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Two methods for the synthesis of 3,5-diaryl-1,2,4-triazoles, both domino reactions, are reported. The first
procedure, the Cu(OTf),-catalyzed reaction between two amidines using NaHCOs3 as a base, 1,10-
phenanthroline as an additive and K3[Fe(CN)g]/atmospheric oxygen as the oxidant, delivers 3,5-diaryl-
1,2,4-triazoles with yields up to 68%. The second procedure for the synthesis of 3,5-diaryl-1,2,4-triazoles
with yields up to 64% rests on the Cu(OTf),-catalyzed reaction between two imidates and ammonium
carbonate. This method features the formation of three bonds in a single synthetic step.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Currently, the synthesis of heterocycles is receiving a strong
impetus from copper-catalysis.> The main reasons are that copper-
catalyzed cross couplings, such as the arylation between aryl ha-
lides and different nucleophiles, can be successfully performed
under relatively mild reaction conditions, are highly selective, tol-
erate a wide range of functional groups and use cheap reagents.’
Another advantage is that copper-catalyzed cross couplings can
be coupled with numerous other transformations to new domino
processes. In particular, the combination of copper-catalyzed C-, N-,
O- and S-arylations with copper-catalyzed oxidations* opens up
new prospects for the selective and efficient synthesis of hetero-
cycles in one pot.

1,2,4-Triazoles are important heterocycles since they exhibit
awide range of significant biological activities, including antifungal,
antibacterial, anticancer, antimicrobial and anticonvulsant activi-
ties.”® More recently, it has been reported that symmetrical tri-
azoles like the trisubstituted compound A are effective in inhibiting
the replication of the hepatitis C virus (Fig. 1). Trisubstituted 1H-

* Corresponding author. Fax: +49 711 459 22951; e-mail address: ubeifuss@
uni-hohenheim.de (U. Beifuss).
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1,2,4-triazoles B are compounds with promising antimycobacterial
and antimicrobial activities.”” 3,5-Disubstituted 1,2,4-triazoles act
as Ay receptor antagonists’¢ and 3,5-diaryl-1,2,4-triazoles, such as
C have been identified as selective inhibitors of 11B-hydroxysteroid
dehydrogenases type 1.”¢ Of particular interest are compounds like
3-(2-ethylphenyl)-5-(3-methoxyphenyl)-1H-1,2,4-triazole (DL111-
IT) (Fig. 1, D) that has been identified as a non-hormonal antifer-
tility agent.® It was demonstrated that DL111-IT inhibits the
synthesis of progesterone by inactivation of 3B-hydroxysteroid
dehydrogenase that it induces apoptosis in corpus luteum, and
inhibits the growth of embryos. In addition, there are also a number
of natural products with a 1,2,4-triazole skeleton. Typical examples
include the cytotoxic penipanoid A (Fig. 1, E), which has been iso-
lated from the marine sediment derived fungus Penicillium paneum
SD-44,° and 1-(B-p-ribofuranosyl)-1,2,4-triazole from the sea ur-
chin Glyptocidaris crenularis.'® 1,2,4-Triazoles and their derivatives
also play an important role as ligands in organometallic com-
pounds, as precursors for N-heterocyclic carbenes, as ionic liquids
and as corrosion inhibitors."! This is why the synthesis of 1,2,4-
triazoles is a topic receiving much attention.

Over the years, a number of general synthetic methods have
been developed for the preparation of the 1,2 4-triazoles.'”> Many of
them are based on the intramolecular condensation of acylami-
drazones,'® which can be obtained from amides or thioamides and
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Fig. 1. Selected biologically active compounds with a 1,2,4-triazole core.

hydrazides (Pellizzari reaction),' from diacylamines and hydra-
zines (Einhorn—Brunner reaction),”” from 1,2-diacylhydrazines and
ammonia,'?® or the acylation of amidrazones.'® Recently, 1,2,4-
triazoles have been obtained by in situ generation of primary acy-
lamidines and their reaction with hydrazines.!” More specific, the
synthesis of 3,5-diaryl-1,2,4-triazoles can be achieved by Pellizzari
reaction,'”~'*!8 the reaction between a hydrazide and a nitrile,'**"
an imidate,'° or an amidine.'”® Other methods for the synthesis of
3,5-diaryl-1,2,4-triazoles include the reaction between 3,6-diaryl-
1,2,4,5-tetrazines with acetonitrile derivatives under basic condi-
tions,?° the 1,3-dipolar cycloaddition between azodicarboxylates
and miinchnones, which is accompanied by elimination of carbon
dioxide,?! and the photolysis of 1,3,4-oxadiazoles in alcohols.??

In an early study T. Kauffmann et al. reported that 3,5-diphenyl-
1,2,4-triazole can be prepared by dimerization of sodium
benzamidine with equimolar amounts of CuCl or CuCl, in 1,2-
dimethoxyethane in the presence of oxygen.”>* However, so far
only a few methods are known, which allow for the copper-
catalyzed synthesis of 3,5-diaryl-1,2,4-triazoles. Among them is
the CuBr-catalyzed one pot reaction between 1.5 equiv of an ami-
dine and 1 equiv of a nitrile using 3 equiv CsCOs3 as the base and
aerial oxygen as the oxidant.>*" Recently, Fu et al. reported on the
intramolecular oxidative cyclization of 2,4-diaryl-1,3,5-triazapenta-
1,3-dienes to the corresponding 3,5-diaryl-1,2,4-triazoles using el-
emental copper as the catalyst and oxygen as the oxidant for 48 h at
120 °C.2*¢ The 2,4-diaryl-1,3,5-triazapenta-1,3-dienes, which were
not isolated were obtained by the copper-catalyzed reaction of two
amidines using Cs;COj3 as the base under an atmosphere of nitrogen
for 24 h at 120 °C. Here, we report a) that both the intermolecular
nucleophilic substitution and the copper-catalyzed intramolecular
oxidative ring closure to the 3,5-diaryl-1,2,4-triazoles can be per-
formed as a domino reaction under identical reaction conditions
and b) that 3,5-diaryl-1,2,4-triazoles can be obtained by a copper-
catalyzed domino reaction between two imidates and an ammo-
nium source in a single synthetic operation.

2. Results and discussion

For the transformation between two amidines, the reaction of
two molecules benzamidine hydrochloride (1a) was chosen as
a model. When 1 mmol 1a was reacted in the presence of 20 mol %
CuBr as the catalyst and 3 equiv K,CO3 in DMF at 110 °C for 20 h in
a sealed vial the required 3,5-diphenyl-1,2,4-triazole (2a) was

isolated with 17% yield (Table 1, entry 1). The yield of 2a could be
improved slightly to 24% and 27%, respectively, when the model
reaction was performed in the presence of 20 mol % 1,10-
phenanthroline (1,10-phen) as an additive at 130 °C for 24 h in
DMF and o-dichlorobenzene, respectively (Table 1, entries 2 and 3).
Interestingly, the yield of 2a could be almost doubled to 53% when
CuBr was replaced with Cu(OTf), (Table 1, entry 4). A similar yield
was observed with NaHCOs as the base (Table 1, entry 5).

Table 1
Initial experiments for the copper-catalyzed synthesis of 3,5-diphenyl-1,2,4-triazole
(2a) from benzamidine hydrochloride (1a)*

20 mol% catalyst
NH 3 equiv base

20 mol% 1,10-phen N

NH,-HCI  solvent, air =
2 HN<\/
N

1a 2a
Entry Catalyst Base Solvent T(°C) Time (h) Yield (%)
1P CuBr K»CO3 DMF 110 20 17
2 CuBr K>CO3 DMF 130 24 24
3 CuBr K5CO3 o-Dichlorobenzene 130 24 27
4 Cu(OTf), KyCOs3 o-Dichlorobenzene 130 24 53
5 Cu(OTf), NaHCOs; o-Dichlorobenzene 130 24 50

2 All reactions were performed using 1 mmol of 1a in 3 mL solvent in a sealed vial.
The temperatures given refer to oil bath temperatures.
b The reaction was performed in the absence of 1,10-phenanthroline.

We assumed that the yield of the intramolecular oxidative
coupling could be improved by running the reaction with a more
suitable oxidant. J. D. Bower and G. R. Ramage have reported that
the oxidative ring closure of 2-(2-aminoethyl)pyridine to 1,7a-
diazaindene via intramolecular oxidative N,N-coupling can be
achieved by using an aqueous alkaline solution of K;[Fe(CN)g] as
the oxidant.”* When benzamidine hydrochloride (1a) was reacted
with 20 mol % Cu(OTf); as the catalyst, 3 equiv NaHCOj3 as a base,
20 mol % 1,10-phenanthroline as an additive and 20 mol %
K3[Fe(CN)g] as the oxidant in o-dichlorobenzene at 130 °C for 44 h
under air the desired 3,5-diphenyl-1,2,4-triazole (2a) was obtained
in 59% (Table 2, entry 1). The yield of 2a was further increased to
63% by shortening the reaction time to 24 h (Table 2, entry 2). The
yield failed to improve with K,COs as the base (Table 2, entry 3). It
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Table 2
Optimization of the copper-catalyzed synthesis of 2a from 1a and control
experiments®
20 mol% Cu(OTf),
3 equiv base
20 mol% 1,10-phen
NH 20 mol% Ka[Fe(CN)g]

NH,-HC| o-dichlorobenzene, 130 °C =N
2 HN~/

1a 2a
Entry Catalyst Base Additive Atmosphere Time (h) Yield (%)
1 Cu(OTf), NaHCO; 1,10-Phen Air? 44 59
2 Cu(OTf), NaHCO; 1,10-Phen Air? 24 63
3 Cu(OTf), K,CO3 1,10-Phen  Air? 24 50
4 Cu(OTf), NaHCO; 1,10-Phen Air® 24 23
5 Cu(OTf), NaHCO; 1,10-Phen 0,° 24 23
6 — NaHCO3; 1,10-Phen Air? 24 5
7 Cu(OTf), — 1,10-Phen  Air? 24 —
8 Cu(OTf), NaHCO; — Air? 24 37
9 Cu(OTf), NaHCO; 1,10-Phen Ar" 24 41

2 The reactions were performed with 1 mmol of 1a in 3 mL o-dichlorobenzene in
a sealed vial. The temperature given refers to oil bath temperature.

b The reactions were performed with 1 mmol of 1a in 3 mL o-dichlorobenzene in
a round-bottomed flask equipped with a reflux condenser.

was demonstrated that the reaction could also be run in an open
round-bottomed flask; however, the yield of 2a dropped to 23%
(Table 2, entries 4 and 5).

Then, some control experiments were performed. For this pur-
pose, the model reaction was run in the absence of a) a copper
source, b) any base, c) 1,10-phenanthroline and d) aerial oxygen.
These experiments clearly established that the reaction cannot be
run successfully in the absence of a copper source or in the absence
of a base. Without a copper source, 2a was isolated in only 5% (Table
2, entry 6). When the reaction was run without a base, not even
a trace of 2a could be detected (Table 2, entry 7). Interestingly, the
reaction takes place in the absence of an additive (Table 2, entry 8)
or in the absence of aerial oxygen (Table 2, entry 9). However, in
both cases the yields of 2a were considerably lower than under the
conditions given in Table 2, entry 2.

In the next set of experiments the influence of different amounts
of Cu(OTf),, 1,10-phenanthroline and K3[Fe(CN)g] on the outcome of
the model reaction was studied. With 20 mol % Cu(OTf), and
20 mol % Ks[Fe(CN)g], the amount of 1,10-phenanthroline was
gradually reduced from 20 mol % to 15 mol % and 10 mol %. Since
the yields of 2a dropped from 63% to 52% and 38%, respectively
(Table 3, entries 1—3) all further experiments were performed with
20 mol % 1,10-phenanthroline. Remarkably, a reduction of the
amount of Cu(OTf), from 20 to 15 mol % had only little influence on
the outcome of the model reaction; the yields of 2a were nearly
identical (Table 3, entry 4). However, neither an increase of the
amount of K3[Fe(CN)g] to 40 mol % nor a decrease to 15 mol % had
a positive effect on the yield of 2a (Table 3, entries 5 and 6). More
significantly, the amount of Cu(OTf), could be lowered from 15 to
10 and 5 mol %, respectively, without a drastic loss in yield (Table 3,
entries 7 and 8): with only 5 mol % Cu(OTf),, the yield of 3,5-
diphenyl-1,2,4-triazole (2a) still amounted to 52% (Table 3, entry
8). Gratifyingly, the yield of 2a could be improved to 60%, when the
amount of K3[Fe(CN)g] was increased to 30 mol % (Table 3, entry 9).
As aresult of these experiments, all further reactions were run with
5 mol % of a copper catalyst, 3 equiv of a base, 20 mol % of an ad-
ditive and 30 mol % of K3[Fe(CN)g] in o-dichlorobenzene at 130 °C
for 24 h.

The experiments performed so far revealed that the copper
catalyst has a decisive influence on the successful formation of 2a.
This is why the influence of different copper sources on the out-
come of the reaction was studied in more detail. For this purpose,

Table 3
Influence of the amounts of Cu(OTf),, 1,10-phenanthroline and K3[Fe(CN)g] on the
yields of 2a*
Cu(OTf),, 3 equiv NaHCO3
1,10-phen, K3[Fe(CN)e]
NH .
o-dichlorobenzene

NH,-HCI 130 °C, air, 24 h =N
2 HN</

1a 2a

Entry Cu(OTf); (mol %) 1,10-Phen (mol %) Ks[Fe(CN)g] (mol %) Yield (%)

1 20 20 20 63
2 20 15 20 52
3 20 10 20 38
4 15 20 20 62
5 15 20 40 55
6 15 20 15 48
7 10 20 20 57
8 5 20 20 52
9 5 20 30 60

2 The reactions were performed with 1 mmol of 1a in 3 mL o-dichlorobenzene in
a sealed vial. The temperature given refers to oil bath temperature.

the reaction was performed with a number of Cu(II)- and Cu(I) salts
as well as with elemental copper under the conditions of Table 3,
entry 9 (Table 4). It was found that the reaction can not only be run
with other Cu(II) salts, such as Cu(OAc);, CuCl, and CuSOy4 (Table 4,
entries 1—3), but also with Cu(l) salts like Cul, CuBr and CuCN (Table
4, entries 4—6). Even with elemental copper the formation of 2a
was achieved (Table 4, entry 7). However, with none of these cat-
alysts the yield exceeds the yield observed with Cu(OTf),. In sum-
mary, the experiments clearly demonstrated that Cu(OTf), is the
most suitable catalyst for the conversion of 1a into 2a. Next, the
influence of a number of bases, including Cs,CO3, K3sPO4 and NaOEt,

Table 4
Influence of different copper sources, bases, additives and oxidants on the synthesis
of 2a from 1a*

5 mol% catalyst

3 equiv base, 20 mol% ligand

NH 30 mol% oxidant
o-dichlorobenzene N
[ j NH,*HCI 130 °C, air, 24 h = >_©
2 HN ./
N
1a 2a

Entry Catalyst Base Additive Oxidant Yield (%)
1 Cu(OAc), NaHCO; 1,10-Phen K3[Fe(CN)s] 49
2 CuCl, NaHCO;  1,10-Phen K3[Fe(CN)s] 48
3 CuSO4 NaHCO;  1,10-Phen Ks[Fe(CN)s] 39
4 Cul NaHCO;  1,10-Phen Ks[Fe(CN)s] 50
5 CuBr NaHCO3 1,10-Phen K3[Fe(CN)s] 53
6 CuCN NaHCO;  1,10-Phen K3[Fe(CN)s] 36
7 Cu NaHCO;  1,10-Phen Ks[Fe(CN)s] 41
8 Cu(OTf),  CspCOs 1,10-Phen K3[Fe(CN)sg] 5
9 Cu(OTf),  K3PO4 1,10-Phen Ks[Fe(CN)s] 13
10 Cu(OTf),  NaOEt 1,10-Phen Ks[Fe(CN)s] 14
11 Cu(OTf),  NaOH 1,10-Phen Ks[Fe(CN)s] 34
12 Cu(OTf), DBU 1,10-Phen Ks[Fe(CN)s] —
13 Cu(OTf), NaHCOs; Pivalic acid Ks[Fe(CN)s] 53
14 Cu(OTf), NaHCO; DMEDA Ks[Fe(CN)s] 50
15 Cu(OTf), NaHCO3 2-Aminopyridine K3[Fe(CN)s] 54
16 Cu(OTf), NaHCO3; 8-Hydroxy quinoline Ks[Fe(CN)s] 26
17 Cu(OTf), NaHCOs3 i1-Proline Ks[Fe(CN)s] 12
18 Cu(OTf), NaHCOs; Picolinic acid K3[Fe(CN)s] 59
19 Cu(OTf), NaHCOs; 1,10-Phen Ag,CO3 53
20 Cu(OTf), NaHCO; 1,10-Phen K5S20s 33
21 Cu(OTf), NaHCOs; 1,10-Phen PhI(OAc), 31
22 Cu(OTf), NaHCOs; 1,10-Phen TEMPO 23
23 Cu(OTf), NaHCOs; 1,10-Phen FeCl; 13

2 The reactions were performed with 1 mmol of 1a in 3 mL o-dichlorobenzene in
a sealed vial. The temperature given refers to oil bath temperature.
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NaOH and DBU was studied (Table 4, entries 8—12). Surprisingly,
none of those was suitable for the transformation of 1a into 2a.

Even if the model reaction could be performed in the absence of
any additive, it was clear from the experiments with 1,10-
phenanthroline that the yield of 2a can be improved significantly
by using an additive. This is why the influence of several other
additives on the outcome of the transformation was investigated.
It was shown that the reaction can be conducted in the presence
of a number of additives, including pivalic acid, DMEDA, 2-
aminopyridine, 8-hydroxy quinoline, L-proline and picolinic acid
(Table 4, entries 13—18). With pivalic acid, DMEDA and 2-
aminopyridine the yields were in the range between 50 and 54%.
Picolinic acid proved to be a particularly valuable alternative to
1,10-phenanthroline, since the yield observed with this additive
nearly matches the yield obtained with 1,10-phenanthroline (Table
4, entry 18).

Finally, the influence of the oxidant on the domino reaction of 1a
was briefly examined. When Ks[Fe(CN)g] was replaced by Ag,COs,
the yield dropped to 53% and there was a further decrease to 33%
and 31%, when K;S,0s and PhI(OAc),, respectively, were used as
oxidants (Table 4, entries 19—21). In the case of TEMPO, the yield
obtained was 23% (Table 4, entry 22). With FeCl; the yield de-
creased significantly to 13% (Table 4, entry 23).

The optimization of the model reaction of 1a to 2a with regard
to the copper source, the base, the additive, the oxidant, the solvent
and the reaction conditions clearly demonstrated that the highest
yield of 2a was obtained when 1 equiv of 1a was reacted in the
presence of 5 mol % Cu(OTf);, 3 equiv NaHCO3, 20 mol % 1,10-
phenanthroline and 30 mol % K3[Fe(CN)g] in o-dichlorobenzene at
130 °C under air for 24 h (Table 3, entry 9).

With the optimized conditions in hand, the substrate scope of
the copper-catalyzed domino reaction was evaluated. It could be
demonstrated that in addition to 1a, numerous substituted amidine
hydrochlorides 1b—I carrying different substituents on the phenyl
ring could be employed as substrates to produce the corresponding
substituted 3,5-diaryl-1,2,4-triazoles 2b—1 with yields ranging from
41 to 68% as the sole products (Table 5, entries 2—12). Apart from
the phenyl compounds 1a—1 the reaction could also be performed
with the naphthyl derivative 1m as the substrate (Table 5, entry 13).
Remarkably, the substituents on the phenyl ring of the amidine
exert a strong influence on the triazole formation. It was found that
+I- or +M substituents in para-position have a positive influence
on the yields. As an example, the p-methoxy derivative 1e delivered
the triazole 2e in 68% yield while with the m-methoxy derivative 1d
the yield of the corresponding triazole 2d didn’t exceed 54% (Table
5, entries 4 and 5). It should be mentioned that aliphatic amidines,
such as acetamidine hydrochloride and cyclopropaneamidine hy-
drochloride, did not react under the reaction conditions reported in
Table 3, entry 9.

Some of the amidine hydrochlorides 1a—c,ik,1 employed in this
study are commercially available, some others 1d—h,j,m had to be
synthesized. Amidine hydrochlorides 1d—h,j,m were prepared by
reaction of the corresponding imidate hydrochlorides 4d—h,j,m
with ammonia in methanol with yields ranging between 67 and
91% (Scheme 1).2°? The required imidate hydrochlorides 4b—hj,m
could be obtained by treatment of the corresponding nitriles
3b—h,j,m with ethanol and acetyl chloride.?® Using this method
the imidate hydrochlorides 4b—h,j,m were obtained with yields
between 73 and 95%.

The high-yielding and simple to perform access to imidates
prompted us to consider developing a new method for the syn-
thesis of 3,5-diaryl-1,2,4-triazoles 2, that is, based on a domino
reaction between two imidates and an ammonia source (Scheme
2). It was suggested that in the first step an imidate A would re-
act with the ammonia source B to give the corresponding amidine C
as an intermediate. Reaction of C with a second imidate A would

Table 5

Synthesis of 3,5-diaryl-1,2,4-triazoles 2a—m from amidine hydrochlorides 1a—m*

NH

NH,-HCI

5 mol% Cu(OTf),

3 equiv NaHCO3

20 mol% 1,10-phen
30 mol% K3[Fe(CN)g]

o-dichlorobenzene Ar

130 °C, air, 24 h

- /%Ar

Entry

Product

Yield (%)

w

HN\N
OMe

_N
Aot

HN\N

MeO@\éN

OMe

2f
OMe

MeO
MeO :

HN\N

HN\N

Cl
2h

60

54

58

54

68

67

67

48
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Table 5 (continued )

Entry Product Yield (%)
Cl
7
HN~
2i
F
7
HN\N: <>
2j
OZN/QéN
11 7 41
HN\N@
NO,
2k
CF;
CF3
12 FaC =N 41
7
HN\N
CF3
21

13 O 52
0~

¢ The reactions were performed with 1 mmol of 1 in 3 mL o-dichlorobenzene in
a sealed vial. The temperature given refers to oil bath temperature.

V
HN~\

2m

amidine hydrochlorides 1a—m, i.e., with 5 mol % Cu(OTf),, 3 equiv
NaHCOs3, 20 mol % 1,10-phenanthroline and 30 mol % K3[Fe(CN)g] in
o-dichlorobenzene at 130 °C under air for 24 h. Gratifyingly, 3,5-
diphenyl-1,2,4-triazole (2a) was formed with 42% yield as the
sole product under these conditions (Scheme 3).

5 mol% Cu(OTf),
3 equiv NaHCO3
20 mol% 1,10-phen

NH -HCI 30 mol% Kz[Fe(CN)g]
o-dichlorobenzene N
OEt o =
+ 130 °C, air, 24 h
2 (NH,)2COq HNW)—@
4a 5a 2a  42%
(1 mmol) (0.5 mmol)

Scheme 3. Initial experiment for the copper-catalyzed synthesis of 2a from two ethyl
benzimidate hydrochloride (4a) and ammonium carbonate (5a).

This result clearly demonstrated that the triazole formation can
also be achieved by using two imidates and an ammonia source as
the substrates. To increase the yield of the triazole, a number of
experiments were performed (Table 6). First, the influence of the
ratio of ethyl benzimidate hydrochloride (4a) and ammonium
carbonate (5a) was studied. It was found that the yield of 2a could
be raised from 42 to 52% when the molar ratio of 4a and 5a was
changed from 2:1 to 1:1 (Table 6, entry 1). A further increase of the
amount of 5a didn’t pay off (Table 6, entry 2). However, the yield of
2a could be improved to 60% when the amount of Cu(OTf), was
doubled from 5 mol % to 10 mol % (Table 6, entry 3). Finally, we
focused on the role of different ammonia sources. For this purpose,
the model reaction was run with several ammonium salts (Table 6,
entries 4—7). It was found that 2a was formed with ammonium
carbamate (5b), ammonium acetate (5¢), ammonium formate (5d)
and ammonium chloride (5e), but in all cases the yields were in-
ferior compared to ammonium carbonate (5a). To sum up, the
highest yield of 2a was obtained when 1 equiv of ethyl benzimi-
date hydrochloride (4a) and 1 equiv of ammonium carbonate (5a)
were reacted in the presence of 10 mol % Cu(OTf);, 3 equiv
NaHCOs, 20 mol % 1,10-phenanthroline and 30 mol % K3[Fe(CN)g]
in o-dichlorobenzene at 130 °C under air for 24 h.

CH,COCI NH -HCI NH
0°C to rt, 24-48 h NHy/MeOH
R-CN + EtOH — "~~~ R)kOEt R)J\NHZ'HQ
MeOH
3b-h.jm 73-95 % ab-hjm 7919 1d-h,j,m

Scheme 1. Synthesis of imidate hydrochlorides 4b—h,j,m and amidine hydrochlorides 1d—h,j,m from nitriles 3b—hj,m.>®

NH
A
NH NH EO, A )NLH )N\Hz AN
+ NHz; —— EEE—— “ - > A
Ar)kOEt ° Ar)kNHz Ar” TNT A HN\N/% r
A B c D E

Scheme 2. Proposed synthesis of 3,5-diaryl-1,2,4-triazoles from imidates A and an ammonia source B.

result in the formation of an 2,4-diaryl-1,3,5-triazapenta-1,3-diene
D, which could undergo oxidative ring closure to the triazole E.
However, it is also possible that two molecules of C react under
formation of D and ammonia.

To test the feasibility of this approach, 1 mmol of ethyl benzi-
midate hydrochloride (4a) and 0.5 mmol of ammonium carbonate
(5a) were reacted under the conditions that had proven successful
for the preparation of 3,5-diaryl-1,2,4-triazoles 2a—m from

After optimizing the model reaction, we focused on the sub-
strate scope of the new triazole synthesis. For this purpose,
a number of imidate hydrochlorides 4a—h,j carrying different
substituents on the phenyl ring were synthesized from the corre-
sponding nitriles and reacted with ammonium carbonate (5a) un-
der the conditions given in Table 6, entry 3. It was found that
a number of substituents, such as methyl-, methoxy-, chloro- and
fluoro, were tolerated (Table 7, entries 2—9). The yields of the

Please cite this article in press as: Sudheendran, K.; et al., Tetrahedron (2014), http://dx.doi.org/10.1016/j.tet.2014.01.019




6 K. Sudheendran et al. / Tetrahedron xxx (2014) 1-11

Table 6
Optimization of the synthesis of 2a from ethyl benzimidate hydrochloride (4a) and
different ammonium salts 5%
Cu(OTf),
3 equiv NaHCO3
20 mol% 1,10-phen

0,
NH -HCI 30 rnol % K3[Fe(CN)g]

o-dichlorobenzene

: _N
2©)‘\0E1 + (NHg)X 130°C,air, 24 h ) />_®
N

4a 5 2a

Entry Ammonia source Ammonia source (mmol) Cu(OTf), (mol %) Yield (%)

1 (NH4)CO05 (52) 1 5 52
2 (NH4),CO; (5a) 2 5 53
3 (NH4)CO5 (52) 1 10 60
4 NH,CO,NHy4 (5b) 2 10 49
5 CH3CO,NHy (5¢) 2 10 29
6 HCO,NH, (5d) 2 10 45
7 NH,CI (5e) 2 10 46

2 The reactions were performed with 1 mmol of 4a in 3 mL o-dichlorobenzene in
a sealed vial. The temperature given refers to oil bath temperature.

Table 7
Copper-catalyzed synthesis of 3,5-diaryl-1,2,4-triazoles 2a—h,j,m from imidate hy-
drochlorides 4a—h,j,m and ammonium carbonate (5a)*

10 mol% Cu(OTf),

3 equiv NaHCO3

20 mol% 1,10-phen

30 mol% Ks[Fe(CN)g]

NH -HClI o-dichlorobenzene Ar. N
+ 130 °C, air, 24 h ~ >—Ar
2 Ar)J\OEt (NH4),CO5 HN\N/>_
4 5a 2
Entry Product Yield (%)
_N
HN~
2a
_N
/
2 HN= 60
2b

V
HN-

C

2
Meo/©\4N
) @ 57
OMe

HN~\

2d

_N
° />_©70Me o
HN~\

2e

Table 7 (continued )

Entry Product Yield (%)
MeO
MeO&N
6 OMe 64
7
HN< N: ( 2
OMe
2f
OMe
MeO
OMe
7 MeO _N oMe 62
7
HN< N
OMe
2g
C|/©\4N
8 / 40
HN\N@
Cl
2h
F
. \©\4N>_@7 56
/ F
HN- N
2j

—

V
HN~y

2 The reactions were performed with 1 mmol of 4 in 3 mL o-dichlorobenzene in
a sealed vial. The temperature given refers to oil bath temperature.

2m

corresponding 3,5-diaryl-1,2,4-triazoles 2 were in the range be-
tween 40 and 64%. In addition to the phenyl compounds 4a—h,j the
reaction could also be performed with the naphthyl derivative 4m
(Table 7, entry 10).

With respect to the mechanism of the two methods presented
here?3“?% it is assumed that C is a common intermediate (Scheme 4).
It can either be formed by reaction of two amidines A or by reaction
of two imidates B and ammonia. Coordination of C>3“2°%&" with
a Cu?" ion delivers D,%%¢ which reacts with a second molecule C to
furnish the copper complex E.?5%“f Oxidative cyclization using O as
the oxidant gives two triazoles Fand H;O0. Alternatively, K3[Fe(CN)s]
can act as the oxidant for the N,N-bond formation. In accordance
with earlier reports**?3“2% it is assumed that the N,N bond forma-
tion is initiated by a copper-catalyzed one electron oxidation to form
the corresponding radical, which undergoes N,N coupling. After the
oxidative ring closure a second copper-catalyzed one electron oxi-
dation occurs, which delivers the triazole.

The structures of all triazoles 2 were elucidated by mass spec-
trometry and NMR spectroscopy. In case of the already known
compounds 2a—e,i,k the structural confirmation was also done by
comparison with the literature data. Full assignment of the 'H and
13C chemical shifts of the unknown compounds 2f—hj,Im was
achieved by evaluating their gCOSY, gHSQC and gHMBC spectra. As
an example, four singlets in the 'H NMR spectrum represent the
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HN HN
2 2 N enn
R” TNH, R” “OEt s
A
Nucleophilic substitution
NH; 2 EtOH
NH  NH,
HN—N _
2 H,0 and/or Fe(ll) + 2 )\\ J\ R” >N R
R” N7 "R c
F

Oxidative ring closure

cu'L,
2HL + O, and/or Fe(lll) HL
R N R
T
I NH H
> I
\ 4 AU
/CL{ N NH,
NHz N )l\ /)\
A o
X
R N R D
E
NH  NH,
R)J\N/ R
HL c

Scheme 4. Plausible mechanism for the Cu(OTf),-catalyzed oxidative cyclization for
the synthesis of 1,2,4-triazoles.

symmetrical compound 2g, i.e., 6=14.37 (NH), 6=7.39 (2’-H/6'-H),
0=3.89 (1”-H and 3”-H), 6=3.73 ppm (2”-H). The 3}-gHMBC corre-
lation between 2’-H/6’-H with C-5/C-3 provides evidence for the
connection of both aromatic ring systems to the triazole moiety.
The chemical shift of C-4’ at =138.7 ppm was unambiguous by the
strong >J-gHMBC correlation between C-4' and 2/-H/6'-H. The
remaining quaternary carbons C-1’ (6=124.9 ppm) and C-3'/C-5’
(6=153.2 ppm) were assigned on the basis of weak 2J—'H—13C long
range couplings with the adjacent aromatic protons 2’-H/6’-H as
shown in Fig. 2.

«»3JgHMBC == 2JgHMBC

Fig. 2. Important gHMBC correlations of compound 2g.

Unambiguous evidence for the structure of the 2a was produced
by X-ray structure analysis. For this purpose the crystals of 2a were
studied by X-ray crystal structure analysis (see Supplementary
data).?’

3. Conclusion

In summary, two easy to perform and efficient methods for the
synthesis of 3,5-diaryl-1,2,4-triazoles 2 in a single preparative step

have been developed. The first approach is based on a copper-
catalyzed domino intermolecular nucleophilic substitution/
oxidative ring closure between two molecules of an amidine
hydrochloride in a single pot. Here two bonds are formed in one-
step. Best results were achieved when 1 equiv of the amidine hy-
drochloride 1 was reacted in the presence of 5 mol % Cu(OTf),,
3 equiv NaHCOs3, 20 mol % 1,10-phenanthroline and 30 mol %
K3[Fe(CN)s] in 3 mL o-dichlorobenzene at 130 °C under air for 24 h.
Using this protocol, the 3,5-diaryl-1,2,4-triazoles 2 were obtained
exclusively with yields ranging from 41 to 68%. The 3,5-diaryl-1,2,4-
triazoles can also be obtained in one pot by a copper-catalyzed
domino reaction between two molecules of an imidate hydro-
chloride 4 and an ammonium source 5. The reaction of 1 equiv of an
imidate hydrochloride 4 and 1 equiv of ammonium carbonate (5a)
in the presence of 10 mol % Cu(OTf), 3 equiv NaHCOs3, 20 mol %
1,10-phenanthroline and 30 mol % Ks[Fe(CN)g] in 3 mL o-di-
chlorobenzene at 130 °C under air for 24 h allows for the exclusive
formation of the 3,5-diaryl-1,2,4-triazoles 2 with yields up to 64%.
Using this method, two C,N bonds and one N,N bond are formed in
a single synthetic step.

4. Experimental section
4.1. General

All chemicals were purchased from commercial suppliers. Sol-
vents used in extraction and purification were distilled prior to use.
Analytical thin layer chromatography (TLC) was performed on pre-
coated silica gel 60 F245 aluminium plates (Merck) with visualiza-
tion under UV light and by immersion in ethanolic vanillin solution
followed by heating. Flash chromatography was carried out on silica
gel MN 60, 0.04—0.053 mm (Macherey & Nagel). Melting points
were determined on a Kofler melting point apparatus and are un-
corrected. IR spectra were measured on a Perkin—Elmer Spectrum
One (FT-IR spectrometer). 'H and >C NMR spectra were recorded at
300 (75) MHz on a Varian Unity Inova instrument using CDCls,
CD50D and DMSO-dg as the solvent. The 'H and '3C chemical shifts
were referenced to residual solvent signals at § H/C 7.26/77.00
(CDCl3), 3.31/49.10 (CD30D) and 2.50/39.50 (DMSO-dg) relative to
TMS as internal standard. HSQC-, HMBC- and COSY-spectra were
recorded on an NMR spectrometer at 300 MHz. Coupling constants J
[Hertz] were directly taken from the spectra and are not averaged.
Splitting patterns are designated as s (singlet), d (doublet), t (triplet),
m (multiplet) and br (broad). Low resolution electron spray ionisa-
tion mass spectra (ESI-LRMS) and exact electron spray ionisation
mass spectra (HRMS) were recorded on a Bruker Daltonics (micro
TOFQ) instrument. The intensities are reported as percentages rel-
ative to the base peak (I=100%).

4.2. General procedure I for the synthesis of imidate hydro-
chlorides 4b—h,j,m?*"

The benzonitrile 3 (15 mmol) was dissolved in ethanol
(180 mmol) and cooled to 0 °C. Acetyl chloride (120 mmol) was
added drop wise to the reaction mixture. The reaction mixture
was stirred at room temperature for 24—48 h. Then, the reaction
mixture was evaporated in vacuo. The crude product was washed
with diethyl ether (3x20 mL) and petroleum ether (3x20 mL).
Recrystallization from ethanol afforded the imidate hydrochlo-
ride 4.

4.2.1. Ethyl-3-methylbenzimidate hydrochloride (4b). Compound 3b
(1.76 g, 15 mmol) was reacted under the conditions of general
procedure I for 24 h to deliver ethyl-3-methylbenzimidate hydro-
chloride (4b) as a white solid in 93% yield (2.80 g, 14.0 mmol): mp
131-133 °C; Ry 0.63 (EtOAc/CH30H=4:1); IR (ATR) ¥ 2997, 2777,
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1633, 1591, 1461, 1436, 1381, 1356, 1121, 1072, 875, 857, 729,
670 cm™'; UV (CH3CN) Amax (log £) 248 nm (4.02); 'H NMR
(300 MHz, CD30D) 6 1.62 (t, 3j=6.9 Hz, 3H, 4'-H), 2.47 (s, 1"-H), 4.67
(q,3]=6.9 Hz, 2H, 3'-H), 7.53 (t-like, 3] (4-H, 5-H), (5-H, 6-H)=7.8 Hz,
1H, 5-H), 7.65 (d, 3] (4-H, 5-H)=7.8 Hz, 1H, 4-H), 7.88 (overlapped,
2H, 2-H and 6-H); 13C NMR (75 MHz, CD30D) 6 13.9 (C-4'), 21.2 (C-
1), 71.3 (C-3'),127.1 (C-1),127.2 (C-2),130.3 (C-6), 130.4 (C-5), 137.6
(C-4), 141.0 (C-3), 1745 (C-1); MS (ESI) mjz (%) 186 (10)
[M—HCI+Na]*, 164 (55) [M—HCI+1]*, 136 (100), 119 (8); HRMS
(ESI) calcd for C1gH14NO 164.1075, found 164.1064.

4.2.2. Ethyl-4-methylbenzimidate hydrochloride (4c)?%*! Compound
3c (1.76 g, 15 mmol) was reacted under the conditions of general
procedure I for 24 h to deliver ethyl-4-methylbenzimidate hydro-
chloride (4c) as a white solid in 95% yield (2.85 g, 14.0 mmol).

4.2.3. Ethyl-3-methoxybenzimidate hydrochloride (4d)>5P31

Compound 3d (2.00 g, 15 mmol) was reacted under the conditions of
general procedure I for 24 h to deliver ethyl-3-methoxybenzimidate
hydrochloride (4d) as a white solid in 82% yield (2.65 g, 12.3 mmol).

4.2.4. Ethyl-4-methoxybenzimidate hydrochloride (4e) 28031

Compound 3e (2.00 g, 15 mmol) was reacted under the conditions of
general procedure I for 24 h to deliver ethyl-4-methoxybenzimidate
hydrochloride (4e) as a white solid in 78% yield (2.52 g, 11.7 mmol).

4.2.5. Ethyl-34-dimethoxybenzimidate —hydrochloride (4f).5*%!
Compound 3f (2.45 g, 15 mmol) was reacted under the conditions
of general procedure I for 48 h to deliver ethyl-34-
dimethoxybenzimidate hydrochloride (4f) as a white solid in 83%
yield (3.06 g, 12.5 mmol).

4.2.6. Ethyl-3,4,5-trimethoxybenzimidate  hydrochloride  (4g).
Compound 3g (2.9 g, 15 mmol) was reacted under the conditions of
general procedure 1 for 48 h to deliver ethyl-3,4,5-
trimethoxybenzimidate hydrochloride (4g) as a white solid in
79% yield (3.27 g, 11.9 mmol): mp 165-167 °C; Ry 0.58 (EtOAc/
CH30H=4:1); IR (ATR) v 2839, 1624, 1587, 1469, 1427, 1357, 1315,
1243, 1121, 1071, 998, 856, 735, 704 cm™'; UV (CH3CN) Amax (log )
217 (4.43), 295 nm (3.97); 'H NMR (300 MHz, CD30D) 6 1.63 (t, 3J
(3’-H, 4-H)=6.9 Hz, 3H, 4'-H), 3.88 (s, 3H, 2"-H), 3.93 (s, 6H, 1”-H
and 3'-H), 4.66 (q, 3J (3'-H, 4-H)=6.9 Hz, 2H, 3'-H), 7.39 (s, 2H, 2-H
and 6-H); 13C NMR (75 MHz, CDs0D) 6 14.0 (C-4'), 57.2 (C-1" and C-
3"),61.5(C-2"),71.3(C-3"),108.0 (C-2 and C-6),121.6 (C-1),146.0 (C-
4),155.0 (C-3 and C-5),173.6 (C-1"); MS (EI, 70 eV) m/z (%) 239 (20)
[M—HCI]*, 211 (10), 193 (24), 178 (12), 150 (4); HRMS (EI, M) calcd
for C1oH17NO4 239.1158, found 239.1161.

4.2.7. Ethyl-3-chlorobenzimidate hydrochloride (4h). Compound 3h
(2.06 g, 15 mmol) was reacted under the conditions of general pro-
cedure I for 24 h to deliver ethyl-3-chlorobenzimidate hydrochloride
(4h)as awhite solid in 73% yield (2.41 g,11.0 mmol): mp 107—108 °C;
Rr0.63 (EtOAc/CH30OH=4:1); IR (ATR) 7 1720, 1623, 1569, 1426, 1382,
1365, 1291, 1279, 1254, 1122, 1072, 1012, 747, 674 cm~'; UV (CH3CN)
Amax (log €) 204 (4.73), 276 nm (2.92); 'H NMR (300 MHz, CD;0D)
01.63 (t,3 (3'-H, 4'-H)=7.2 Hz, 3H, CH3), 4.69 (q, J=7.2 Hz, 2H, CH>),
7.66(t,3(4-H, 5-H), (5-H, 6-H)=7.8 Hz, 1H, 5-H), 7.79—7.88 (m, 1H, 4-
H),8.01(dd, 3 (5-H, 6-H)=7.8 Hz, 1H, 6-H), 8.08 (ddd, 4] (2-H, 4-H), ¥
(2-H, 6-H)=1.8 Hz, 1H, 2-H); 3 C NMR (75 MHz, CD30D) 6 14.0 (CH3),
71.9 (CH3),128.6 (C-6),129.4 (C-1),130.0 (C-2),132.3 (C-5),136.5 (C-
3), 136.6 (C-4), 173.4 (C-1’); MS (EI, 70 eV) m/z (%) 182 (2)
[M—HCI+1]%, 155 (9), 139 (25), 111 (8), 75 (4); HRMS (EI, M*) calcd
for CoH1oCINO 183.0451, found 183.0464.

4.2.8. Ethyl-4-fluorobenzimidate hydrochloride (4§).°*"*" Compound
3j (1.82 g, 15 mmol) was reacted under the conditions of general

procedure I for 24 h to deliver ethyl-4-fluorobenzimidate hydro-
chloride (4j) as a white solid in 92% yield (2.81 g, 13.8 mmol).

4.2.9. Ethyl-2-naphthimidate hydrochloride (4m). Compound 3m
(2.30 g, 15 mmol) was reacted under the conditions of general
procedure I for 24 h to deliver ethyl-2-naphthimidate hydrochlo-
ride (4m) as a white solid in 85% yield (3.54 g, 12.7 mmol): mp
193—195 °C; Ry 0.64 (EtOAc/CH30H=4:1); IR (ATR) 7 2979, 2807,
1616, 1599, 1482, 1439, 1384, 1342, 1281, 1119, 1068, 1001, 924, 846,
816, 770, 752, 718 cm™!; UV (CH3CN) Amax (log €) 288 (3.37), 250
(4.06), 241 nm (4.07); "H NMR (300 MHz, CD30D) 6 1.66 (t, 3] (3/-H,
4/-H)=7.2 Hz, 3H, CH3), 4.71 (q, 3] (3’-H, 4’-H)=7.2 Hz, 2H, CHy),
7.64—7.77 (m, 2H, 6-H and 7-H), 7.98 (overlapped, 2H, 3-H and 5-H),
8.10 (overlapped, 2H, 4-H and 8-H), 8.69 (d-like, % (1-H, 3-H)=
1.5 Hz, 1H, 1-H); 3C NMR (75 MHz, CDs0D) 6 14.05 (CH3), 71.46
(CHy), 124.19 (C-3), 124.22 (C-2), 129.05 (C-7), 129.14 (C-5), 130.57
(C-4),130.93 (C-8), 131.35 (C-6), 132.84 (C-1), 133.61 (C-8a), 137.90
(C-4a), 174.38 (C-1); MS (ESI) m/z (%) 222 (10) [M—HCI+Na]*, 200
(73) [M—HCI+1]", 172 (100), 129 (42); HRMS (ESI) calcd for
C13H14NO 200.1075, found 200.1050.

4.3. General procedure II for the synthesis of amidine hy-
drochlorides 1d-h,j,m>>?

The ethyl imidate hydrochloride 4 (10 mmol) was dissolved in
ethanol (10 mL) and placed in a round-bottomed flask equipped
with a magnetic stir bar. After sealing the flask with a rubber
septum ammonia in methanol (10 mL) was added to the reaction
mixture using a syringe. The reaction mixture was stirred at room
temperature for 24 h. After evaporation in vacuo, the crude product
was purified by flash column chromatography over silica gel
(EtOAc/methanol=4:1) to afford the amidine hydrochloride 1.
4.3.1. 3-Methoxybenzenecarboximidamide hydrochloride (1d).>%"!
Compound 4d (2.16 g, 10 mmol) was reacted under the conditions of
general procedure II to deliver 3-methoxybenzenecarboximidamide
hydrochloride (1d) as a white solid in 74% yield (1.38 g, 7.4 mmol).

4.3.2. 4-Methoxybenzenecarboximidamide hydrochloride (1e).2%%!
Compound 4e (2.16 g, 10 mmol) was reacted under the conditions of
general procedure II to deliver 4-methoxybenzenecarboximidamide
hydrochloride (1e) as a white solid in 67% yield (1.25 g, 6.7 mmol).

4.3.3. 3,4-Dimethoxybenzenecarboximidamide hydrochloride
(1).2°%3! Compound 4f (2.46 g, 10 mmol) was reacted under
the conditions of general procedure II to deliver 3,4-
dimethoxybenzenecarboximidamide hydrochloride (1f) as
a white solid in 91% yield (1.97 g, 9.1 mmol).

4.34. 3,4,5-Trimethoxybenzenecarboximidamide hydrochloride
(1g)2°*3" Compound 4g (2.76 g, 10 mmol) was reacted under
the conditions of general procedure II to deliver 3,4,5-
trimethoxybenzenecarboximidamide hydrochloride (1g) as
a white solid in 78% yield (1.93 g, 7.8 mmol).

4.3.5. 3-Chlorobenzenecarboximidamide hydrochloride (1h).

Compound 4h (2.20 g, 10 mmol) was reacted under the conditions of
general procedure Il to deliver 3-chlorobenzenecarboximidamide
hydrochloride (1h) as a white solid in 69% yield (1.32 g, 6.9 mmol):
mp 121-123 °C; Rf 0.45 (EtOAc/methanol=5:3); IR (ATR) 7 1656,
1525, 1466, 1088, 799, 713 cm™'; UV (CH3CN) Amax (l0g €) 203 (4.55),
231 (3.93), 280 nm (2.79); 'H NMR (300 MHz, DMSO-dg) 6 7.64 (t, ]
(5-H, 6-H)=7.8 Hz, ’] (4-H, 5-H)=8.1 Hz, 1H, 5-H), 7.78—7.85 (m, 2H,
4-H and 6-H), 7.97 (s, 1H, 2-H), 9.52 (br s, 4H); '*C NMR (75 MHz,
DMSO-dg) 6 126.9 (C-6), 128.0 (C-2), 130.0 (C-1),130.9 (C-5), 133.5 (C-
3),133.6 (C-4),164.6 (C-1'); MS (EI, 70 eV) m/z (%) 154 (28) [M—HCl],
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138 (31), 111 (5), 75 (6); HRMS (EI, M™) calcd for C;H7CIN; 154.0298,
found 154.0299.

4.3.6. 4-Fluorobenzenecarboximidamide hydrochloride (1j).2°%%!
Compound 4j (2.04 g, 10 mmol) was reacted under the conditions of
general procedure II to deliver 4-fluorobenzenecarboximidamide
hydrochloride (1j) as a white solid in 87% yield (1.52 g, 8.7 mmol).

4.3.7. 2-Naphthimidamide hydrochloride (1m). Compound 4m
(2.36 g, 10 mmol) was reacted under the conditions of general
procedure II to deliver 2-naphthimidamide hydrochloride (1m)
as a white solid in 86% yield (1.77 g, 8.6 mmol): mp 228—-230 °C;
Rr0.37 (EtOAc/methanol=5:3); IR (ATR) 7 3256, 3094, 2734, 1670,
1651, 1632, 1521, 1496, 1282, 1081, 913, 764, 654, 619 cm~'; UV
(CH3CN) Amax (log ) 331 (2.47), 283 (3.67), 240 (4.58), 207 nm
(4.33); 'TH NMR (300 MHz, DMSO-dg) 6 7.64—7.74 (m, 2H, 6-H and
7-H), 7.89 (dd, 3] (3-H, 4-H)=8.7 Hz, 4] (1-H, 3-H)=1.8 Hz, 1H, 3-
H), 8.07 (ddd, 3] (5-H, 6-H), (7-H, 8-H)=7.5 Hz, 2H, 5-H and 8-H),
8.13 (dd, 3] (3-H, 4-H)=8.7 Hz, 1H, 4-H), 8.59 (d-like, 4] (1-H, 3-
H)=1.2 Hz, 1H, 1-H), 9.57 (br s, 4H, NH); 3C NMR (75 MHz,
DMSO-dg) 6 123.6 (C-3), 125.2 (C-2), 127.5 (C-6), 127.8 (C-5), 128.7
(C-4), 129.0 (C-7), 129.1 (C-8), 129.6 (C-1), 131.7 (C-8a), 135.0 (C-
4a), 165.8 (C-1'); MS (ESI) mjz (%) 171 (100) [M—HCI+1]*, 154
(14) [171—NH3]"; HRMS (ESI) calcd for C11H11N3 171.0922, found
171.0915.

44. General procedure III for the Cu(OTf),-catalyzed di-
merization of amidine hydrochlorides 1a—m

A dry 10 mL vial was equipped with a magnetic stir bar and
charged with amidine hydrochloride 1 (1.0 mmol), Cu(OTf); (18 mg,
0.05 mmol), NaHCO3 (252 mg, 3.0 mmol), 1,10-phenanthroline
(36 mg, 0.20 mmol), K3[Fe(CN)g] (99 mg, 0.30 mmol) and sealed
under air. Then, freshly distilled o-dichlorobenzene (3 mL) was
added using a syringe and the reaction mixture was stirred at
130 °C for 24 h. After cooling to room temperature the reaction
mixture was diluted with water (5 mL) and extracted with EtOAc
(3x20 mL). The combined organic layers were dried over anhy-
drous MgSQy, filtered and evaporated in vacuo. The crude product
was subjected to flash column chromatography over silica gel to
yield the product 2.

44.1. 3,5-Diphenyl-1H-1.2,4-triazole  (2a)?°>>" Compound 1a
(157 mg, 1.0 mmol) was reacted under the conditions of general
procedure III. Column chromatography over silica gel (petroleum
ether/EtOAc=3:1) afforded 3,5-diphenyl-1H-1,2,4-triazole (2a) as
a white solid in 60% yield (66 mg, 0.30 mmol).

4.4.2. 3,5-Bis(3-methylphenyl)-1H-1,2,4-triazole (2b)>0¢31
Compound 1b (171 mg, 1.0 mmol) was reacted under the conditions
of general procedure IIl. Column chromatography over silica gel
(petroleum ether/EtOAc=3:1) afforded 3,5-bis(3-methylphenyl)-
1H-1,2,4-triazole (2b) as a white solid in 54% yield (67 mg,
0.27 mmol).

4.4.3. 3,5-Bis(4-methylphenyl)-1H-1,2,4-triazole
(2¢).2><*! Compound 1c (171 mg, 1.0 mmol) was reacted under the
conditions of general procedure IIl. Column chromatography over
silica gel (petroleum ether/EtOAc=3:1) afforded 3,5-bis(4-
methylphenyl)-1H-1,2,4-triazole (2c) as a white solid in 58% yield
(72 mg, 0.29 mmol).

4.4.4. 3,5-Bis(3-methoxyphenyl)-1H-1,2,4-triazole
(2d).>°*3! Compound 1d (187 mg, 1.0 mmol) was reacted under the
conditions of general procedure IIl. Column chromatography over
silica gel (petroleum ether/EtOAc=3:1) afforded 3,5-bis(3-

methoxyphenyl)-1H-1,2,4-triazole (2d) as a white solid in 54%
yield (76 mg, 0.27 mmol).

4.4.5. 3,5-Bis(4-methoxyphenyl)-1H-1,2,4-triazole
(2e).>%3! Compound 1e (187 mg, 1.0 mmol) was reacted under the
conditions of general procedure III. Column chromatography over
silica gel (petroleum ether/EtOAc=3:2) afforded 3,5-bis(4-
methoxyphenyl)-1H-1,2,4-triazole (2e) as a white solid in 68%
yield (96 mg, 0.34 mmol).

4.4.6. 3,5-Bis(3,4-dimethoxyphenyl)-1H-1,2,4-triazole
(2f). Compound 1f (217 mg, 1.0 mmol) was reacted under the
conditions of general procedure IIl. Column chromatography over
silica gel (petroleum ether/EtOAc=1:3) afforded 3,5-bis(3,4-
dimethoxyphenyl)-1H-1,2,4-triazole (2f) as a white solid in 67%
yield (114 mg, 0.34 mmol): mp 179—180 °C; Ry 0.08 (petroleum
ether/EtOAc=1:1); IR (ATR) ¥ 1608, 1511, 1446, 1428, 1259, 1231,
1136, 1018, 884, 864, 761 cm™'; UV (CH3CN) Amax (l0g €) 215 (4.62),
219 (4.61), 265 (4.43), 294 nm (4.30); 'H NMR (300 MHz, DMSO-ds)
63.82 (s, 6H,1"-H), 3.86 (s, 6H, 2”-H), 7.09 (d, 3/ (5'-H, 6/'-H)=8.4 Hz,
2H, 5'-H), 7.65 (dd, 3] (5'-H, 6/-H)=8.4 Hz, 4 (2'-H, 6'-H)=1.8 Hz, 4H,
2’-H and 6'-H), 14.17 (br s, 1H, NH); 3C NMR (75 MHz, DMSO-dg)
0 55.5 (C-1"and C-2"), 109.3 (C-6'), 111.8 (C-5'), 118.9 (C-2’), 123.3
(C-1"),148.8 (C-4'), 149.9 (C-3’), 158.8 (C-3 and C-5); MS (ESI) m/z
(%) 364.1 (100) [M+Na]*; HRMS (ESI) calcd for CigHigN3NaO4
364.1273, found 364.1267.

4.4.7. 3,5-Bis(3,4,5-trimethoxyphenyl)-1H-1,2,4-triazole
(2g). Compound 1g (247 mg, 1.0 mmol) was reacted under the
conditions of general procedure IIl. Column chromatography over
silica gel (petroleum ether/EtOAc=1:3) afforded 3,5-bis(3,4,5-
trimethoxyphenyl)-1H-1,2,4-triazole (2g) as a white solid in 67%
yield (134 mg, 0.33 mmol): mp 151-153 °C; Ry 0.09 (petroleum
ether/EtOAc=1:1); IR (ATR) 7 1591, 1471, 1421, 1380, 1233, 1119, 999,
846, 757 cm™~!; UV (CH3CN) Amax (log €) 224 (4.63), 278 nm (4.44);
'H NMR (300 MHz, DMSO-dg) 6 3.73 (s, 6H, 3”-H), 3.89 (s, 12H, 1”-H
and 2”-H), 7.39 (s, 4H, 2'-H and 6'-H), 14.37 (br s, 1H, NH); 13C NMR
(75 MHz, DMSO0-dg) ¢ 56.0 (C-1" and C-3"), 60.1 (C-2"), 103.5 (C-2’
and C-6'),124.9 (C-1'),138.7 (C-4’), 153.2 (C-3’ and C-5'), 158.8 (C-3
and C-5); MS (ESI) m/z (%) 424.1 (100) [M+Na]™; HRMS (ESI) calcd
for CyoH,3N3NaOg 424.1485, found 424.1461.

4.4.8. 3,5-Bis(3-chlorophenyl)-1H-1,2,4-triazole (2h). Compound 1h
(191 mg, 1.0 mmol) was reacted under the conditions of general
procedure IIl. Column chromatography over silica gel (petroleum
ether/EtOAc=3:1) afforded  3,5-bis(3-chlorophenyl)-1H-1,2,4-
triazole (2h) as a white solid in 48% yield (70 mg, 0.24 mmol): mp
233-234 °C; Ry 0.55 (petroleum ether/EtOAc=1:1); IR (ATR) 7 1582,
1458, 1404, 1077, 1008, 998, 888, 859, 797, 788, 742, 678 cm™'; UV
(CH3CN) Amax (log &) 210 (4.57), 237 (4.16), 258 nm (4.17); 'H NMR
(300 MHz, CgDg) 6 7.45—7.47 (m, 4H, 4-H and 5'-H), 8.32—8.34 (m,
2H, 6/-H), 8.50 (s, 2H, 2/-H); *C NMR (75 MHz, CgDg) 6 125.6 (C-6'),
1274 (C-2'),132.8 (C-1'),130.3 (C-4'), 131.4 (C-5'), 135.5 (C-3'), 159.2
(C-3 and C-5); MS (EI, 70 eV) m/z (%) 289 (12) [M]*, 152 (6); HRMS
(EI, M™) calcd for C14HgN3Cl, 289.0174, found 289.0156.

4.4.9. 3,5-Bis(4-chlorophenyl)-1H-1,2,4-triazole (2i).30031
Compound 1i (191 mg, 1.0 mmol) was reacted under the conditions of
general procedure IIl. Column chromatography over silica gel (pe-
troleum ether/EtOAc=3:1) afforded 3,5-bis(4-chlorophenyl)-1H-
1,2,4-triazole (2i) as a white solid in 53% yield (77 mg, 0.27 mmol).

4.4.10. 3,5-Bis(4-flouorophenyl)-1H-1,2,4-triazole (2j). Compound
1j (175 mg, 1.0 mmol) was reacted under the conditions of general
procedure III. Column chromatography over silica gel (petroleum
ether/EtOAc=3:1) afforded 3,5-bis(4-flouorophenyl)-1H-1,2,4-
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triazole (2j) as a white solid in 55% yield (71 mg, 0.28 mmol): mp
257-259 °C; Rr0.50 (petroleum ether/EtOAc=1:1); IR (ATR) 7 1606,
1500, 1421, 1220, 1158, 1000, 842, 814, 757 cm ™ '; UV (CH3CN) Amax
(log €) 235 (4.31), 253 nm (4.30); 'H NMR (300 MHz, DMSO-dg)
67.36 (t, 3] (2/-H, 3'-H) and 3] (5'-H, 6/-H)=8.7 Hz, 4H, 3’-H and 5'-
H), 8.09—8.13 (m, 4H, 2’-H and 6'-H), 14.55 (br s, 1H, NH); 13C NMR
(75 MHz, DMSO-dg) 6 115.9 (d, %] (C—F)=21.8 Hz, C-3’ and C-5),
125.8(C-1"),128.3 (d, 3] (C—F)=8.5 Hz, C-2’ and C-6'),157.8 (C-3 and
C-5),162.9 (d, 'J (C—F)=245.5 Hz, C-4'); MS (EI, 70 eV) m/z (%) 257
(63) [M], 136 (29), 109 (8); HRMS (EI, M™) calcd for Ci4HoN3F,
257.0765, found 257.0748.

4.4.11. 3,5-Bis(3-nitrophenyl)-1H-1,2,4-triazole
(2k).>>*! Compound 1k (202 mg, 1.0 mmol) was reacted under the
conditions of general procedure Ill. Column chromatography over
silica gel (petroleum ether/EtOAc=3:1) afforded 3,5-bis(3-
nitrophenyl)-1H-1,2,4-triazole (2k) as a white solid in 41% yield
(63 mg, 0.20 mmol).

4.4.12. 3,5-Bis[3,5-bis(trifluoromethyl)phenyl]-1H-1,2,4-triazole
(2I). Compound 11 (293 mg, 1.0 mmol) was reacted under the
conditions of general procedure IIIl. Column chromatography
over silica gel (petroleum ether/EtOAc=9:1) afforded 3,5-bis[3,5-
bis(trifluoromethyl)phenyl]-1H-1,2,4-triazole (2I) as a white solid
in 41% yield (101 mg, 0.20 mmol): mp 185—-186 °C; Ry 0.72 (pe-
troleum ether/EtOAc=1:1); IR (ATR) ¥ 1400, 1339, 1320, 1172,
1134, 1021, 904, 824, 714, 700, 680 cm™~'; UV (CH3CN) Amax (log &)
203 (4.55), 206 (4.54), 259 nm (4.27); 'H NMR (300 MHz,
CD30D) 6 8.03 (s, 2H, 4’-H), 8.60 (s, 4H, 2’-H and 6-H); °C NMR
(75 MHz, CD30D) § 124.3 (m, 3] (C—F)=6 Hz, C-4'), 124.7 (q, J
(C—F)=271 Hz, C-1” and 2"), 127.7 (d, 3] (C—F)=3 Hz, C-2’ and 6'),
132.7 (C-1'),133.6 (q, 2] (C—F)=33 Hz, C-3’ and 5'), 158.5 (C-3 and
C-5); MS (EI, 70 eV) m/z (%) 493 (35) [M]™, 474 (6) [493—F], 254
(22); HRMS (EI, M") calcd for CigH7N3Fi; 493.0448, found
493.0426.

4.4.13. 3,5-Di(naphthalen-2-yl)-1H-1,2,4-triazole (2m). Compound
1m (207 mg, 1.0 mmol) was reacted under the conditions of general
procedure III. Column chromatography over silica gel (petroleum
ether/EtOAc=9:1) afforded  3,5-di(naphthalen-2-yl)-1H-1,2,4-
triazole (2m) as a white solid in 52% yield (83 mg, 0.26 mmol): mp
221-222 °C; R; 0.44 (petroleum ether/EtOAc=1:1); IR (ATR) 7 3181,
3050, 1557, 1508, 1494, 1393, 1269, 1106, 1006, 856, 817, 761, 732,
687 cm™!; UV (CH3CN) Amax (log ) 333 (3.20), 290 (4.38), 250 (4.78),
248 (4.77), 243 (4.77), 231 (4.73), 229 nm (4.73); 'H NMR (300 MHz,
DMSO-dg) 6 7.58—7.62 (m, 4H, 6/'-H and 7/-H), 7.99 (ddd, 3] (5'-H, 6'-
H)=6.6 Hz, 2H, 5’-H), 8.07—8.12 (overlapped, 4H, 4’-H and 8'-H), 8.26
(dd,?(3'-H,4'-H)=8.7 Hz, %] (1’-H, 3’-H)=1.5Hz, 2H, 3'-H), 8.71 (s, 2H,
1-H),14.74 (br s, 1H, NH); 3C NMR (75 MHz, DMSO-dg) 6 123.6 (C-3'),
125.4 (C-1’ and C-2’),126.8 (C-6'),127.0 (C-7"),127.8 (C-5"), 128.5 (C-
8'),128.6 (C-4'),132.9 (C-8'a), 133.4 (C-4'a), 158.8 (C-3 and C-5); MS
(ESI) mfz (%) 344 (46) [M+Na]*, 322 (100) [M+1]*, 200 (6); HRMS
(ESI) calcd for CyH1gN3 322.1344, found 322.1330.

4.5. General procedure IV for the Cu(OTf),-catalyzed reaction
between imidate hydrochlorides 4a—h,j,m and ammonium
carbonate (5a)

A dry 10 mL vial was equipped with a magnetic stir bar and
charged with imidate hydrochloride 4 (1.0 mmol), Cu(OTf),
(36 mg, 0.1 mmol), NaHCO3 (252 mg, 3.0 mmol), 1,10-
phenanthroline (36 mg, 0.20 mmol), Ksz[Fe(CN)s] (99 mg,
0.30 mmol), (NH4)2CO3 (96 mg, 1.0 mmol) and sealed under air.
Then, freshly distilled o-dichlorobenzene (3 mL) was added using
a syringe and the reaction mixture was stirred at 130 °C for 24 h.
After cooling to room temperature the reaction mixture was

diluted with water (5 mL) and extracted with EtOAc (3x20 mL).
The combined organic layers were dried over anhydrous MgSQOg,
filtered and evaporated in vacuo. The crude product was subjected
to flash column chromatography over silica gel to yield the
product 2.

4.5.1. 3,5-Diphenyl-1H-1,2,4-triazole (2a). Compound 4a (186 mg,
1.0 mmol) was reacted under the conditions of general procedure
IV. Column chromatography over silica gel (petroleum ether/
EtOAc=3:1) afforded 3,5-diphenyl-1H-1,2,4-triazole (2a) as a white
solid in 60% yield (66 mg, 0.30 mmol).

4.5.2. 3,5-Bis(3-methylphenyl)-1H-1,2,4-triazole ~ (2b). Compound
4b (200 mg, 1.0 mmol) was reacted under the conditions of
general procedure IV. Column chromatography over silica gel
(petroleum ether/EtOAc=3:1) afforded 3,5-bis(3-methylphenyl)-
1H-1,2,4-triazole (2b) as a white solid in 60% yield (75 mg,
0.30 mmol).

4.5.3. 3,5-Bis(4-methylphenyl)-1H-1,2,4-triazole (2c). Compound 4c
(200 mg, 1.0 mmol) was reacted under the conditions of general
procedure IV. Column chromatography over silica gel (petroleum
ether/EtOAc=3:1) afforded 3,5-bis(4-methylphenyl)-1H-1,2,4-
triazole (2c) as a white solid in 62% yield (77 mg, 0.31 mmol).

4.5.4. 3,5-Bis(3-methoxyphenyl)-1H-1,2,4-triazole (2d). Compound
4d (216 mg, 1.0 mmol) was reacted under the conditions of general
procedure IV. Column chromatography over silica gel (petroleum
ether/EtOAc=3:1) afforded 3,5-bis(3-methoxyphenyl)-1H-1,2,4-
triazole (2d) as a white solid in 57% yield (80 mg, 0.28 mmol).

4.5.5. 3,5-Bis(4-methoxyphenyl)-1H-1,2,4-triazole (2e). Compound
4e (216 mg, 1.0 mmol) was reacted under the conditions of general
procedure IV. Column chromatography over silica gel (petroleum
ether/EtOAc=3:2) afforded 3,5-bis(4-methoxyphenyl)-1H-1,2,4-
triazole (2e) as a white solid in 61% yield (86 mg, 0.31 mmol).

4.5.6. 3,5-Bis(3,4-dimethoxyphenyl)-1H-1,2,4-triazole
(2f). Compound 4f (246 mg, 1.0 mmol) was reacted under the
conditions of general procedure IV. Column chromatography over
silica gel (petroleum ether/EtOAc=1:3) afforded 3,5-bis(3,4-
dimethoxyphenyl)-1H-1,2,4-triazole (2f) as a white solid in 64%
yield (109 mg, 0.32 mmol).

4.5.7. 3,5-Bis(3,4,5-trimethoxyphenyl)-1H-1,2,4-triazole
(2g). Compound 4g (276 mg, 1.0 mmol) was reacted under the
conditions of general procedure IV. Column chromatography over
silica gel (petroleum ether/EtOAc=1:3) afforded 3,5-bis(3,4,5-
trimethoxyphenyl)-1H-1,2,4-triazole (2g) as a white solid in 62%
yield (124 mg, 0.31 mmol).

4.5.8. 3,5-Bis(3-chlorophenyl)-1H-1,2,4-triazole = (2h). Compound
4h (220 mg, 1.0 mmol) was reacted under the conditions of general
procedure IV. Column chromatography over silica gel (petroleum
ether/EtOAc=1:3) afforded 3,5-bis(3-chlorophenyl)-1H-1,2,4-
triazole (2h) as a white solid in 40% yield (58 mg, 0.20 mmol).

4.5.9. 3,5-Bis(4-fluorophenyl)-1H-1,2,4-triazole (2j). Compound 4j
(204 mg, 1.0 mmol) was reacted under the conditions of general
procedure IV. Column chromatography over silica gel (petroleum
ether/EtOAc=3:1) afforded 3,5-bis(4-fluorophenyl)-1H-1,2,4-tri-
azole (2j) as a white solid in 56% yield (72 mg, 0.28 mmol).

4.5.10. 3,5-Di(naphthalen-2-yl)-1H-1,2,4-triazole (2m). Compound
4m (236 mg, 1.0 mmol) was reacted under the conditions of general
procedure IV. Column chromatography over silica gel (petroleum
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ether/EtOAc=1:3) afforded 3,5-di(naphthalen-2-yl)-1H-1,2,4-
triazole (2m) as a white solid in 54% yield (87 mg, 0.27 mmol).
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