl groups at the N1
and C3 positions (Scheme 4). 1,2,4-Triazoles 1f-n substitut-
ed at N1 by an aryl group containing electron-donating or
electron-withdrawing groups were formed in good yields.
1,2,4-Triazoles 1q,t,u substituted at C3 by 2-, 3-, and 4-pyr-
idyl groups were also formed in good yields. However, alkyl
groups at N1 or C3, including methyl, cyclohexyl, and ben-
zyl, were not tolerated and the products were formed in
low yields or trace amounts; only 3-tert-butyl-1,2,4-tri-

Ph Cu(NO3)2-2.5 Ho0 (1.1 equiv) Ph
NH HN” Ce(S04)2-4 H0 (2.2 equiv) N—N~
)l\ = R )I\ /)\ ~R
Ph N~ s DMF, r.t. Ph” N7 s
5 1

Ph
NN~

3 5 y
Ph/gﬂ/)\s/\Ph Ph—_gﬂ/)\s

1b 92% 1c 76%

Ph
Ph
N~ /N~)N/\
4 Ph,_&‘
Ph =
’g%/)\s/\/ 3/\
1d 87% 1e 63%

Scheme 3 Variation of the substituent at the sulfur atom. Reagents and
conditions: 5 (0.4 mmol), DMF (2 mL).

azole 1x was formed in 73% yield. In case of 1s, a higher
loading of the copper salt and oxidant were necessary to
complete the reaction; while 5r was unreactive to the con-
ditions.

We hoped to apply the optimized conditions to other
substrates having an oxygen and nitrogen atom instead of
the sulfur atom because, if we succeed in the cyclization of
6 and 7, it could facilitate the production of diverse 1,2,4-
triazoles (Scheme 5). However, the intermediates did not
give the desired products. The indirect route towards 1,2,4-
triazole-3-one 8 using the oxidation of the sulfide 1a to the
sulfone 9 and hydrolysis was employed to give the product
S.Sb

In summary, the formation of the N-N in N-imidoyliso-
thioureas for the synthesis of 1,2,4-triazoles has been inves-
tigated. The combination of copper(ll) nitrate and ceri-
um(IV) sulfate was the best choice for the transformation.
Various functional groups were tolerated under the condi-
tions, but N-imidoylisothioureas involving alkyl groups, N-
imidoyl azidoformamidine 6, and N-imidoylurea 7 were not
suitable. Bond coupling of the N-N in unreactive intermedi-
ates is currently under investigation in our laboratory.

All reactions were carried out under open-flask conditions in which
no precautions were taken to exclude air and moisture from the reac-
tion mixture. All commercial reagents and solvents were used as re-
ceived without further purification. The reactions were monitored by
TLC. Column chromatography was performed with silica gel (230-
400 mesh). 'H and 3C NMR spectra were recorded on a 500 MHz
spectrometer referenced to TMS at § = 0.00 as an internal standard.
LR-MS were obtained on a Triple Quadrupole Mass spectrometer us-
ing a technique of electron spray ionization. HRMS were obtained us-
ing a TOF LC/MS system.

The preparations of imidoyl thioureas 4,22 imidoyl isothioureas 5, and
compounds 6-9 are given in the Supporting Information.
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Scheme 4 Variation of the substituent at the N1 (R") and C3 (R?) positions. Reagents and conditions: 5 (0.4 mmol), Cu(NO;),-2.5 H,0 (1.5 equiv),

Ce(S0,),-4 H,0 (3 equiv), DMF (2 mL).
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Scheme 5 Variation of the substituent at the C5 position instead of the
sulfur atom

Triazoles 1; General Procedure

To a solution of 2-alkylated N-imidoylisothiourea 5 (0.4 mmol) in
DMF (2 mL) were added Cu(NOs),-2.5 H,0 (102 mg, 0.44 mmol) and
Ce(S0,),-4 H,0 (356 mg, 0.88 mmol); the suspension was stirred at r.t.
After completion of the reaction as indicated by TLC, water was added
to the mixture and it was extracted with Et,0. The combined organic
layers were dried (MgS0O,) and filtered. After removal of the solvent
under vacuum, the residue was purified by column chromatography
to afford the product.

5-(Methylsulfanyl)-1,3-diphenyl-1,2,4-triazole (1a)%®

White solid; yield: 235 mg (88%); mp 51-52 °C.

IR (ATR): 2931, 1598, 1524, 1498, 1390, 1339, 1140, 1096, 1069, 1000,
754,715, 685 cm™.

H NMR (500 MHz, CDCl,): 5 = 8.21-8.12 (m, 2 H), 7.71-7.60 (m, 2 H),
7.52(t,] = 7.8 Hz, 2 H), 7.48-7.37 (m, 4 H), 2.79 (s, 3 H).

13C NMR (126 MHz, CDCl;): & = 162.23, 154.27, 137.52, 130.88,
129.54, 129.53, 128.74, 128.69, 126.60, 123.99, 16.02.

© Georg Thieme Verlag Stuttgart - New York — Synthesis 2015, 47, 3874-3880

Downloaded by: Flinders University of South Australia. Copyrighted material.



3878

Synthesis S. H. Kwak et al.

HRMS (ESI): m/z [M + H]" caled for C;5H;4N5S: 268.0903; found:
268.0910.

5-(Benzylsulfanyl)-1,3-diphenyl-1,2,4-triazole (1b)

Pale yellow oil; yield: 126 mg (92%).

'H NMR (500 MHz, CDCl5): § = 8.24-8.16 (m, 2 H), 7.61-7.54 (m, 2 H),
7.52-7.36 (m, 8 H), 7.35-7.22 (m, 3 H), 4.59 (s, 2 H).

13C NMR (126 MHz, CDCl;): & = 183.59, 162.03, 152.85, 137.24,

136.51, 130.70, 129.62, 129.41, 129.26, 129.20, 128.66, 128.58,
128.51, 127.76, 126.43, 123.93, 37.98.

HRMS (ESI): m/z [M + H]" calcd for C,;H;gN5S: 344.1216; found:
344.1218.

5-(Isopropylsulfanyl)-1,3-diphenyl-1,2,4-triazole (1c)

Colorless oil; yield: 90 mg (76%).

H NMR (500 MHz, CDCl,): & = 8.23-8.12 (m, 2 H), 7.68-7.60 (m, 2 H),
7.54-7.47 (m, 2 H), 7.47-7.36 (m, 4 H), 4.09 (hept, J= 6.8 Hz, 1 H),
1.47 (d,] = 6.8 Hz, 6 H).

13C NMR (126 MHz, CDCl3): & = 162.18, 152.98, 137.42, 130.79,
129.32,129.21, 128.52, 128.48, 126.42, 124.20, 39.60, 23.31.

HRMS (ESI): m/z [M + HJ* calcd for C;;H;gN5S: 296.1216; found:
296.1219.

5-(Allylsulfanyl)-1,3-diphenyl-1,2,4-triazole (1d)

White solid; yield: 102 mg (87%); mp 61-62 °C.

1H NMR (500 MHz, CDCl,): & = 8.22-8.10 (m, 2 H), 7.67-7.59 (mm, 2 H),
7.54-7.48 (m, 2 H), 7.47-7.38 (m, 4 H), 6.01 (ddt, ] = 17.1, 10.0, 7.1 Hz,
1H),5.34(dd,J=16.9, 1.3 Hz, 1 H), 5.16 (d, J = 10.0 Hz, 1 H), 3.99 (d,
J=7.1Hz, 2 H).

13C NMR (126 MHz, CDCl;): § = 162.07, 152.64, 137.30, 132.63,
130.68, 129.38, 129.30, 128.56, 128.55, 126.41, 124.02, 119.03, 36.38.
HRMS (ESI): m/z [M + H]" caled for C;;H;gN3S: 294.1059; found:
294.1066.

1,3-Diphenyl-5-(prop-2-ynylsulfanyl)-1,2,4-triazole (1e)

White solid; yield: 73 mg (63%); mp 124-125 °C.

'H NMR (500 MHz, CDCl3): § =8.16 (d,J=7.1 Hz,2 H), 7.63 (d,] = 7.7
Hz, 2 H), 7.52 (t,J = 7.7 Hz, 2 H), 7.49-7.38 (m, 4 H), 4.15 (d, ] = 2.4 Hz,
2 H),2.27(t,J=2.2Hz, 1 H).

13C NMR (126 MHz, CDCl;): & = 162.24, 151.49, 137.05, 130.47,
129.50, 129.42, 128.75, 128.57, 126.44, 123.90, 78.30, 72.25, 22.09.

HRMS (ESI): m/z [M + H]" caled for C;;H4N5S: 292.0903; found:
292.0904.

3-[5-(Methylsulfanyl)-3-phenyl-1,2,4-triazol-1-yl]benzonitrile (1f)
White solid; yield: 94 mg (80%); mp 142-144 °C.

'H NMR (500 MHz, CDCl;): 6 =8.15 (dd,J = 7.9, 1.5 Hz, 2 H), 8.08-8.03
(m, 1 H), 7.97 (ddd, J= 8.0, 2.0, 1.1 Hz, 1 H), 7.70 (d, J = 7.8 Hz, 1 H),
7.64(t,J=79Hz,1H),7.51-7.41 (m, 3 H), 2.84 (s, 3 H).

13C NMR (126 MHz, CDCl;): § = 162.47, 154.52, 138.15, 131.42,
130.34, 130.11, 129.77, 128.65, 127.27, 126.57, 126.50, 117.67,
113.68, 15.98.

HRMS (ESI): m/z [M + H]* calcd for C;gHi3N,S: 293.0855; found:
293.0862.

5-(Methylsulfanyl)-1-(4-nitrophenyl)-3-phenyl-1,2,4-triazole (1g)

Pale yellow solid; yield: 59 mg (47%); mp 134-135 °C.

H NMR (500 MHz, CDCl;): & = 8.45-8.33 (m, 2 H), 8.16 (dd,J = 7.8, 1.6
Hz, 2 H), 8.05-7.91 (m, 2 H), 7.54-7.40 (m, 3 H), 2.86 (s, 3 H).

13C NMR (126 MHz, CDCl;): § = 162.57, 155.05, 146.39, 142.30,
129.99, 129.91, 128.67, 126.59, 124.96, 123.00, 16.14.

HRMS (ESI): m/z [M + HJ* calcd for Cy5H;3N,40,S: 313.0754; found:
313.0759.

1-(4-Chlorophenyl)-5-(methylsulfanyl)-3-phenyl-1,2,4-triazole
(1h)

White solid; yield: 66 mg (55%); mp 117-119 °C.

H NMR (500 MHz, CDCl5): & = 8.15 (d, J = 7.1 Hz, 2 H), 7.61 (d, J = 8.4
Hz, 2 H), 7.55-7.36 (m, 5 H), 2.80 (s, 3 H).

13C NMR (126 MHz, DMSO-dg): 8 = 161.13, 154.37, 135.49, 133.27,
129.98, 129.71, 129.64, 128.84, 125.95, 125.60, 15.57.

HRMS (ESI): m/z [M + H]* calcd for C;5H;5CIN;S: 302.0513; found:
302.0520.

5-(Methylsulfanyl)-3-phenyl-1-[3-(trifluoromethyl)phenyl]-1,2,4-
triazole (1i)

Pale yellow solid; yield: 78 mg (58%); mp 76-78 °C.

TH NMR (500 MHz, CDCl,): & = 8.16 (dd, J = 8.1, 1.4 Hz, 2 H), 8.00 (s, 1
H), 7.89 (d, J=7.6 Hz, 1 H), 7.71-7.60 (m, 2 H), 7.51-7.37 (m, 3 H),
2.82 (s, 3 H).

13C NMR (126 MHz, CDCl;): & = 162.36, 154.44, 137.83, 131.98 (q,
J=33.1Hz),130.31, 129.97, 129.63, 128.61, 126.49, 126.43, 124.87 (q,
J=3.7Hz),123.45(q,] = 272.6 Hz),120.54 (q,] = 3.9 Hz), 15.91.

HRMS (ESI): m/z [M + HJ* calcd for C,gH;3F5N;3S: 336.0777; found:
336.0781.

1-{3-[5-(Methylsulfanyl)-3-phenyl-1,2,4-triazol-1-yl]phenyl}eth-
anone (1j)

White solid; yield: 87 mg (70%); mp 115-117 °C.

H NMR (500 MHz, CDCl,): & = 8.27 (s, 1 H), 8.17 (d, J = 7.7 Hz, 2 H),
8.01(d,J=7.6Hz,1H),7.89(d,J=7.6 Hz, 1 H), 7.62 (t,] = 7.8 Hz, 1 H),
7.52-7.37 (m, 3 H), 2.82 (s, 3 H), 2.67 (s, 3 H).

13C NMR (126 MHz, CDCl;): 8§ = 196.73, 162.24, 154.32, 138.16,
137.76, 130.42, 129.72, 129.53, 128.58, 127.87, 127.79, 126.45,
123.27, 26.76, 15.89.

HRMS (ESI): mfz [M + HJ* caled for C;;H;¢N;0S: 310.1009; found:
310.1014.

1-(2-Methoxyphenyl)-5-(methylsulfanyl)-3-phenyl-1,2,4-triazole
(1K)

Colorless oil; yield: 67 mg (56%).

H NMR (500 MHz, CDCl,): § = 8.16 (d, J = 7.4 Hz, 2 H), 7.52-7.35 (m, 5
H), 7.13-7.01 (m, 2 H), 3.83 (s, 3 H), 2.71 (s, 3 H).

13C NMR (126 MHz, CDCl;): § = 162.37, 156.23, 154.77, 131.49,
131.02, 129.31, 128.73, 128.61, 126.54, 125.77, 120.98, 112.43, 55.95,
15.90.

HRMS (ESI): m/z [M + HJ* calcd for C;gH;gN;0S: 298.1009; found:
298.1013.

5-(Methylsulfanyl)-1-(o-tolyl)-3-phenyl-1,2,4-triazole (11)
Pale yellow oil; yield: 87 mg (77%).
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H NMR (500 MHz, CDCl,): § = 8.22-8.10 (m, 2 H), 7.47-7.28 (m, 7 H),
2.73 (s, 3 H), 2.19 (s, 3 H).

13C NMR (126 MHz, CDCL): & = 162.22, 155.35, 135.92, 135.69,
131.37, 130.79, 130.22, 129.28, 128.54, 127.45, 126.84, 126.33, 17.57,
15.35.

HRMS (ESI): m/z [M + H]* caled for C;gH;gN5S: 282.1059; found:
282.1063.

1-(4-Chloro-2-methylphenyl)-5-(methylsulfanyl)-3-phenyl-1,2,4-
triazole (1m)

White solid; yield: 102 mg (81%); mp 88-89 °C.

'H NMR (500 MHz, CDCl;): § = 8.20-8.06 (m, 2 H), 7.50-7.39 (m, 3 H),
7.36 (s, 1 H), 7.33-7.22 (m, 2 H), 2.74 (s, 3 H), 2.17 (s, 3 H).

13C NMR (126 MHz, CDCl;): & = 162.44, 155.58, 137.90, 135.92,
134.21, 131.33, 130.58, 129.43, 128.73, 128.58, 127.05, 126.33, 17.59,
15.36.

HRMS (ESI): m/z [M + H]* calcd for C;gH;5CIN;S: 316.0670; found:
316.0673.

1-(4-Bromo-2-methylphenyl)-5-(methylsulfanyl)-3-phenyl-1,2,4-
triazole (1n)

Yellow solid; yield: 101 mg (70%); mp 109-111 °C.

H NMR (500 MHz, CDCl,): & = 8.18-8.11 (m, 2 H), 7.54 (s, 1 H), 7.51-
7.37 (m,4 H), 7.21 (d,J = 8.3 Hz, 1 H), 2.75 (s, 3 H), 2.18 (s, 3 H).

13C NMR (126 MHz, CDCly): & = 162.47, 155.51, 138.18, 134.76,
13431, 130.59, 130.05, 129.42, 128.96, 128.58, 126.34, 124.13, 17.55,
15.39.

HRMS (ESI): m/z [M + H]* calcd for C;¢H;5BrN;S: 360.0165; found:
360.0169.

1-Benzyl-5-(methylsulfanyl)-3-phenyl-1,2,4-triazole (10)

Colorless oil; yield: 8 mg (7%).

'H NMR (500 MHz, CDCl;): 6 = 8.14-8.03 (m, 2 H), 7.45-7.40 (m, 2 H),
7.39-7.32 (m, 3 H), 7.32-7.27 (m, 3 H), 5.30 (s, 2 H), 2.72 (s, 3 H).

13C NMR (126 MHz, CDCl;): & = 161.82, 153.57, 135.18, 130.96,
129.10, 128.77, 128.48, 128.14, 127.68, 126.24, 52.34, 15.92.

HRMS (ESI): m/z [M + H]* calcd for C;gH;gN5S: 282.1059; found:
282.1063.

4-[5-(Methylsulfanyl)-1-phenyl-1,2,4-triazol-3-yl]pyridine (1q)
White solid; yield: 46 mg (43%); mp 59-61 °C.
H NMR (500 MHz, CDCl;): & = 8.71 (dd, J = 4.6, 1.4 Hz, 2 H), 8.02 (dd,

J=4.5,1.5Hz, 2 H), 7.68-7.61 (m, 2 H), 7.54 (t, ] = 7.7 Hz, 2 H), 7.46 (t,
J=7.4Hz,1H),2.79 (s, 3 H).

13C NMR (126 MHz, CDCl;): & = 159.93, 155.04, 150.34, 138.01,
137.02, 129.46, 128.91, 123.80, 120.49, 15.80.

HRMS (ESI): m/z [M + H]* caled for C;4H;3N,S: 269.0855; found:
269.0859.

3-(Benzylsulfanyl)-5-(methylsulfanyl)-1-phenyl-1,2,4-triazole (1s)
Pale yellow oil; yield: 49 mg (39%).

TH NMR (500 MHz, CDCl,): 8 = 7.55 (d, ] = 7.8 Hz, 2 H), 7.51-7.43 (m, 4
H),7.40 (t,] = 7.4 Hz, 1 H), 7.31 (t,J = 7.4 Hz, 2 H), 7.28-7.22 (m, 1 H),
439(s, 2 H),2.70 (s, 3 H).

13C NMR (126 MHz, CDCl;): § = 160.63, 154.28, 137.50, 137.01,
129.30, 129.13, 128.46, 128.43, 127.32, 123.44, 36.30, 15.75.

HRMS (ESI): m/z [M + H]* calcd for C;gH;N5S,: 314.0780; found:
314.0785.

2-[5-(Methylsulfanyl)-1-phenyl-1,2,4-triazol-3-yl]pyridine (1t)
Colorless oil; yield: 76 mg (71%).

H NMR (500 MHz, CDCl,): & = 8.78 (d, ] = 44 Hz, 1 H), 8.20 (d, ] = 7.9
Hz, 1H),7.80(t,J = 7.7 Hz, 1 H), 7.68 (d, ] = 7.9 Hz, 2 H), 7.51 (t, ] = 7.7
Hz, 2 H), 7.44 (t,] = 7.4 Hz, 1 H), 7.36-7.29 (m, 1 H), 2.83 (s, 3 H).

13C NMR (126 MHz, CDCl3): & = 161.64, 154.88, 150.07, 149.51,
137.10, 136.73, 129.26, 128.76, 124.03, 123.92, 121.84, 15.83.

HRMS (ESI): m/z [M + H]" calced for C;4H;3N,S: 269.0855; found:
269.0864.

3-[5-(Methylsulfanyl)-1-phenyl-1,2,4-triazol-3-yl)pyridine (1u)
Pale yellow solid; yield: 66 mg (62%); mp 114-115 °C.

H NMR (500 MHz, CDCL): & = 9.39 (d, J=1.5 Hz, 1 H), 8.65 (dd,
J=438, 1.7 Hz, 1 H), 8.41 (dt, J= 7.9, 1.9 Hz, 1 H), 7.69-7.61 (m, 2 H),
7.58-7.50 (m, 2 H), 7.49-7.41 (m, 1 H), 7.37 (ddd, J = 7.9, 4.8, 0.6 Hz, 1
H), 2.79 (s, 3 H).

13C NMR (126 MHz, CDCl;): 8§ = 159.73, 154.67, 150.28, 147.97,
137.08, 133.60, 129.42, 128.73, 126.69, 123.73, 123.39, 15.80.

HRMS (ESI): m/z [M + H]" caled for C;4H;3N,S: 269.0855; found:
269.0860.

3-Methyl-5-(methylsulfanyl)-1-phenyl-1,2,4-triazole (1v)

Pale yellow oil; yield: 4 mg (5%).

'H NMR (500 MHz, CDCl3): 6 = 7.58-7.53 (m, 2 H), 7.52-7.45 (m, 2 H),
7.43-7.37 (m, 1 H), 2.70 (s, 3 H), 2.44 (s, 3 H).

13C NMR (126 MHz, CDCl;): & = 161.02, 153.34, 137.19, 129.28,
128.35, 123.65, 15.64, 14.02.

HRMS (ESI): m/z [M + H]* caled for C,H;,N3S: 206.0746; found:
206.0751.

1-(4-Chlorophenyl)-3-methyl-5-(methylsulfanyl)-1,2,4-triazole
(1w)

Pale yellow solid; yield: 7 mg (7%); mp 114-115 °C.

H NMR (500 MHz, CDCL,): & = 7.56-7.49 (m, 2 H), 7.49-7.40 (m, 2 H),
2.71(s,3 H),2.43 (s, 3 H).

13C NMR (126 MHz, CDCl;): 6 = 161.22, 153.50, 135.71, 134.01,
129.46, 124.76, 15.68, 13.99.

HRMS (ESI): m/z [M + H]* caled for C,oH;,CIN,S: 240.0357; found:
240.0360.

3-tert-Butyl-5-(methylsulfanyl)-1-phenyl-1,2,4-triazole (1x)
Yellow oil; yield: 72 mg (73%).

'H NMR (500 MHz, CDCl3): 6 = 7.56 (d, J=7.8 Hz, 2 H), 7.46 (t, ] = 7.7
Hz, 2 H),7.37 (t,J = 7.4 Hz, 1 H), 2.68 (s, 3 H), 1.41 (s, 9 H).

13C NMR (126 MHz, CDCl;): & = 172.02, 152.53, 137.46, 129.19,
128.08, 123.80, 33.04, 29.44, 15.84.

HRMS (ESI): m/z [M + H]* caled for C;3H;gN3S: 248.1216; found:
248.1219.
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