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d in situ oxidative-coupling for
one-pot synthesis of 5-aryl-1,4-disubstituted 1,2,3-
triazoles under mild conditions†
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and Lingjun Li *

A new reaction system with CuCl as catalyst, TEA as base and O2/chloramine-T as oxidant was developed

for one-pot in situ oxidative-coupling to synthesize 5-aryl-1,4-disubstituted 1,2,3-triazoles in this paper. A

variety of 5-arylated-1,2,3-triazole compounds could be efficiently prepared directly from the readily

accessible organic azides, terminal alkynes and arylboronic acids. Advantages of the method include use

of low-cost catalyst, clean oxidant, less-toxic additive, and low reaction temperature. Importantly, due to

avoiding harsh strong basic reagents and high temperatures, the presented method can offer mild

conditions for multi-component synthesis of 5-aryl-1,2,3-triazoles from the designed structurally

complicated alkynyl or azide donors bearing natural product motifs and sensitive functional groups.
Introduction

1,2,3-Triazoles have not only demonstrated extensive anti-
cancer, anti-inammatory, and antibacterial activities,1,2 but
also been widely used as promising potential building blocks
for energetic materials, lubricants, dyes and light stabilizers in
materials science.3,4 The increasing interest in the applications
of 1,2,3-triazoles calls for concise and convenient synthesis
methods for preparing structurally diverse 1,2,3-triazole deriv-
atives. Copper-catalyzed cycloadditions of azide and terminal
alkynes (CuAAC) reported in 2002, have given easy access to 1,4-
substituted 1,2,3-triazoles.5,6 Since then, a huge number of
efforts have been made for improving catalytic systems for
CuAAC reaction toward high efficiency, mild conditions and
application for a wide scope of substrates.7,8 In contrast, only
a few of reaction systems have been reported to access to 5-aryl-
1,4-disubstituted 1,2,3-triazoles.9–16 Traditionally, the reaction
of aryl alkyne and azide gives 1,4- and 1,5-substituted isomers
under heating conditions.7 Fokin group reported a Ru-catalysis
approach for constructing 5-aryl-1,4-disubstituted 1,2,3-tri-
azoles from the cycloaddition of diphenylacetylene and benzy-
lazide in the presence of Cp*RuCl(PPh3)2.9 More recently, a C–H
activation method for synthesis of 5-aryl-1,4-disubstituted 1,2,3-
triazoles from pre-prepared 1,4-disubstituted 1,2,3-triazole and
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aryl halides was reported by Ackermann group in the presence
of Pd catalyst and tetrabutylammonium acetate in PEG20000.11

Other reported arylation methods including uses of bromo-
benzene15,16 and aryl tosylate10 also showed effective for incor-
porations of aryl groups on C-5 of 1,2,3-triazoles. However, most
of these methods are involved expensive noble metal catalysts,
complex ligands, harsh reaction conditions or high
temperatures.

On the other hand, a multi-component one-pot reaction
strategy based on in situ capture of triazole compounds has
been developed in our and other groups.17–21 By utilizing the
nucleophilicity of in situ formed copper triazolides, a range of
electrophilic groups such as acyl, allyl, iodine, bromine etc.
could be introduced into the C-5 position of various complex
1,2,3-triazoles derivatives under mild conditions.17,18,19a

Furthermore, the oxidative coupling reactions based on the
copper triazolides were also found to be feasible synthetic route
for incorporations of different nucleophilic groups e.g. phos-
phate and uoroalkyl onto the C-5 position of 1,2,3-triazoles.19c,d

Different from the reaction with electrophilic reagents,
however, the oxidative coupling reaction of copper triazolides
with nucleophilic reagents oen suffer from undesirable effi-
ciency and selectivity, obsessed by the self-oxidative couplings
to give bis-triazoles, 1,4-diynes, 5-alkynyl triazoles and other by-
products.22 To address the problems, careful optimizations of
oxidants, and choice of ligands are suggested, and strong basic
reagents for deprotonation were necessary in some cases before
achieving desirable yields, but which inevitably leads to tedious
manipulations and harsh reaction environments.

In this paper, we reported a simple copper-catalyzed O2/
chloramine-T system to effectively promote the three-
component reaction of organic azide, terminal alkyne and
© 2021 The Author(s). Published by the Royal Society of Chemistry
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arylboronic acid for one-pot synthesis of 5-aryl-1,4-disubstituted
1,2,3-triazoles under mild conditions (Fig. 1D). In comparison
with the literature methods,11,20,21 our method avoids the uses of
noble metal catalysts, high reaction temperatures as well as
strong basic reagents, thus permitting to apply not only for
simple organic compounds, but also for complex bioactive
molecules such as ribose and estrone derivatives.
Results and discussion

The initial attempt was carried out in the air at room temper-
ature in the presence of CH2Cl2 with 10 mol% Cu(I) salt and 2
equivalents of Et3N (entries 1 and 2 in Table 1). Only 24% yield
of 5-aryl-1,4-disubstituted 1,2,3-triazole 4a was obtained aer 24
hours with CuI as the catalyst. Then, we studied the inuence of
Cu salt. A little higher 39% yield of 5-aryl-1,4-disubstituted
1,2,3-triazole 4a could be given when CuI was replaced by
CuCl, but considerable by-products were also obtained
including protonated 1,4-disubstituted triazole and phenyl-
ethynyl triazole. Different bases including DIPEA, pyridine,
DIPA, DBU, Na2CO3, NaOH were next screened for the reaction,
but all of them were unable to increasing the yield of target
compound. Solvent effects were also investigated. The reaction
in toluene demonstrated the highest yield 54% than in other
solvents such as DMSO, CH3CN, dioxane, MeOH and CH3Cl.
There are a large number of additives have been used for
promoting oxidative reactions23 Based on the literatures, we
further investigated the detailed effects of oxidant additives for
the one-pot reaction to prepare 5-aryl-1,4-disubstituted 1,2,3-
triazole 4a with CuCl as the catalyst, triethylamine (TEA) as the
base and toluene as the solvent (entry 13 to entry 20 in Table 1).
The rst group of additives such as DDQ, m-CPBA caused the
oxidation of Cu(I) to Cu(II), thus losing the catalytic capacity for
CuAAC reaction with no any triazole-type products obtained.
The second group including di-t-butyl peroxide (DTBP), NIS,
NBS, Oxone and K2Cr2O7 reduced the reaction efficiency of
Fig. 1 The reactions for multi-component synthesis of 5-aryl-1,2,3-
triazoles. (A) Synthesis of 5-arly-1,2,3-triazoles from iodobenzenes,
azides and alkynes developed in Ackermann's lab. (B) Synthesis of 5-
arly-1,2,3-triazoles from propiolic acids, azides, and arylboronic acids
developed in Li's lab. (C) Synthesis of 5-arly-1,2,3-triazoles from aryl-
boronic acids, organic azides and alkynes developed in Song's lab. (D)
Synthesis of 5-arly-1,2,3-triazoles from arylboronic acids, organic
azides and alkynes developed in the current work.

© 2021 The Author(s). Published by the Royal Society of Chemistry
CuAAC reaction, with 11–23% yields of 4a. Interestingly, the
third group of additives, selectuor and chloramine-T were
found to promote the reaction to give 4a with 56% and 68%
yield respectively. With the air/chloramine-T oxidant system,
a higher 84% yield was given at 50 �C reaction temperature.
Since oxygen in the air might play a role of oxidant for the one-
pot reaction, we attempted to replace air atmosphere by pure
oxygen. Gratefully, a desirable 90% yield of 4a was nally ob-
tained (entry 24 in Table 1).

With the optimized conditions in hand, we investigated the
substrate scope of the one-pot reaction by using variant organic
azides, terminal alkynes and arylboronic acids. Firstly, aryl
alkynes with electron-withdrawing substituents (such as –F, –Cl
and –Br) and electron-donating substituents (such as –CH3,
–OCH3), reacted smoothly with benzyl azides 2a and arylboronic
acids 3a to give target product 5-aryl-1,2,3-triazoles 4a to 4e with
the yields from 80%�90% (entry 1 to entry 5 in Table 2).
Secondly, various alkyl azides (2a to 2g) bearing different
substituted groups such as –NO2, –F, –OCH3, reacted smoothly
with benzyl azides 2a and arylboronic acids 3a to give target
product 5-aryl-1,2,3-triazoles 4l to 4t with the yields from 68%�
80% (entry 12 to entry 20 in Table 2). Among these azides, azide
2g that contained 2,5-diuorobenzyl motifs that occurs in the
clinic drug runamide24 could react smoothly with terminal
alkynes and arylboronic acids to give 2,5-diuorobenzyl 5-aryl-
1,2,3-triazoles 4s and 4t, implying the potential applications
of the method for drug screening. Besides of benzyl azides,
naphthylmethyl azide can also effectively react with various
alkynes and arylboronic acids to provide 5-aryl-1,2,3-triazoles
with a yield as high as 89% (entry 6 to entry 11 in Table 2).
Other azides including phenyl ether 2c, naphthyl 2d and phe-
nylethyl azide 2f were also the effective substrates of the reac-
tion to prepare diverse 5-aryl-1,2,3-triazoles. In addition, we
tested alkyl alkyne 1g for the three-component reaction, and the
target product 4x could be obtained in the yield of 64% (entry 24
in Table 2). Finally, we investigated different phenylboronic
acids with electron-donating substituents (–Me) and electron-
withdrawing substituents (–F and –Br) for the reaction. 5-p-
Methylphenyl-1,4-disubstituted 1,2,3-triazole 4u was obtained
with 87%, 5-p-uorophenyl-1,4-disubstituted 1,2,3-triazole 4v
was obtained with 67%, and 5-p-bromophenyl-1,4-disubstituted
1,2,3-triazole 4v was obtained with 64%. Therefore, the current
method has shown a wide scope of substrates including variant
alkynes, azides and arylboronic acids.

Inspired by the results shown in Table 2, we then studied the
potential applications of this reaction to synthesize compounds
with more complex structures, by using azides and aromatic
alkynes containing natural product skeleton (Scheme 1). Glu-
cosinolates containing 1,2,3-triazole motif represent a class of
broad-spectrum antibacterial agents.25,26 Here, we proved that 5-
aryl-1,2,3-triazole nucleoside can be directly synthesized from
glucosyl alkyne, aryl azide and phenylboronic acid in one pot,
and the target compound 4y was obtained with a yield of 61%.
During the reaction, the glucose motif remained intact without
isomerization of glycosidic bond. Another example is the azido-
containing estrone motif, which contains ketone groups sensi-
tive to strong basic conditions and possibly suffer side-reactions
RSC Adv., 2021, 11, 38108–38114 | 38109
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Table 1 Optimization of reaction conditions

Entrya Temperature Catalyst Oxidant additive Base Solvent Productb (%)

1 rt CuI — Et3N DCMd 24
2 rt CuCl — Et3N DCM 39
3 rt CuCl — DIPEAd DCM 27
4 rt CuCl — Pyridine DCM 15
5 rt CuCl — DIPAd DCM 31
6 rt CuCl — NaHCO3 DCM 12
7 rt CuCl — DBUd DCM 20
8 rt CuCl — NaOH DCM —
9 rt CuCl — Et3N DMSOd 14
10 rt CuCl — Et3N CH3CN 11
11 rt CuCl — Et3N CHCl3 30
12 rt CuCl — Et3N Toluene 32
13 rt CuCl Selectuor Et3N Toluene 56
14 rt CuCl DDQd Et3N Toluene —
15 rt CuCl NBSd Et3N Toluene 15
16 rt CuCl m-CPBAd Et3N Toluene —
17 rt CuCl DTBPd Et3N Toluene 11
18 rt CuCl NISd Et3N Toluene 15
19 rt CuCl Oxone Et3N Toluene 23
20 rt CuCl K2Cr2O7 Et3N Toluene 20
21 rt CuCl Chloramine-T Et3N Toluene 68
22 40 CuCl Chloramine-T Et3N Toluene 77
23 50 CuCl Chloramine-T Et3N Toluene 84
24c 50 CuCl Chloramine-T Et3N Toluene 90

a 0.15 mmol azide, 0.6 mmol arylboronic acid, 0.17 mmol terminal alkyne, 0.015 mmol CuX were used as substrates in the presence of 2.0
equivalent of base and 1.0 equivalent of the oxidant. b Isolated yields. c Oxygen environment was added. d DCM (dichloromethane). DIPEA (N,N-
diisopropylethylamine). DIPA (diisopropanolamine). DBU (1,8-diazabicyclo[5.4.0]undec-7-ene). DMSO (dimethyl sulfoxide). DDQ (2,3-dichloro-
5,6-dicyano-1,4-benzoquinone). NBS (N-bromosuccinimide). m-CPBA (3-chloroperbenzoic acid). DTBP (di-tert-butyl peroxide). NIS (N-
iodosuccinimide).
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in the presence of strong oxidative reagents.27,28 While in the
current reaction system, it can also be used as an effective
substrate to provide the target 5-aryl-1,2,3-triazole 4z in the yield
of 74% and no any side-reactions related to estrone motifs were
detected. In the reported reaction conditions for the prepara-
tions of 5-aryl 1,2,3-triazole (Fig. 1A to C), ether over 100 �C
reaction temperatures or strong basic reagents like lithium tert-
butoxide or lithium methoxide were used, which could be
hardly used for acetyl protected glucoses, base-sensitive ketones
and other complicated substrates bearing base-sensitive func-
tional groups. In contrast, the method presented in this paper
can be proceeded well at 50 �C with weak organic base TEA,
catalytic amount of CuCl and oxygen-chloramine-T oxidant
system, thus offering the mildest conditions for one-pot prep-
aration of 5-aryl-1,4-disubstituted 1,2,3-triazoles.

The possible role of chloramine-T during the in situ oxidative
coupling reaction was also investigated by control experiments.
In replace of oxygen atmosphere with nitrogen atmosphere,
only 5-H-1,2,3-triazole product could be obtained (eqn (1) in
Scheme 2), which indicated the oxygen was the essential oxidant
for the reaction. Increasing the amount of chloramine-T did not
enhance the yield of 5-aryl-1,2,3-trazoles, suggesting
chloramine-T may actually act as an additive for promoting
38110 | RSC Adv., 2021, 11, 38108–38114
aerobic coupling reaction. Additional control experiments were
also conducted, including the reaction of 5-H-1,2,3-triazole with
arylboronic acids and the reaction of diaryl alkyne with azide
under the current conditions, both of which could not lead to
the generation of target 5-aryl-1,2,3-trazoles (eqn (2) and (3) in
Scheme 2). Trapping the reaction intermediates by nucleophilic
allyl bromide demonstrated the existence of triazolide in the
current reaction procedure (eqn (4) in Scheme 2). On the basis
of the above experimental results and the known oxidative
coupling mechanism of triazolide copper(I),3e a plausible
mechanism of the in situ multi-component oxidative coupling
reaction for synthesis of 5-aryl-1,2,3-triazoles was proposed as
shown in Scheme 2. Briey, the reaction proceeded through
a tandem click-coupling and oxidative coupling reaction, the
Cu-catalyzed click-coupling of an azide with alkyne (1a to 50),
followed by aerobic oxidative coupling of 50 with arylboronic
acids (50 to 4a). Copper(I) acetylide intermediate 6 is formed
from terminal alkyne 1a in the presence of TEA as the base, the
intermediate 6 react with benzyl azide 2a via the CuAAC reaction
pathway to give triazolide copper 50. Under these oxidative
conditions, transmetalation of intermediate 50 with phenyl-
boronic acids, generating 8 should be reasonable,20,21 and the
transmetalation must take place before the protonation of 50.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Substrate scope of the reaction

Entrya Alkyne Azide Arylboronic acid Product Yieldb

1 90

2 80

3 88

4 85

5 86

6 83

7 76

8 89

9 87

10 72

11 87

12 75

13 80

14 72

15 69

16 78

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 38108–38114 | 38111
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Table 2 (Contd. )

Entrya Alkyne Azide Arylboronic acid Product Yieldb

17 76

18 68

19 70

20 75

21 87

22 67

23 64

24 64

a 0.15mmol azide, 0.6 mmol arylboronic acid, 0.17mmol terminal alkyne, 0.015mmol CuCl, 0.15mmol chloramine T and 0.15mmol triethylamine
were used as substrates. b Isolated yield.

Scheme 1 Applications of the one-pot reaction for syntheses of complex molecules.

38112 | RSC Adv., 2021, 11, 38108–38114 © 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Control experiments and plausible reaction mechanism.
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However, the detailed mechanism of chloramine-T-activated
aerobic oxidative coupling reaction, such as the intermediates
of potential reactions of chloramine-T with O2 is still not clear at
present.

Conclusions

In summary, we reported a new reaction system for one-pot
synthesis of 5-aryl-1,4-disubstituted 1,2,3-triazoles with low-
cost CuCl as catalyst, clean oxygen as oxidant and less-toxic
chloramine-T as additive in this paper. A wide scope of
substituted aryl alkynes, alkynyl alkynes, benzyl and alkyne
azides, substituted arylboronic acids can be used as the effective
reaction substrates for the reaction to prepare structurally
diverse 5-aryl-1,2,3-triazoles in modest to good yields. Impor-
tantly, the presented reaction system avoids the uses of strong
basic reagents and high temperature, and thus can be used not
only for simple molecules but also for the structurally compli-
cated alkynyl or azide donors bearing natural product motifs
and sensitive functional groups. Therefore, it presented the
latest mild conditions for multicomponent synthesis of 5-aryl-
1,2,3-triazoles. The applications of this method in designing
more complex bioactive compounds are undergoing in our lab.
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