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The broad pharmacological effects of 5-membered nitrogen containing heterocycles 
require rapid and environmental friendly methods for their synthesis. Microwave 
irradiation has been heavily applied in the field of organic synthesis since its introduction. 
The beneficial reduction of reaction time from hours or even days to minutes is one of 
many advantages of MW assisted synthesis compared to conventional methods. 
Additionally, achieving energy efficiency protocols, higher yields, selective heating and 
easy manipulation of the reaction have further established the MW assisted organic 
synthesis as a potential replacement of conventional syntheses. This review focuses on 
recently reported papers in the field of microwave-assisted synthesis of 5-membered 
heterocycles containing nitrogen atom, including pyrroles, pyrazoles, imidazoles, triazoles 
and tetrazoles. After each reported case a modest synthetic scheme is provided. 
 

 
INTRODUCTION* 

The term “Green chemistry” was first introduced 
in early 1990s and described by Anastas and 
Warner later in 1998, when they discussed the 
twelve principles which constructed the base of 
Green chemistry (Figure 1).1,2 The major aim of 
the green protocols is the implementation of 
sustainable processes, which lower the environ-
mental damage. Moreover nowadays, the need of 
cleaner reactions is rapidly growing due to the 
increasing environmental pollutions.3 Nevertheless, 
toxic solvents are frequently used in organic 
syntheses using conventional heating.4 Polluting 
the environment when volatile solutions are 
present have been reported in numerous papers.5 

The ideal conditions proposed by the principles of 
Green chemistry are the removal of hazardous 
                                                 
* Corresponding author: mgeorgieva@pharmfac.mu-sofia.bg 

solvents or replacing them with water. Further-
more, the liquids should be inexpensive and 
maintained throughout the synthetic process.6 

Microwave chemistry is the science of utilizing 
microwave irradiation to synthetic reactions. The 
former represents a major breakthrough in the 
methodology of the synthetic chemistry, since MW 
provides alternative method for heating. There are 
numerous papers that have applied the MW 
irradiation in organic reactions and large number 
of them have eliminated the need of solvents.7 
Utilizing solvent-less reactions when using MW 
reactor, fulfill principle 5 of the green protocol. 
Furthermore, the synthetic protocols which utilize 
the MW irradiation as a heating source are highly 
efficient in terms of energy consumption.8 The 
latter observation further underlines the “Green” 
effect of the MW ovens.  
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Fig. 1 – The principles of green chemistry. 

 

         
       Pyrrole       Pyrazole     Imidazole 
 

       
1H-1,2,3-Triazole                1H-1,2,4-Triazole                      Tetrazole   

Fig. 2 – Structures of five-membered heterocycles containing nitrogen atom. 
 

Heterocyclic compounds play an important role 
in our lives. They have been found in numerous 
key biomolecules like enzymes, vitamins, natural 
products. Wide variety of active molecules contain 
five-membered heterocyclic moiety with nitrogen 
atom (Figure 2) in their structures. Such drugs 
with antifungal, anticancer, antidiabetic, anti-
hypertensive, anti-inflammatory, antiviral, anti-
convulsant, antibacterial, antidepressant properties 
have been reported.9,10 Examples of commercial 
drugs that contain five-membered ring with 
nitrogen atom are also available including 
atorvastatin, tolmetin, indomethacin, miconazole, 
ketoconazole, clotrimazole, zolpidem, sildenafil 
and many others.11-13 However, the conventional 
synthesis of these drugs requires long reaction 
times and in some cases hazardous solvents. 
Microwave irradiation successfully deals with 
these problems as discussed in several papers.14-16 

The first implementation of MW irradiation for 
synthetic purposes was documented in 1986 by 
Gedye et al.17 They carried out 4 reactions in a 
MW oven and noticed considerable reduction of 

the reaction time. Ever since MW assisted organic 
synthesis is rapidly growing as a synthetic 
technique based on the increasing number of 
published papers in that field.18 As reviewed 
above, one of the main advantages of MW heating 
is the expeditious reaction time compared to 
conventional heating.19 Moreover, higher yields, 
highly reproducible results, higher purity and 
decrease of energy used have been reported.20 
Recent work has shown a significant reduction of 
the activation energy when MW heating had been 
applied.21 The paper suggested that the changes of 
the molecular rotations promote decrease of the Ea.  

In the present review we tried to demonstrate 
the significant role of microwave irradiation in the 
synthesis of five membered N-containing 
heterocycles and their application in medicine. 

1. Pyrrole 

There are many approaches for synthesis of 
pyrrole, some of which include the Knorr, Pall – 
Knorr, Hantzsch condensation and Clauson – Kaas 
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reactions, which require conventional heating and 
a long reaction time.11 In recent years, the use of 
microwave irradiation has been observed, which 
significantly improves pyrrole synthesis. Reddy et 
al. described the synthesis of pyrrole derivatives in 
high yields from aliphatic amino unsaturated 
ketone derivatives in short reaction times after 
applying microwave irradiation (Scheme 1).20 The 

reported yields were in the range of 68-93%, with 
only two compound demonstrating yields below 
80%. Furthermore, the authors have described the 
effects of different solvents and catalysts, which 
have further optimized the reaction yield and 
speed. In the final phase of the study, a proposed 
reaction mechanism has been suggested. 

 
 

 
Scheme 1 – Synthesis of trisubstituted pyrroles from aliphatic amino unsaturated ketone derivatives. 

 

 
Scheme 2 – Synthesis of substituted pyrroles from hexane-2,5-dione with primary aromatic and aliphatic amines.  

 
The utilization of MW synthesis as a green 

friendly method for the synthesis of pyrroles has 
been noted by Aghapoor et. al (Scheme 2). The work 
has demonstrated a rapid, high in yield and clean 
reaction protocol by applying MW irradiation and 
low-cost and nontoxic catalyst. The optimal 
catalyst has been found to be a calcium (II) 
chloride out of six different alkali and alkali-earth 
catalysts. Moreover, the reaction was carried 
solvent free.22 

A recent paper published by Lee et al. displayed a 
MW irradiated synthesis of substituted pyrroles 

from 1-alkynes and primary amines (Scheme 3).23 

Initially, the synthetic protocol was built and 
optimized for the production of furans. However, 
the authors obtained 1,2,5- trisubstituted pyrroles 
with traces of furan products, when an amine was 
implanted in the reaction. The small amounts of 
furan side products were discussed to be result 
from the acetate ion in Cu(OAc)2 ·H2O. Reaction 
time of 10 min. and heating up to 150oC were 
utilized. The yields varied from 42 to 82%. A 
possible mechanism has been also provided. 

 

 
Scheme 3 – Microwave irradiation synthesis of 2,5-disubstituted pyrroles using a Cu(II)-catalyst. 
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Scheme 4 – Synthesis of 1,2,3-substituted pyrroles from propargylamines with ethyl vinyl ether. 

 

 
Scheme 5 – Synthesis of tetrasubstituted pyrrole analogues from dialkyl acetylenedicarboxylates  

with substituted monophenacylanilines. 
 

A facile, one pot, MW-assisted synthesis of 
1,2,3-substituted pyrroles has been proposed by 
Chachignon et al. (Scheme 4).24 The paper has 
discussed a major optimization of the reaction 
protocol after altering solvents, catalysts, catalysts 
concentrations, reaction times and temperatures. 
The utilization of ethyl-vinyl ether, toluene, 2 eq. 
of copper (II) sulfate and Grubbs’catalyst were 
found to be the optimal reaction conditions. Only 
when two phenyl moieties were included as 
substituents, the protocol failed to produce the 
desired products. Overall, discussed method 
provides versatile and rapid approach for the MW 
synthesis of 1,2,3-substituted pyrroles.  

An efficient, catalyst-free microwave synthesis 
of tetrasubstituted pyrroles has been recently 
published (Scheme 5).25 The authors reacted α-
amino ketones with dialkyl acetylene 
dicarboxylates in order to obtain dialkyl 1,4-diaryl-
pyrrole-2,3-dicarboxylates. The effects of MW 
power, temperate and the solvent has been also 
evaluated. The reaction times have not exceeded 
10 min, in all cases, however, no standard solvent 

was found. The yields were ranging from 37 to 
80%. In addition to the synthetic part of the work, 
the authors also discussed the presence of axial 
chirality in one of the products, which was not 
found in the rest of the structures. 

Tan et al. have developed a Lewis acid 
catalyzed microwave irradiation synthesis of 
various α-aryl tetrasubstituted pyrroles through 
condensation/alkyne azacyclization/ isomerization 
sequence in acceptable to good yields (Scheme 
6).26 After several optimizations, the authors have 
underlined that the optimal Lewis acid was 
La(OTf)3 with PhCF3 as a solvent. In the observed 
cases, copper salts demonstrated poor results. 
Furthermore, two equivalents of the amine 
substrates have provided the best yield with 
temperatures over 120°C. Overall, the discussed 
reaction gave a suitable MW synthetic protocol  
for the synthesis of substituted pyrroles applying 
wide range of substrates – 4-methoxybenzylamine, 
2-furylmethylamine, tryptamine, isobutylamine, 
methoxyethylamine, 4-morpholinepropylamine, 
cyclopropylamine, p-anisidine. 
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Scheme 6 – La(OTf)3 catalyzed synthesis of α-aryl tetrasubstituted pyrrole derivatives. 

 

 
Indometacin (NSAID) 

 
 

 
Tolmetin  (NSAID) 

 
Nargenicin (antibacterial drug) 

 

 
Prodigiosin (anticancer, antimalarial,  

antibacterial and antifungal drug) 

 

 

Atorvastatin (lipid-lowering drug)  

Fig. 3 – Selected drugs containing pyrrole ring. 
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Therapeutic applications of pyrroles 

The high interest towards pyrrole containing 
heterocyclic substances is determined by the 
presence of this ring in the structure of various 
imported synthetic and natural compounds. Drugs 
possessing pyrrole moiety are known to act as 
anticancer, anti-inflammatory, anti-malarial, anti-
microbial, anti-tubercular, anti-hypertensive and 
anti-ulcer agents.27,28 Some molecules with pyrrole 
moiety are available in the pharmaceutical industry 
while other are in clinical trial. Thus Indometacin 
is a well known nonsteroidal anti-inflammatory 
drug (NSAID) that act as non-selective inhibitor of 
cyclooxygenase (COX-1 and COX-2) to treat 
chronic conditions such as rheumatoid arthritis, 
ankylosing spondylitis and osteoarthritis.11 The 
widely applied Atorvastatin is a distinguished 
pyrrole drug used in patients with hypercholes-
terolemia (lipid-lowering drug included in the 
statin class of medications).29 A representative of 
macrolides with an antibacterial activity, contain-
ing a pyrrole moiety is Nargenicin.7 Another 
employed commercial drug with a pyrrole core is 
Tolmetin. It reduces the production of prostagland-
ins and it is applied in the treatment of rheumatoid 
arthritis and osteoarthritis. Prodigiosin contains 
three pyrrole rings and it is reported to possess 
anticancer, antimalarial, antibacterial and antifungal 
properties.30,31 Furthermore, since 2015 pyrrole 

derivatives have been heavily examined for 
anticancer activity.32 (Figure 3)  

Reports of the MW applications in the synthetic 
protocols of the aforementioned active substances 
are steadily increasing. A paper discussing the MW 
irradiated synthesis of Indomethacin derivatives 
has been recently reported by Amin et al.33. In 
addition, MW-assisted syntheses of Tolmetin, 
Nargenicin and Prodigiosin analogues have also 
been examined.34-36 

 

2. Pyrazole 

Pyrazole and its derivatives play an important 
role in pharmaceutical chemistry. A lot of active 
molecules contain pyrazole ring in their structures. 
In the last years microwave synthesis of these 
drugs showed short reaction times, decrease of 
energy used, higher purity and higher yields. 

A recent application of the microwave 
irradiation has been described by Everson et al. 
(Scheme 7).37 The reaction protocol has been 
defined as rapid (in the range of 10-35 min) and 
highly productive (with yields over 66%). The 
optimal conditions have been found to be 1M HCl 
with a 150°C MW heating. Water has been used as 
a “green” solvent. No purification of the final 
products has been conducted. 

  

 
Scheme 7 – Microwave-assisted synthesis of 1H-pyrazole-5-amines. 
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Scheme 8 – One-pot synthesis of substituted pyrazole derivatives. 

 

 
Scheme 9 – Multi-component synthesis of dihydropyrano[2,3-c] pyrazole derivatives. 

 
Another synthetic protocol for the production of 

pyrazole derivatives by microwave irradiation has 
been developed by Bulanov et al. (Scheme 8).38 

The synthesis of the target pyrazoles was 
conducted by 1,2-nucleophilic addition of 
hydrazine to α-acetylenic γ-hydroxyaldehydes with 
further adduct cyclization. That approach has 
allowed the production of substituted pyrazole 
derivatives with moderate to high yields. 
Interestingly, the authors have reported that the 
reaction did not need any catalysts. Moreover, the 
specific use of propanol as a solvent has been 
pointed out as necessary due to the generation of 
side products when methanol has been utilized. 
The optimal temperatures have been discovered to 
be 150°C. 

The multi-component synthesis of dihydro-
pyrano[2,3-c] pyrazole derivatives by microwave 
irradiation has been reported by Rupnar et al. 
(Scheme 9).39 The proposed “green” protocol 
includes water:ethanol as a solvent and L-Tyrosine 
as a catalyst. The optimal irradiation time has been 
considered to be 5 minutes. In addition, the authors 
have detected very high yields (86-94%) by 
applying both electron donating and withdrawing 
groups. The work has also provided a plausible 
mechanism for the formation of the pyrano[2,3-

c]pyrazole based products. Overall, the mild 
reaction conditions, the obtained high yields and 
the inexpensive catalyst are some of the promising 
features of the aforementioned protocol. 

A similar four-component reaction using 
microwave irradiation was developed by Tangeti et 
al. (Scheme 10).40 The formation of the target 
dihydro-1H-furo[2,3-c]pyrazole derivatives is 
initiated by diastereoselective synthesis of β-keto 
ester, hydrazine, aromatic aldehyde, and pyridinium 
ylide in the presence of triethylamine. The protocol is 
associated with simple and efficient procedure, high 
atom economy, short reaction time, efficiency of 
producing two C–C and one C–O bonds, two 
stereocenters in a single operation and good yields. It 
has been discussed that the products obtained from 
electron-donating group situated at 4-position in the 
aldehydes required significantly lower reaction time 
compared to electron-donating group placed at the 
latter position. The reported reactions have been 
carried out in solvent-free environment, which further 
enhances the environmentally benign of the method. 
A possible mechanism has been proposed by the 
authors. 

The discussed methods led to formation of a 
numbers of pyrazole-based biologically active 
compounds.  
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Scheme 10 – Multicomponent one-pot synthesis of dihydro-1H-furo[2,3-c]pyrazole derivatives. 

 
Therapeutic applications of pyrazoles 

Pyrazole-based compounds are widely discussed 
and analyzed for their anti-inflammatory, anti-
allergy, antiviral, antimicrobial, anticancer, antiepi-
leptic, antitubercular properties.41 Pyrazoles moiety is 
present in the first cyclo-oxygenase selective 
inhibitor – Celecoxib, initially introduced in 1998.42 

Since then, various celecoxib analogs have been 
synthesized and discussed.43 Moreover, the pyrazole 
heteroring is an essential core structure of the anti-
inflammatory drug Lonazolac,44 the H2 receptor 

agonist Betazole,45 the treatment of erectile 
dysfunction and the pulmonary arterial hypertension 
drug Sildenafil.46 Despres et al.47 reported the effects 
of Rimonabant in the treatment of obesity. 
Rimonabant is a pyrazole derivative and it is selective 
cannabinoid-1 receptor antagonist. (Figure 4) Fome-
pizole (4-methylpyrazole) is utilized in the treatment 
of methanol and ethylene glycol poisoning.48 

Numerous papers have reported the rapid 
syntheses of Celecoxib and Sildenafil derivatives 
after the utilization of MW irradiation.49,50 

 

 

 

Celecoxib (COX-selective inxibitor) Lonazolac (anti-inflamatory drug) 
 

 

 

 
Sildenafil (pulmonary hypertension drug) Rimonabant (anorectic anti-obesity drug) 

 

 

Betazole (histamine H2 receptor agonist)  

Fig. 4 – Selected drugs containing pyrazole ring. 
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3. Imidazole 

Imidazole is an important heterocyclic ring in 
functional molecules and is utilized in a diverse 
range of applications. The development of new 
methods for the microwave-assisted synthesis of 
substituted imidazoles is of strategic importance. It 
is due to their versatility and utility that expedient 
methods for the synthesis of imidazole derivatives 
are both highly topical and necessary.51 

One-pot three-component microwave-assisted 
formation of novel azo-imidazoles has been 
described by Mahmoodi et al. (Scheme 11).52 The 
paper has reported the incorporation of imidazole 
into an azo dye through microwave irradiated 
heating of azo dye, NH4OAc and benzyl. The 
method has been optimized by altering the type of 
solvents, the organic catalysts and the heating 
conditions. The utilization of MW oven has been 
noted as the most prominent procedures for the 
described products. However, the authors 
underlined the importance of the glacial acetic acid 

as the most suitable solvent, while ethanol and 
chloroform have exhibited yields under 40%. A 
mechanism for the occurring nucleophilic attack, 
with further condensation and rearrangement to the 
azo-imidazole product, has been proposed. 

Esmaeilpour et al. have reported the MW irradi-
ated synthesis of  2,4,5-trisubstituted and 1,2,4,5-
tetrasubstituted imidazole applying magnetic catalyst 
(Fe3O4@SiO2-ImidPMAn) (Scheme 12).53 The key 
characteristics of the reaction method were the 
simplicity of operation, easy work-up, high yields 
and low reaction times due to the application of MW 
oven. In addition, no solvent was used which further 
increase the green aspect of the synthetic protocol. 
The paper has compared the MW synthesis with the 
conventional one and significant advantages of the 
MW-assisted synthesis were detected. The reaction 
times were lowered from 12 h to 10 min. Overall, the 
discussed paper demonstrates a suitable green 
protocol for the synthesis of substituted imidazoles. 

 

 
Scheme 11 – Microwave-assisted synthesis of azo-imidazoles. 

 
 

 
Scheme 12 – One-pot four component condensation reaction for synthesis of 1,2,4,5-tetrasubstituted imidazole derivatives. 
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Two years later Shirole et al. applied green 
protocol for one-pot synthesis of tetrasubstituted 
imidazoles using similar reagents under microwave 
heating. Primary amine, benzyl, substituted 
carbaldehyde and ammonium acetate have been 
used for starting materials (Scheme 13). 
[BMIM][BF4] was used as a catalyst and the 
reactants were MW irradiated at 240W for 10 min. 
The same imidazoles were produced after 
conventional heating and the work concluded 
dramatically decreased reaction time when MW 
irradiation was utilized. Moreover, better yields 
were observed when electron-donating substituents 
were present in the pyrazole aldehyde compared to 
electron-withdrawing replacements.54 

Selim et al. have designed a method for MW 
assisted synthesis of novel imidazoles. 4-
aminobenzoic acid, urea and chloroacetic acid 
have been used to form the final products (Scheme 
14). The authors noted significant reduction of the 

reaction time when MW irradiation has been 
applied. Furthermore, cleaner products and higher 
yields were reported.55 However, in one of the 
cases the MW irradiated synthesis could not 
produce the desired product, while the 
conventional methodology demonstrated success. 

Recently Bai et al. have reported one-pot 
multicomponent reactions for the synthesis of 
imidazole derivatives through microwave-assisted 
approach (Scheme 15). Imidazole, benzaldehyde, 
and benzamide have been used as model starting 
reagents. The resulting imidazole derivatives were 
successfully obtained in moderate to good yields 
(52–87%).56 The paper compared the MW-assisted 
and the conventional synthetic approaches. It has 
been observed that when MW irradiation was 
utilized the rate and yield of the reactions 
significantly increased. The reaction time dropped 
from 48 h to 0.5-2 min.  

 

 
Scheme 13 – Microwave-assisted synthesis of 1,2,4,5-tetrasubstituted imidazoles. 

 

 
Scheme 14 – One-pot synthesis of imidazole derivatives. 

  

 
Scheme 15 – Multicomponent reaction for synthesis of imidazole derivatives.  
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Enviroxime (antiviral drug) Miconazole (antifungal drug) 

 

 

 

 
 

Clotrimazole (antifungal drug) Zolpidem (hypnotic drug) 
 

 

 

Ketoconazole (antifungal drug)  

Fig. 5 – Selected drugs containing imidazole ring. 

 
Therapeutic applications of imidazoles 

Imidazole is a significant hetero group in many 
medicinal structures. It plays important role in the 
design of antiinflamatory, antibacterial, antifungal 
(like ketoconazole, miconazole, clotrimazole), 
antiviral (such as Enviroxime), hypnotic (like 
Zolpidem), antitubercular, anticoagulant and 
antidepressant drugs (Figure 5).57 Recent paper, 
published by Greish et al., has studied the 
anticancer activity of imidazole-based com-
pounds.58 HO-1 inhibitory activity has been 
reported and further ADME prediction has been 
made. Moreover, imidazoles have been applied in 
the therapeutic scheme for Chagas disease.59 Few 
papers have been posted on the antihypertensive 
effect of imidazole derivatives.60,61 Some imidazole 
compounds have biological activity on insects and 
are used as agrochemicals.62 Imidazole group can 
also have pharmacological activity as antidiabetic 
agent, an anticonvulsant agent, immune suppressant, 

anesthetic, thromboxane synthase inhibitor, 
antithyroid agent, blocker of retinoic acid 
metabolism, sedative agent and analgesic.11 

Out of all discussed compounds, available 
reports for the implementation of MW heating for 
the syntheses of clotrimazole, ketoconazole and 
zolpidem have been found.63-65 

4. Triazole 

4.1. 1,2,3-Triazole 

1,2,3-triazoles are extremely stable compounds 
with a diverse set of pharmacological activities. 
They are highly soluble and have elevated affinity 
towards bioreceptors considering the potential for 
hydrogen bond formation, dipole-dipole and p-
stacking interactions.66 

There are two tautomeric forms of 1,2,3-
triazoles: 1H-1,2,3-triazole and 2H-1,2,3-triazole 
as given on Figure 6.67 
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Fig. 6 – Tautomeric forms of 1,2,3-triazole. 
 

Bhuyan et al. have developed a simple operating 
procedure for synthesis of 4-aryl-1H-1,2,3-
triazoles starting from aromatic aldehydes, sodium 
azide and nitromethane. The reaction proceeds 
under microwave irradiation using magnetically 
active CuFe2O4 catalyzed cascade. This synthetic 
approach is characterized by a short reaction time 
(5-10 min.), wide substrate scope, reusability of the 
catalyst, satisfactory to high product yield (60-
97%). (Scheme 16).68 

Roshandel et al. reported a solvent free, 
catalyst-free, and additive-free synthesis of 1,2,3-
triazoles in good to excellent yields through the 
cycloaddition of trimethylsilylazide and 
acetylenes. This method can be applied for both 
aromatic and aliphatic terminal alkynes. This study 

also shows the effect of polarity and spatial 
interference on overall yield and reaction time 
using different symmetric and asymmetric internal 
alkynes. Polar molecules selectively absorb 
microwave radiation while nonpolar molecules 
remain inert to it. Therefore, a shorter reaction time 
can be observed with increasing number of polar 
groups. (Scheme 17).69 

Recent paper published by Aarjane et al. has 
discussed the microwave assisted synthesis of 
acridone-1,2,3-triazole derivatives (Scheme 18). 
Azide-alkyne cycloaddition has been carried out in 
MW oven using CuSO4.5H2O/NaAsc as a catalytic 
system and water:t-BuOH (1:1) as a solvent at 
room temperature. Several solvents (DMF, 
DMF/H2O and CH2Cl2) were used for the 
optimization of the reaction. It was concluded that 
dimethylformamide produced optimal product 
yield. Reaction times were ranging from 10 to 15 
min when MW irradiation was applied. However, 
the classical approach significantly increases the 
duration of the process.70 

 

 
Scheme 16 – Synthesis of 4-Aryl-1H-1,2,3-triazoles from aromatic aldehydes, sodium azide and nitromethane. 

 

 
Scheme 17 – Reaction of trimethylsilyl azide with various acetylene substrates. 

 

 
Scheme 18 – Synthesis of acridone-1,2,3-triazole derivatives. 
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Saikia et al. have developed one pot synthesis 

of 1,4-disubstituted 1,2,3-triazoles using MW 
oven. This synthesis takes place in two stages. 
Initially, azide is formed by the reaction of 
substituted benzyl bromide with NaN3 in methanol. 
The azide obtained from the first step is then 
reacted with a terminal alkyne in the presence of a 
Cu (II) catalyst supported by an ionic liquid to 
generate the corresponding 1,4-disubstituted 1,2,3-
triazole. The reaction time is 8-10 minutes and the 
yields of the obtained compounds are from 85% to 
95%. (Scheme 19).71 A similar synthetic approach 
of 1,4-disubstituted 1,2,3-triazoles was described 
by Agalave et al. They used a neutral alumina-
supported copper iodide catalyst. The advantages 
of this catalyst are that it can be prepared very 
easily and in a short time, forming the only desired 
product, and on the other hand there is no 
contamination with copper in the product. The 
authors have found that this catalyst can be 
recovered and reused without noticeable loss of 
activity. Allyl or benzyl halides, sodium azide and 
terminal alkynes have been involved to form the 

final products. The obtained compounds are in 
yields 98% yields (Scheme 20).72 

Souza et al. have applied efficient method for 
synthesis of new imine 1,4-disubstituted  
1,2,3-triazoles. The procedure has been developed 
based on a multicomponent reaction under micro-
wave-assisted conditions involving α-thio aldehyde 
and propargylamine, with the formation of an 
imine that in situ reacts with organoazides by 
copper-catalyzed [3+2] azides–alkyne cycloaddi-
tion (CuAAC). The reaction results in a small 
library of imine 1,4-disubstituted 1,2,3-triazoles 
(Scheme 21). The products were obtained in 57% 
to 83% yield.73 

Narsimha et al. have developed one-pot micro-
wave-assisted synthesis of fused 1,2,3-triazole 
derivatives from 1-iodoalkynes with different aryl 
azides. After a series of studies, the authors reach 
the optimal conditions that are the CuI catalyst (10 
mol%) with 2 equivalents of t-BuOK in [Bmim] 
PF6 under microwave irradiation (150 W). The 
obtained desired products have good to excellent 
yields. (Scheme 22).74 

 

 

 
Scheme 19 – Multicomponent synthesis of 1,4-disubstituted 1,2,3-triazoles using ionic liquid supported Cu(II) catalyst. 

 
  

 
Scheme 20 – Microwave-assisted synthesis of 1,4-disubstituted 1,2,3-triazoles catalyzed by Cul on Al2O3. 
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Scheme 21 – Microwave-assisted three-component synthesis of imine 1,2,3-triazole derivatives. 

 
 

 
Scheme 22 – One-pot synthesis of fused 1,2,3-triazoles from 1-iodoalkynes with different aryl azides. 

 
 

 

 

 

 

Tazobactam (beta-lactam antibiotic) Rufinamide (anticonvulsant drug) 
 
 
 
 
 
 
 

 
Cefatrizine (beta-lactam antibiotic) 

 
Mubritinib (anticancer drug) 

Fig. 7 – Selected drugs containing 1,2,3 triazole ring. 
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Therapeutic applications of 1,2,3-triazoles 

1,2,3-triazoles have a wide variety of 
pharmacological properties. Important utilization of 
the structures with 1,2,3-triazoles moiety is in the 
field of antitumor therapy (such as Mubritinib).75 One 
of the first reports for the alkylating properties of 
1,2,3-triazole derivatives was published by de la 
Heras et al.76 Recently hybrid forms of 1,2,3-triazoles 
have been synthesized and examined for anticancer 
activity.77-80 Few QSAR studies have given an insight 
into structure-activity relationship of 1,2,3-triazoles 
and their cytotoxic effects.81 Furthermore, anti-
tubercular,82,83 antiparasitic,84 antiviral,85 anti-
inflamatory86 effects of compounds with a 1,2,3-
triazole systems have also been reported. The 1,2,3-
triazole moiety is present in the structures of the beta-
lactams antibiotics Тazobactam and Cefatrizine.87 
Rufinamide used as an anticonvulsant also contains a 
1,2,3-triazole ring (Figure 7).88   

4.2. 1,2,4-Triazole 

Recently the interest in 1,2,4-triazoles and its 
hybridization structures with wide variety of 
heterocycles is emerging as a prominent one.89 
There are two tautomeric forms of 1,2,4-triazoles 
of which 1H-1,2,4-triazole is more stable than 4H-
1,2,4-triazole as given in Figure 8.90 

Many synthetic methods have been discussed 
for the preparation of 1,2,4-triazoles such as 
reaction of nitriles and hydrazonoyl chlorides91 

reaction of amides or thioamides with hydrazides 
(Pellizzari reaction), reaction of imides with alkyl 
hydrazines (Einhorn–Brunner reaction)92 and many 
others, but these methods required long reaction 
time, expensive reagents and are often multistep 
processes. In the last years microwave-assisted 
synthesis showed short reaction times, minimal 
side reactions and improved yields.93 

 

 

 
Fig. 8 – Tautomeric forms of 1,2,4-triazole. 

 
Shelke et al. have described an efficient 

microwave irradiation for synthesis of substituted 
1,2,4-triazole derivatives. Variously substituted 
aryl or alkyl hydrazines react with formamide, 
catalyst-free to obtain compounds in moderate to 
good yield. The short reaction time and excellent 
tolerance to functional groups are the main 
advantages of this method. (Scheme 23).92  

Bechara et al. described a one-pot process for 
the synthesis of 3,4,5-trisubstituted 1,2,4-triazoles 
(27-89%) by the reaction of secondary amides with 
hydrazides. This reaction is activated by triflic 
anhydride, followed by microwave-induced 
cyclodehydration (Scheme 24).94 

 

 
Scheme 23 – One-pot catalyst-free synthesis of 1,2,4-triazole derivatives. 

 

 
Scheme 24 – Tf2O-mediated synthesis of 3,4,5-trisubstituted 1,2,4-triazole derivatives. 
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Scheme 25 – Microwave-assisted synthesis of 1,2,4-triazole derivatives. 

 
Scheme 26 – Microwave-assisted synthesis of polymethylene-bis(1H-1,2,4-triazol-5(3)-amines). 

 

 
 

Fluconazole (antifungal drug) 
 

 
Trazodone (antidepressant drug) Itraconazole (antifungal drug) 

 

 
 

 
Ribavarin (antiviral drug) Alprazolam (anxiolytic drug) 

 
 

Rizatriptan (antimigraine drug) 

Fig. 9 – Selected drugs containing 1,2,4 triazole ring. 
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Aouali et al. adopted a one-pot procedure to 
produce 5-amino-1-phenyl-1,2,4-triazole derivatives 
under microwave irradiation with high yields. For 
this multicomponent reaction, orthoester, 
phenylhydrazine and cyanamide have been used 
for starting materials. Reaction times were 40 min 
(200 W, 80°C). The obtained derivatives were with 
better yields and higher purity of the products, 
when MW irradiation was applied. However, the 
classical approach significantly increases the 
duration of the process (48 h). (Scheme 25).95 

An interesting highly selective and efficient 
microwave irradiation method for 3,3’(5,5’)-
polymethylene-bis (1H-1,2,4-triazol-5(3)-amines) 
synthesis is described by Lim et al. Various 
dicarboxylic acids react with aminoguanidine 
hydrochloride in aqueous medium at 220°C for  
15 minutes, followed by the addition of an aqueous 
solution of sodium hydroxide and microwave 
irradiation at 200°C for 5 min. The obtained 
compounds have good yields and high purity. 
(Scheme 26).96 

Therapeutic applications of 1,2,4-triazoles 

Various drugs with a 1,2,4-triazole moiety have 
been synthesized and implemented in the 
pharmaceutical industry. The presence of 1,2,4-
triazole scaffold results in antihypertensive, 
antibacterial, anticonvulsant, anti-inflammatory 
and antitumor activity.97-101 Some of the most 
widespread drugs with a 1,2,4-triazole structure are 
the antifungal drugs Itraconazole, Fluconazole, 
Voriconazole, Tebuconazole.102 Other commer-
cially available drugs with 1,2,4-triazole moiety 
are Alprazolam, Estazolam, Triazolam (anxiolytic, 
sedative, tranquilizer effect), Rizatriptan (treatment 
of migraine headaches), Trazodone (antidepres-
sant), Letrozole, Anastrazole (nonsteroidal com-
petitive aromatase inhibitors) and Ribavarin 
(antiviral).103 (Figure 9)  

A lot of papers have confirmed for microwave-
assisted syntheses of Fluconazole, Ribavirin and 
Trazodone analogues.104-106 

5. Tetrazoles 

Tetrazole is a five membered heterocyclic 
compound, consisting of four nitrogen atoms and 
one carbon atom. There are two tautomeric forms 
of tetrazole – 1H-tetrazole and 2H-tetrazole. 

Due to the widespread use of tetrazole in 
medicinal chemistry, its synthetic flexibility is 
extremely important. 

 

 
Fig. 10 – Tautomeric forms of tetrazole. 

 
The most common method for the synthesis of 

tetrazoles is the (3+2) cycloaddition of nitriles with 
sodium azides. The reaction was first carried out 
by Demko et al. (Scheme 27).107 They carry out the 
reaction in the presence of zinc salts, using water 
as a solvent. This safe and extremely effective 
process with a reaction time of 2-48 h resulted in 
the production of 5-substituted 1H-tetrazoles in a 
yields of 64-96%. 

The papers cited below have demonstrated a 
significant reaction time reduction when MW 
irradiation had been involved in the process of the 
tetrazole synthesis. 

Akbarzadeh et al.108 have reported for highly 
efficient and ecofriendly microwave synthesis of 5-
substituted-1H-tetrazoles via multicomponent 
domino Knoevenagel condensation/1,3-dipolar 
cycloaddition reaction using Fe3O4 magnetic 
nanoparticles as catalyst. Aromatic aldehydes, 
sodium azide and malononitrile have been utilized 
as starting reagents. The advantages of this 
procedure are inexpensive, nontoxic and recyclable 
catalyst, elimination of toxic and volatile solvents, 
short reaction time (35 min), easy methodology 
and excellent product yield. The authors have 
noted that the MW irradiation led to significant 
reduction of the reaction time, mild reaction 
conditions and overall cleaner procedure compared 
to conventional heating. (Scheme 28) 

Recent work of Joshi et al. has demonstrated 
the MW assisted synthesis of novel 5-substituted 
1H-tetrazoles in high yields through [3+2] Huisgen 
cycloaddition.109 Various nitriles and sodium azide 
are used as starting materials. The reaction is 
catalyzed by a heterogeneous catalyst based on Cu 
(II). This catalyst can be reused without significant 
loss of catalytic activity up to five consecutive 
cycles. The desired tetrazoles were obtained by 
employing controlled microwave heating (230°C) 
within 3-30 min in the presence of N-Methyl-2-
pyrrolidone as solvent. The advantages of this 
method are simple work-up procedure, short 
reaction time and recyclability of the catalyst. 
(Scheme 29) 
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Scheme 27 – Synthesis of 5-substituted 1H-tetrazoles from nitriles in water. 

 

 
Scheme 28 – Microwave-assisted synthesis of 5-substituted-1H-tetrazoles.  

 

 
Scheme 29. Synthesis of 5-substituted-1H-tetrazole derivatives. 

 
In recent years, a number of similar approaches 

have been observed for the synthesis of 5-
substituted 1H-tetrazoles using various nitriles and 
sodium azide as starting reagents. It is interesting 
to note that the individual authors used different 
catalysts in order to obtain high yield compounds 
in a short reaction time. 

A study published by Yıldız et al.110 has 
expanded the scope of novel catalyst which could 
be used in MW irradiated synthesis of 5-
substituted 1H-tetrazoles. The paper has 
demonstrated the environmentally friendly and 
highly efficient utilization of Pd/Co nanoparticles 
in the process of MW assisted synthesis of 1H-

tetrazoles. Ten distinct nitrilies have been applied 
as starting reactants and the yield of the 
corresponding tetrazole derivatives has been 
ranging from 90 to 99%. (Scheme 30) 

Ionic liquid-supported Cu(II) has been defined 
as stable, eco-friendly and easy to prepare catalyst 
for the microwave assisted synthesis of 5-
substituted 1H-tetrazoles.111 Furthermore, the 
catalyst has been described as easily removable 
from the mixture with organic solvent. The 
synthesis was performed under both conventional 
heating and microwave irradiation, but the authors 
noted a significant increase in the reaction time in 
the conventional method. (Scheme 31) 

 

 
Scheme 30 – Microwave irradiated synthesis of 5-substituted 1H-tetrazoles. 
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Scheme 31 – Microwave-assisted synthesis of 5-substituted 1H-tetrazoles using ionic liquid supported Cu(II) catalyst. 

  

 
 

Candesartan (antihypertensive drug) Valsartan (antihypertensive drug) 
 

 

 

 
Irbesartan (antihypertensive drug) Losartan (antihypertensive drug) 

 

 

 

 

Pemirolast (antihistaminic drug) Pranlukast (antihistaminic drug) 

Fig. 11 – Selected drugs containing tetrazole ring. 
 

Therapeutic applications of tetrazoles 

Tetrazole and its derivatives have numerous 
pharmacological activities such as antibacterial (such 

as Cefazolin, Cefamandole, Ceftezole), antifungal, 
analgesic, anti-inflammatory, antidiabetic, anticancer 
and hypoglycemic activities.112,113 Tetrazole moiety is 
essential for the angiotensin II antagonizing activity 
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of Candesartan, Losartan, Valsartan and 
Irbesartan.114, 115 Other drugs containing a tetrazole 
ring are Pemirolast (mast cell stabilizer) and 
Pranlukast (cysteinyl leukotriene receptor-1 
antagonist) used in therapy as an antihistaminic agent 
(Figure 11).116 

Out of all discussed compounds, available 
reports for microwave-assisted syntheses of 
Irbesartan have been found.117,118   

CONCLUSION 

The need for rapid and greener synthetic 
approach towards the production of the important 
nitrogen containing heterocompounds is emerging 
as a main topic in recent years. This short review 
undoubtedly showed the significant advantages of 
MW assisted synthesis, of the nitro heterocycles, 
over conventional heating. The fast reaction times 
and generally higher yields are major appeal for 
organic chemists. Furthermore, the implementation 
of the MW irradiation could remove the need of a 
solvent as demonstrated in some papers. Thus, 
cleaner reactions are carried out and green 
chemistry protocols could be obtained. Applying 
MW irradiation has clearly turned into essential 
practice in medicinal chemistry since it drastically 
shortens the synthetic part of the drug discovery 
process. 

REFERENCES 

1. P. T. Anastas, Advanced Green Chemistry: Part 1: 
Greener Organic Reactions and Processes, 2018, 1-17.  

2. P. Anastas and J. Warner, “Principles of green 
chemistry”, in “Green Chemistry: Theory and Practice”, 
Oxford University Press: Oxford, 1998, p. 29. 

3. W. Liang and M. Yang, Sustain Comput-Infor., 2019, 21, 
1-9. 

4. C. Z. Andrade and L. Alves, Curr. Org. Chem., 2005, 9, 
195-218. 

5. K. Häckl and W. Kunz, Comptes Rendus Chimie., 2018, 
21, 572-580. 

6. H. Parker, J. Sherwood, A. Hunt and J. Clark, ACS 
Sustain. Chem. Eng., 2014, 2, 1739-1742. 

7. V. H. Reddy, G. M. Reddy, M. T. Reddy and Y. R. 
Reddy, Res. Chem. Intermed., 2015, 41, 9805-9815. 

8. A. S. Grewal, K. Kumar, S. Redhu and S. Bhardwaj, Int. 
Res. J. Pharm. Appl. Sci., 2013, 3, 278-285. 

9. V. Bhardwaj, D. Gumber, V. Abbot, S. Dhiman and  
P. Sharma, RSC Adv., 2015, 5, 15233-15266. 

10. M. J. Alam, O. Alam, P. Alam and M. J. Naim, Int. J. 
Pharm. Sci. Res, 2015, 6, 1433-1442. 

11. A. A. Ramadan, A. M. Elbakry, A. H. Esmaeil and S. A. 
Khaleel, J. Pharm. Investig., 2018, 48, 673-683. 

12. M. Hossain, Sci. J. C., 2018, 6, 83-90. 

13. M. Henary, C. Kananda, L. Rotolo, B. Savino, E. A.Owens 
and G. Cravotto, RSC Adv., 2020, 10, 14170-14197.  

14. G. A. Mirafzal and J. M. Summer, J. Chem. Edu., 2000, 77, 
356. 

15. V. Santagada, E. Perissutti and G. Caliendo, Curr. Med 
Chem., 2002, 9, 1251-1283. 

16. G. D. Yadav and A. D. Sajgure, J. Chem. Technol. 
Biotechnol., 2007, 82, 964-970. 

17. R. Gedye, F. Smith, K. Westaway, H. Ali, L. Baldisera, 
L. Laberge and J. Rousell, Tetrahedron Lett., 1986, 27, 
279-282. 

18. G. Meera, K. R. Rohit, S. Saranya and G. Anilkumar, RSC 
Adv., 2020, 10, 36031-36041. 

19. H. Rajak and P. Mishra, J. Sci. Ind. Res., 2004, 63, 641-654. 
20. J. Zhou, W. Xu, Z. You, Z. Wang, Y. Luo, L. Gao, C. Yin, 

R. Peng and L. Lan, Sci. Rep., 2016, 6, 25149-25149. 
21. M. A.Wilson, G. Filzen and G. S. Welmaker, Tetr. Lett., 

2009, 50, 4807-4809. 
22. K. Aghapoor, F. Mohsenzadeh, H. R. Darabi and S. 

Rastgar, Res. Chem. Intermed., 2018, 44, 4063-4072. 
23. H. Lee, Y. Yi and C.-H.Jun, Adv. Synth. Catal., 2015, 

357, 3485-3490. 
24. H. Chachignon, N. Scalacci, E. Petricci and D. Castagnolo, 

J. Org. Chem., 2015, 80, 5287-5295. 
25. A. Mariappan, K. Rajaguru, S. Muthusubramanian and  

N. Bhuvanesh, Synth. Commun., 2016, 46, 805-812. 
26. X.-M. Tan, Q.-M. Lai, Z.-W. Yang, X. Long, H.-L. Zhou, 

X.-L. You, X.-J. Jiang and H.-L. Cui, Tetrahedron Lett., 
2017, 58, 163-167. 

27. S. S. Gholap, Eur. J. Med. Chem., 2016, 110, 13-31. 
28. S. Ahmad, O. Alam, M. J. Naim, M. Shaquiquzzaman, 

M. M. Alam and M. Iqbal, Eur. J. Med. Chem., 2018, 
157, 527-561. 

29. R. C. C. Carvalho, W. A. Martins, T. P. Silva, C. R. Kaiser, 
M. M. Bastos, L. C. S. Pinheiro, A. U. Krettli and N. 
Boechat,  Bioorg. Med. Chem. Lett., 2016, 26, 1881-1884. 

30. T. Paul, T. K. Bandyopadhyay, A. Mondal, O. N. Tiwari, 
M. Muthuraj and B. Bhunia, Biomass Convers. Bior., 
2020, 1, 1-23. 

31. A. J. Castro, Nature. 1967, 213, 903-904. 
32. G. Li Petri, V. Spanò, R. Spatola, R. Holl, M. V. Raimondi, 

P. Barraja and A. Montalbano, Eur. J. Med.  Chem., 
2020, 208, 112783-112783. 

33. M. M. Amin, M. R. Shaaban, N. T. Al-Qurashi, H. K. 
Mahmoud and T. A. Farghaly, Mini Rev. Med. Chem., 
2018, 18, 1409-1421. 

34.  K. Ellis-Sawyer, R. A. Bragg, N. Bushby, C. S. Elmore 
and M. J. Hickey, J. Labelled Comp. Radiopharm., 2017, 
60, 213-220. 

35. A. R. Dwivedi, R. Kumar and V. Kumar, Curr. Org. 
Synth., 2018, 15, 321-340. 

36.  K. Kumar and V. Kumar, RSC Adv., 2015, 5, 10899-10920. 
37. N. Everson, K. Yniguez, L. Lauren, H. Lazaro, B. Baelanger, 

G. Koch, J. Bach, A. Manjunath, R. Shioldager, J. Law, M. 
Grabenauer and S. Eagon, Tetrahedron Lett., 2019, 60, 72-
74. 

38. D. A. Bulanov, I. A. Novokshonova, V. V. Novokshonov, I. 
A.Ushakov and I. V. Sterkhova, Synth. Commun., 2017, 47, 
335-343. 

39. B. D. Rupnar, V. P. Pagore, S. U. Tekale, S. U. Shisodia 
and R. P. Pawar, Der Chemica Sinica, 2017, 8, 229-234. 

40. V. S. Tangeti, G. V. Siva Prasad, J. Panda and K. 
R.Varma, Synth. Commun., 2016, 47, 878-884. 

41. K. Karrouchi, S. Radi, Y. Ramli, J. Taoufik, Y. N. 
Mabkhot and F. A. Al-Aizari, Molecules, 2018, 23, 134. 



 Five-membered nitrogen-based heterocycles 893 

 

42. G. S. Hassan, S. M. Abou-Seri, G. Kamel and M. M. Ali, 
Eur. J. Med. Chem., 2014, 76, 482-493. 

43. S. Zhou, S.Yang and G. Huang, Bioorg. Med. Chem., 2017, 
25, 4887-4893. 

44. K. R. A. Abdellatif, W. A. A. Fadaly, Y. A. M. M. Elshaier, 
W. A. M. Ali and G. M. Kamel, Bioorg. Chem., 2018, 77, 
568-578. 

45. G. Stacher, P. Berner, R. Naske, P. Schuster, P. Bauer, H. 
Stärker and D. Schulze, Gastroenterology., 1975, 68, 656-
661. 

46. K. L. Lewis, Yearb. Pulm. Dis., 2007, 2007, 191-196. 
47. J. P. Després, A. Golay and L. Sjöström, N Engl J Med., 

2005, 353, 2121-2134. 
48. J. Brent, N. Engl. J. Med., 2009, 360, 2216-2223. 
49. Y. Shang, J. Du and H. Cui, Org Prep Proced Int., 2014, 46, 

132-151.  
50. K. M. Khan, G. M. Maharvi, M. T. Khan, S. Perveen, M. I. 

Choudhary and A. U. Rahman, Mol. Divers., 2005, 9, 15-26. 
51. D. A. Shabalin and J. E. Camp, Org. Biomol. Chem., 2020, 

18, 3950-3964. 
52. N. O. Mahmoodi, S. Rahimi and M. P. Nadamani, Dyes 

Pigm., 2017, 143, 387-392. 
53. M. Esmaeilpour, J. Javidi and M. Zandi, New J. Chem., 

2015, 39, 3388-3398. 
54. G. D. Shirole, V. A. Kadnor, A. S. Tambe and S. N.Shelke, 

Res. Chem. Intermed., 2016, 43, 1089-1098. 
55. Y. Selim and M. H. M. Abd El-Azim, J Heterocycl. Chem., 

2018, 55, 1403-1409. 
56. Z. Bai, H. Huang, J. Chen, X. Zhang and Y. Ding, Arch. 

Pharm., 2019, 352, 1900165. 
57. K. Shalini, P. K. Sharma and N. Kumar, Der Chemica 

Sinica, 2010, 1(3), 36-47. 
58. K. F. Greish, L. Salerno, R. Al Zahrani, E. Amata, M. N. 

Modica, G. Romeo, A. Marrazzo, O. Prezzavento, V. 
Sorrenti, A. Rescifina, G. Floresta, S. Intagliata and V. 
Pittalà, Molecules., 2018, 23, 1209. 

59. I. Beltran-Hortelano, V. Alcolea, M. Font and S. Pérez-
Silanes, Eur. J. Med. Chem., 2020, 206, 112692. 

60. D. J. Carini, J. V. Duncia, P. E. Aldrich, A. T. Chiu, A. L. 
Johnson, M. E. Pierce, W. A. Price, J. B. Santella and G. J. 
Wells, J. Med. Chem., 1991, 34, 2525-2547. 

61. A. Y. Tikhonov, D. G. Mazhukin, L. N. Grigor'eva, V. K. 
Khlestkin, N. Y. N. Voinova, B. Y. Syropyatov, S. S. 
Shirinkina and L. B. Volodarsky, Arch. Pharm., 1999, 332, 
305-308. 

62. M. R. Sunderland, R. H. Cruickshank and S. J. Leighs, Text. 
Res. J., 2014, 84, 924-931. 

63. M. Navarro, T. Lehmann, E. J. Cisneros-Fajardo, A. 
Fuentes, R. A. Sánchez-Delgado, P. Silva and J. A. Urbina, 
Polyhedron, 2000, 19, 2319-2325.; 

64. S. Pedotti, M. Ussia, A. Patti, N. Musso, V. Barresi and D. F. 
Condorelli, J. Organomet. Chem., 2017, 830, 56-61.;  

65. N. Fajkis, M. Marcinkowska, B. Gryzło, A. Krupa and  
M. Kolaczkowski, Molecules, 2020, 25, 3161. 

66. D. Dheer, V. Singh and R. Shankar, Bioorg. Chem., 2017, 
71, 30-54. 

67. W. P. Ozimiński, J. C. Dobrowolski and A. P. Mazurek,  
J. Mol. Struct., 2003, 651-653, 697-704. 

68. P. Bhuyan, P. Bhorali, I. Islam, A. J. Bhuyan and L. Saikia, 
Tetrahedron Lett., 2018, 59, 1587-1591. 

69. S. Roshandel, S. C. Suri, J. C. Marcischak, G. Rasul and  
G. S. Prakash, Green Chem., 2018, 20, 3700-3704. 

70. M. Aarjane, S. Slassi, B. Tazi, M. Maouloua and A. Amine, 
J. Chem. Sci., 2019, 131. 

71. A. A. Saikia, R. N. Rao, S. Das, S. Jena, S. Rej, B. Maiti and 
K. Chanda, Tetrahedron Lett., 2020, 61, 152273-155278. 

72. S. G. Agalave, S. G. Pharande, S. M. Gade and V. S. Pore, 
Asian J. Org. Chem., 2015, 4, 943-951. 

73. F. B. Souza, D. C. Pimenta and H. A. Stefani, Tetrahedron 
Lett., 2016, 57, 1592-1596. 

74 S. Narsimha, K. S. Battula, Y. N. Reddy and V. R. 
Nagavelli, Chem. Heterocycl. Comp., 2018, 54, 1161-1167. 

75. S. Haider, S. Alam and H. Hamid, Inflamm. Cell. Signal., 
2014, 1, e95. 

76. F. G. De las Heras, R. Alonso and G. Alonso, J. Med. 
Chem., 1979, 22, 496-501. 

77. Y. Ding, H. Guo, W. Ge, X. Chen, S. Li, M. Wang, Y. Chen 
and Q. Zhang, Eur. J. Med. Chem., 2018, 156, 216-229. 

78. H. Yu, Z. Hou, X. Yang, Y. Mou and C. Guo, Molecules, 
2019, 24, 1672. 

79. G. Wei, J. Sun, Z. Hou, W. Luan, S. Wang, S. Cui, M. 
Cheng and Y. Liu, Eur. J. Med. Chem. 2018, 157, 759-772. 

80. B. Wang, B. Zhao, Z.-S. Chen, L.-P. Pang, Y.-D. Zhao, Q. 
Guo, X.-H. Zhang, Y. Liu, G.-Y. Liu, Z. Hao, X.-Y. Zhang, 
L.-Y. Ma and H.-M. Liu, Eur. J. Med. Chem., 2018, 143, 
1535-1542. 

81. V. Prachayasittikul, R. Pingaew, N. Anuwongcharoen, A. 
Worachartcheewan, C. Nantasenamat, S. Prachayasittikul, S. 
Ruchirawat and V. Prachayasittikul, Eur. J. Med. Chem., 
2015, 4, 571-571. 

82. X. Yang, W. Wedajo, Y. Yamada, S.-L. Dahlroth, J. J.-L. 
Neo, T. Dick and W.-K. Chui, Eur. J. Med. Chem., 2018, 
144, 262-276. 

83. M. Spain, J. K. H. Wong, G. Nagalingam, J. M. Batten, E. 
Hortle, S. H. Oehlers, X. F. Jiang, H. E. Murage, J. T. 
Orford, P. Crisologo, J. A. Triccas, P. J. Rutledge and M. H. 
Todd, J. Med. Chem., 2018, 61, 3595-3608. 

84. L. A. Zimmermann, M. H. de Moraes, R. da Rosa, E. B. de 
Melo, F. R. Paula, E. P. Schenkel, M. Steindel and L. S. C. 
Bernardes, Bioorg. Med. Chem., 2018, 26, 4850-4862. 

85. Y. Liu, Y. Peng, J. Lu, J. Wang, H. Ma, C. Song, B. Liu, Y. 
Qiao, W. Yu, J. Wu and J. Chang, Eur. J. Med. Chem., 2018, 
143, 137-149. 

86. G. Moussa, R. Alaaeddine, L. M. Alaeddine, R. Nassra, A. 
S. F. Belal, A. Ismail, A. F. El-Yazbi, Y. S. Abdel-Ghany 
and A. Hazzaa, Eur. J. Med. Chem., 2018, 144, 635-650. 

87. M. Journet, D. Cai, J. J. Kowal and R. D. Larsen, 
Tetrahedron Lett., 2001, 42, 9117-9118. 

88. M. Panebianco, H. Prabhakar and A. G. Marson, Cochrane 
Database Syst Rev, 2020, 11. 

89. A. Mohammad, Chem. Int., 2015, 1, 71-80. 
90. R. Aggarwal and G. Sumran, Eur. J. Med. Chem., 2020, 205, 

112652-112652. 
91. L.-Y. Wang, H. J. Tsai, H.-Y. Lin, K. Kaneko, F.-Y. Cheng, 

H.-S. Shih, F.F. Wong and J.-J. Huang, RSC Adv., 2014, 4, 
14215-14220. 

92. G. M. Shelke, V. K. Rao, M. Jha, T. S. Cameron and A. 
Kumar, Synlett, 2015, 27, 404-407. 

93. I. Yavari and O. Khaledian, Chem. Comm., 2020, 56, 9150-
9153.  

94. W. S. Bechara, I. S. Khazhieva, E. Rodriguez and A. B. 
Charette, Org. Lett., 2015, 17, 1184-1187. 

95. M. Aouali, D. Mhalla, F. Allouche, L. El Kaim, S. Tounsi, 
M. Trigui and F. Chabchoub, Med. Chem. Res., 2015, 24, 
2732-2741. 

96. F. P. L. Lim, L. M. Hu, E. R. T. Tiekink and A. V. 
Dolzhenko, Tetrahedron Lett., 2018, 59, 3792-3796. 

97. B. S. Holla, B. Veerendra, M. K. Shivananda and B. 
Poojary, Eur. J. Med. Chem., 2003, 38, 759-767. 

98. A. Murabayashi, M. Masuko, M. Niikawa, N. Shirane, T. 
Furuta, Y. Hayashi and Y. Makisumi, J. Pestic. Sci., 1991, 
16, 419-427. 



894 Maya Georgieva et al. 

 

99. F. Malbec, R. Milcent, P. Vicart and A. M. Bure, J. Het. 
Chem., 1984, 21, 1769-1774. 

100. P. C. Wade, B. R. Vogt, T. P. Kissick, L. M. Simpkins, D. 
M. Palmer and R. C. Millonig, J. Med. Chem., 1982, 25, 
331-333. 

101. J. Chen, X.-Y. Sun, K.-Y. Chai, J.-S. Lee, M.-S. Song and 
Z.-S. Quan, Bioorg. Med. Chem., 2007, 15, 6775-6781. 

102. I. A. Al-Masoudi, Y. A. Al-Soud, N. J. Al-Salihi and N. A. 
Al-Masoudi, Chem. Heterocycl. Compd., 2006, 42(11), 
1377-1403. 

103. S. Banerjee, S. Ganguly, K. K. Sen and B. W. B. India,  
J. Adv. Pharm. Educ. Res., 2013, 3, 102-116. 

104. N. Lebouvier, F. Pagniez, M. Duflos, P. Le Pape, Y. M. Na, 
G. Le Baut and M. Le Borgne, Bioorg. Med. Chem. Lett. 
2007, 17  3686–3689. 

105. U. Pradere, V. Roy, T. R. McBrayer, R. F. Schinazi and L. 
A. Agrofoglio,  Tetrahedron, 2008, 64  9044–9051. 

106. J. Jaśkowska, P. Zaręba, P. Śliwa, E. Pindelska, G. Satała 
and Z. Majka, Molecules., 2019, 24, 1609. 

107. Z. P. Demko and K. B. Sharpless, J. Org. Chem., 2001, 66, 
7945-7950. 

108. P. Akbarzadeh, N. Koukabi and E. Kolvari, Res. Chem. 
Intermed., 2018, 45, 1009-1024. 

109. S. M. Joshi, R. B. Mane, K. R. Pulagam, V. Gomez-Vallejo, 
J. Llop and C. Rode, New J. Chem., 2017, 41, 8084-8091. 

110. Y. Yıldız, İ. Esirden, E. Erken, E. Demir, M. Kaya and  
F. Şen, ChemistrySelect., 2016, 1, 1695-1701. 

111. R. D. Padmaja and K. Chanda, Res. Chem. Intermed., 2019, 
46, 1307-1317. 

112. L. V. Myznikov, A. Hrabalek and G. I. Koldobskii, Chem. 
Heterocycl. Compd., 2007, 43, 1-9. 

113. S. Leyva-Ramos and J. Cardoso-Ortiz, Curr. Org. Chem., 
2021, 25, 388-403. 

114. O. K. Andersson and S. Neldam, Blood Pressure., 1998, 7, 
53-59. 

115. V. A. Ostrovskii, R. E. Trifonov and E. A. Popova, Russ. 
Chem. Bull., 2012, 61, 768-780. 

116. V. S. Dofe, A. P. Sarkate, S. H. Kathwate and C. H. Gill, 
Heterocycl. Comm., 2017, 23, 325-330. 

117. C. V. Kavitha, S. L. Gaonkar, S. L. Chandra, J. N. S. 
Sadashiva and K. S. Rangappa, Bioorg. Med. Chem., 2007, 
15, 7391–7398.  

118. P. Ye, K. Sargent, E. Stewart, J. F. Liu, D. Yohannes and L. 
Yu, J. Org. Chem., 2006, 71, 3137-3140. 

 
 
 
 




