Send Orders for Reprints to reprints@benthamscience.net 1029
Current Medicinal Chemistry, 2023, 30, 1029-1059
REVIEW ARTICLE

Current
Medicinal
I:I)/L Microwave Induced Green Synthesis: Sustainable Technology for SR
Efficient Development of Bioactive Pyrimidine Scaffolds
gENTHA

CIENCE

Biswa Mohan Sahoo" Blmal Krlshna Banik® Bera Venkata Varaha Ravi Kumar' , Krishna
Chandra Panda’, Abhlshek Tiwari’, Varsha learl , Sunil Smgh and Manish Kumar

"Roland Institute of Pharmaceutical Sciences (Biju Patnaik University of Technology Nodal Centre of Re-
search), Berhampur 760010, Odisha, India; *Department of Mathematics and Natural Sciences, College of
Sciences and Human Studies, Prince Mohammad Bin Fahd University, Al Khobar, Kingdom of Saudi Arabia;
'Faculty of Pharmacy, Pharmacy Academy, IFTM University, Lodhipur Rajput, Moradabad 244102, Uttar
Pradesh, India; ‘Department of Pharmaceutical Chemistry, Shri Sai College of Pharmacy, Handia,
Prayagraj 221503, Uttar Pradesh, India; "M.M. College of Pharmacy, Maharishi Markandeshwar (Deemed
to be University), Mullana, Ambala 133207, Haryana, India

Abstract: Microwave radiation is used as a heating source during the synthesis of hetero-
cyclic compounds. The heating mechanisms involved in microwave-induced synthesis in-
clude dipolar polarization and ionic conduction. This heating technology follows the green
protocol as it involves the use of recyclable organic solvents during synthesis. The micro-
wave heating approach offers a faster rate of reaction, easier work-up procedure, and
higher product yield with purity and also reduces environmental pollution. So, microwave
heating is applied as a sustainable technology for the efficient production of pyrimidine
compounds as one of the heterocyclic moieties. Pyrimidine is a six-membered nitrogenous
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iz‘;‘eﬁgdl\’mﬂ é? o heterocyclic compound that plays a significant role due to several therapeutic applications.
This moiety acts as an essential building block for generating drug candidates with diverse

DOI: biological activities, including anti-cancer (capecitabine), anti-thyroid (propylthiouracil),
10.2174/0929867329666220622150013 antihistaminic (pemirolast), antimalarial (pyrimethamine), antidiabetic (alloxan), antihy-
@ — pertensive (minoxidil), anti-inflammatory (octotiamine), antifungal (cyprodinil), antibac-
terial (sulfamethazine), etc. This review is focused on the synthesis of pyrimidine analogs

under microwave irradiation technique and the study of their therapeutic potentials.
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1. INTRODUCTION 1998. The green chemistry approach employs twelve
sets of principles that reduce or eliminate the use or
generation of hazardous materials during the design
and manufacture of chemical products [2]. Microwave
irradiation (MWI) is the form of electromagnetic waves
with frequencies ranging from 0.3 to 300 GHz [3, 4].
The microwave irradiation of polar molecules at a
frequency of 2.45 GHz causes oscillation of ions that
orient themselves with the electric or magnetic field,
and finally, these movements tend to generate heat due
to dielectric polarization and ionic conduction [5].

Microwave irradiated organic synthesis is an eco-
friendly approach and is regarded as an emerging green
or sustainable technology for the rapid production of
biologically active heterocyclic compounds [1]. Gedye
and Giguere reported the application of microwave
(MW) energy in organic synthesis in 1986. Microwave-
assisted organic synthesis (MAOS) was used on a large
scale due to the development of commercial MW
reactors in 1990. Further, Anastas and Warner
proposed the twelve principles of Green Chemistry in

There are two types of microwave apparatus
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Fig. (1). Mechanism of conventional and microwave heating. (4 higher resolution/colour version of this figure is available in

the electronic copy of the article).

small-scale preparation in the laboratory. The
advantage of single-mode apparatus includes the rapid
rate of heating [6]. Whereas the multi-mode microwave
is applied for synthesis on a large scale in the
pharmaceutical industry. In the case of multi-mode
apparatus, the large quantities of the reaction mixture
can be processed using either open or closed vessel
conditions. But the limitation of multi-mode equipment
is that the heating of reacting materials cannot be
controlled efficiently due to the lack of uniform
temperature in reaction vessels [7].

On the other hand, the conventional synthesis main-
ly involves the use of a water bath, sand bath, or oil
bath as a heating source that heats the walls of the reac-
tors by convection or conduction mechanism [8, 9]. So,
the core of the reacting materials takes a long time to
attain the target temperature to drive chemical reac-
tions. But in the case of microwave-assisted synthesis,
microwave radiation directly penetrates the reacting
material without heating the container so that the reac-
tion proceeds faster [10]. The mechanism of heat trans-
fer via microwave and conventional heating is illustrat-
ed in Fig. (1).

MWI technique is found to be more beneficial than
the classical heating method in synthetic reactions.
Microwave irradiation can develop a cleaner synthetic
protocol, accelerate the rate of reaction, provide better
product yield, enhance reproducibility of chemical
reactions with homogeneity, instantaneous, uniform, and
selective heating, efc. [11]. The reactions under
microwave heating technology are more reproducible as
compared to conventional synthetic methods due to
uniform heating and proper monitoring of process
parameters like temperature and pressure. The
microwave accelerated organic reactions (MAORS)
provide a cleaner and eco-friendly process than
conventional synthesis [12]. With the help of microwave
radiation, the components of the reaction mixture are
heated directly in which the usage of organic solvents

can be reduced or eliminated in the chemical reaction.
As compared to conventional synthesis, MAOS
enhances the rate of chemical reactions due to its ability
to increase the temperature of the reaction medium.
Similarly, the synthesis under MWI produces a higher
product yield as there is less or no production of waste
or by-products. The microwave irradiated synthesis is a
highly efficient and energy-saving process. Microwave
radiation heats the reaction mixture directly without
heating the apparatus or reaction vessels, leading to low
energy consumption [13].

Further, the synthesis of heterocyclic compounds
via multicomponent reactions (MCRs) under micro-
wave irradiation provides various advantages such as
ease of work, cost-effectiveness, efficiency, and less
generation of waste products as compared to traditional
synthetic procedures. Similarly, microwave-assisted
solvent-free reactions are recognized as environmental-
ly benign methods that provide improved selectivity,
enhanced rate of reaction, and cleaner products (Fig.
2). So, MWI is applied as an alternative energy source
for carrying out the synthesis of pyrimidine derivatives
with diverse molecular structures [14].

Pyrimidine is composed of an aromatic ring that
contains six atoms, such as two nitrogen atoms and
four carbon atoms (Fig. 3). The pyrimidine ring con-
tains the planar structure and the numbering of the py-
rimidine ring start at the hetero atom, i.e., nitrogen, in a
clockwise direction [15-17].

Pyrimidine moiety is considered one of the most ver-
satile groups of nitrogen-based heterocyclic compounds
with a broad range of therapeutic potentials, including
anti-cancer (capecitabine, ibrutinib, folinic acid, monas-
trol, 5-fluorouracil, floxuridine), anti-thyroid (2-
thiouracil, propylthiouracil), antihistaminic (pemirolast,
thonzylamine), antimalarial (pyrimethamine), antidiabet-
ic (alloxan), antihypertensive (minoxidil, prazosin,
nesapidil), anti-inflammatory (octotiamine), antifungal
(cyprodinil, flucytosine, mepanipyrim, pyrimethanil),
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Table 1. List of drugs with pyrimidine moiety and their mechanism of actions.

Sahoo et al.

Name of Drugs with . . . . -
Pyrimidine Moiety Mechanism of Action Biological Activity
Ibrutinib Bruton's tyrosine kinase inhibitor
Monastrol Kinesin-5 inhibitor .
Anti-cancer
S-fluorouracil Thymidylate synthase inhibitor
Propylthiouracil Thyroid peroxidase inhibitor Anti-thyroid
Pemirolast Histamine H1 antagonist
Thonzylamine Histamine H1 antagonist Antihistaminic
Pyrimethamine Dihydrofolate reductase inhibitor Antimalarial
Alloxan Inhibits glucose-induced insulin secretion through specific inhibition of Antidiabetic
glucokinase
Minoxidil Vasodilator by opening adenosine triphosphate-sensitive potassium
channels in vascular smooth muscle cells
- - - Antihypertensive
Prazosin Alpha-1 adrenergic receptor antagonist
Sulfamethazine Dihydrofolate synthetase inhibitor Antibacterial
Cidofovir Adenovirus 5 DNA Polymerase inhibitor Antiviral
Zidovudine HIV's reverse transcriptase inhibitor Anti-HIV
NC COOC;,Hs
NH, I
/k\
R N NHR,

1

NaoEt l EtOH p—TSAl Benzene Dry HCll Dioxane
@) NH, Cl
CN
R NHR R N NHR, R N NHR
2 3 4

Scheme 1. Synthetic route for one component synthesis of pyrimidines.

antibacterial (sulfamethazine or sulfadimidine, trime-
thoprim, furamizole), anthelmintic (pyrantel), antiviral
(idoxuridine, triflouridine, cidofovir), antiretroviral (Ral-
tegravir), anesthetic (thiopental), anti-HIV (zidovudine),
antipsychotic (Mezilamine), antineoplastic (Fluorouracil,
Tegafur), vitamin B or thiamine, sedative and hypnotic
(butabarbital, thiamylal), efc., as presented in Fig. (4)
[18, 19]. These drugs with pyrimidine moiety exhibit
their pharmacological actions by binding with the target
receptors, enzymes, proteins or ion channels involved in
the particular disease states [20] (Table 1).

2. GENERAL METHODS FOR SYNTHESIS OF
PYRIMIDINE DERIVATIVES

There are various methods involved in synthesizing
pyrimidine derivatives that are categorized based on

components utilized during the intramolecular cycliza-
tion process. These methods include a) one-component
system, b) two-component system, ¢) three-component
system, d) multi-component system [21-23].

2.1. One Component Synthesis

The one component synthetic method involves the
intramolecular cyclization of intermediates with the
open-chain structure to produce corresponding pyrimi-
dine derivatives. For example, the synthesis of pyrimi-
dine involves the condensation reaction between 1,3-
dicarbonyl compounds and amidines, which proceeds
via vinylamidine as an intermediate. The intramolecu-
lar cyclization of vinylamidine leads to the formation
of a 3,4(1,6)-bond [24]. Further, vinylamidine under-
goes cyclization under acidic and basic conditions to
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Scheme 2. Synthesis of 2,6-diamino-4-hydroxypyrimidine.

yield corresponding functionalized pyrimidine com-
pounds (Scheme 1).

2.2. Two Components Synthesis

Two components synthetic method is widely used
for the synthesis of pyrimidine analogs. This method
involves the condensation of two reacting components.
One of these components may contribute three, four, or
five atoms of the pyrimidine nucleus, whereas the other
part contributes three, two, or one atom, respectively
[25-27]. The different types of two components synthe-
sis are presented in Table 2.

The two components synthesis of pyrimidine in-
volves the reaction between ethyl cyanoacetate and
guanidine in the presence of sodium ethoxide to afford
2,6-diamino-4-hydroxypyrimidine (Scheme 2) [28].

2.3. Three Components Synthesis

In the case of the three components synthesis of py-
rimidines, each of the three components contributes
two atoms each to carry out a cyclization reaction for
generating the corresponding pyrimidine ring (Scheme
3). Based on this approach, Biginelli reported the syn-
thesis of dihydro-pyrimidines. It involves the cyclo-
condensation of ethyl acetoacetate, benzaldehyde, and
urea catalyzed by acid [29].

Similarly, the synthesis of pyrimidine derivatives
involves a three-component reaction of substituted
benzaldehydes, malononitrile and thiourea/urea. The
reaction mixtures are refluxed in the presence of etha-
nol and MgO (Scheme 4).

3. MICROWAVE-ASSISTED
PYRIMIDINES

SYNTHESIS OF

MW-assisted organic synthesis is mainly influenced
by the ability of the reacting substances to absorb mi-
crowave radiation energy, and also it depends on the
selection of solvents or medium to accelerate chemical
reactions [30]. So, the ability of a specific solvent or
material to convert electromagnetic energy to heat is
termed a loss tangent (LT). LT is expressed as tan & to
measure the efficiency of a substance to convert mi-
crowave energy into thermal energy at a suitable tem-
perature and frequency. If the value of LT is higher,
then the solvent is suitable for the absorption of mi-
crowave radiation that causes efficient heating [31].
Based on the absorbance level, solvents are categorized
into three types; low (tan 6 < 0.1), medium (tan & 0.1-
0.5), and high (tan & > 0.5) microwave absorbing sol-
vent, as summarized in Table 3.
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Scheme 4. Synthetic route of pyrimidine derivatives.
Table 3. List of solvents based on their absorbance level.
Low Medium High
Absorbance Level
(tan §<0.1) (tan 8 0.1-0.5) (tan 8>0.5)

DCM, Chloroform, Carbon tetra-
chloride, Ethyl acetate, Pyridine,
Toluene, Benzene, Chlorobenzene

Name of Solvents

DMF, water, Butanol, Ace-

DMSO, Ethanol, Methanol, Pro-

tonitrile, Acetone, Acetic panol, Nitrobenzene,

acid Formic acid, Ethylene glycol

The microwave heating technique involves envi-
ronmentally benign and clean synthetic procedures to
synthesize pyrimidine and its derivatives. During the
synthesis of these compounds, different reaction mech-
anisms are involved, including cycloisomerization, cy-
clization, cycloaddition, condensation, oxidation, re-
duction, addition, esterification, epoxidation, dehydra-
tion, decarboxylation, hydrolysis, coupling reaction,
etc. (Fig. 5) [32, 33].

3.1. Synthesis of
condensation Reaction

Pyrimidines via Cyclo-

The cyclo-condensation reaction is a type of chemi-
cal reaction in which two or three molecules are com-
bined to form a single cyclic compound. Mobinikhaledi
et al. performed the synthesis of oxo and thioxopyrim-
idines (12) by using the Biginelli three-component cy-
clo-condensation reaction of -diketone (9), aryl alde-
hydes (10), and (thio)urea (11) under microwave irra-

diation (Scheme 5). The reactions are carried out by
using a Samsung microwave oven with a power of
900W and an operating frequency of 2450 MHz. This
synthetic method leads to the formation of products
under mild conditions with increased yields [34].

Quiroga et al. explored the regioselective synthesis
of novel substituted pyrazolo[1,5-a]pyrimidines under
solvent-free microwave irradiation method (Yield: 88-
93%) (Scheme 6). A series of 6-(2-hydroxybenzoyl)-5-
methyl-7-phenylpyrazolo[1,5-a]pyrimidine (15) was
synthesized by cyclo-condensation reaction between 5-
amino-1H-pyrazoles (13) and 3-benzoyl-2-methyl-4H-
chromen-4-one (14). The reactions were performed in a
multimode microwave oven at 600 W for 2 min. The
reaction mechanism proceeds in a regiospecific fashion
by the intramolecular opening of the y-pyrone ring in a
Michael-type reaction followed by cyclization via
nucleophilic attack of endocyclic pyrazole nitrogen
toward the benzoyl group [35].
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Scheme 5. Synthetic route for the synthesis of oxo- and thioxopyrimidines.
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Scheme 6. Scheme for the synthesis of pyrazolopyrimidine.

Dabiri et al. described the novel, efficient, and one-
pot synthesis of pyrimido[4,5-d]pyrimidine-2,4,7-trione
derivatives (16) via a three-component cyclo-
condensation reaction of 6-aminol,3-dimethyluracil,
aromatic aldehydes, and urea under microwave irradia-
tion conditions (Power: 900 W). Similarly, the synthesis
of pyrido[2,3-d:6,5-d|dipyrimidine-2,4,6,8-tetrone de-
rivatives was carried out by the condensation reaction of
6-amino-1,3-dimethyluracil and aromatic aldehydes in
the presence of ionic liquid (Fig. 6 and Table 4) [36].

(0] Ar

NH Ar =CGH5,4'Me-CeH4,4'MeO-CGH4
4-F-C6H4,4-BI’-C6H4, 4-C|-CGH4

Fig. (6). Synthesis of pyrimido[4,5-d]pyrimidine-2,4,7-trione
derivatives under MWI.

Table 4. Effect of catalysts on the reaction condition.

Entry Catalyst Yields (%)
1 CH;COOH 87
2 CF;COOH 37
3 4-Me-C¢H4SO;H 41
4 ZnC12 <20

Polshettiwar et al. presented an environmentally be-
nign aqueous Biginelli protocol for the synthesis of sub-
stituted 3,4-dihydro-pyrimidin-2(1H)-ones (20) under
MWe-irradiation [30]. The synthesis involves the three-
component condensation reaction of substituted benzal-
dehyde (17), acetoacetate (18), and urea or thiourea (19)
using polystyrene sulfonic acid (PSSA) as a catalyst
(Scheme 7). The reaction proceeded efficiently in the
presence of water without using any organic solvent
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Scheme 7. Synthesis of 3,4-dihydro-pyrimidin-2(1H)-ones in aqueous media under MWI.
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Scheme 8. Synthesis of pyrimido[4,5-d]pyrimidine derivatives.
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Scheme 9. Synthetic route for the synthesis of ethyl(S)-2-benzamido-5-[(4,6-dimethylpyrimidin-2-yl)amino]pentanoate.

(R.T: 20-30min, Yield: 81-90%) in comparison with
conventional heating (R.T: 5-6 h, Yield: 50-58%) [37].

3.2. Synthesis of Pyrimidines via Cycloaddition
Reaction

Kategaonkar et al. synthesized pyrimido[4,5-
d]pyrimidine derivatives (24) by using a clean, effi-
cient, facile, and solvent-free procedure (Scheme 8).
Here, the synthesis is carried out via multi-component
reactions that involve cycloaddition of three compo-
nents such as barbituric acid (0.01 mmol) 21, aromatic
aldehyde (0.01 mmol) 22, urea or thiourea (0.01 mmol)
23 in the presence of alumina (Al,O3) as solid support
under microwave irradiation operating at a power level
of 150-600 watts for the appropriate period. The ad-
vantages of this method include excellent yields (70-
98%) in shorter reaction time (25-40sec) with high pu-
rity of the products [38].

3.3. Synthesis
Reaction

of Pyrimidines via Cyclization

Mario et al. reported the synthesis of ethyl(S)-2-
benzamido-5-[(4,6-dimethylpyrimidin-2-yl)amino]

pentanoate under microwave irradiation (Yield: 70%)
(Scheme 9). It involves the reaction between (S)-N-a-
benzoyl-L-arginine ethyl ester hydrochloride (25) and
acetylacetone (26) to produce a corresponding pyrimi-
dine analog (27). The reactions were performed at
150°C for 20 min under the pressure of 150psi [39].

3.4. Synthesis of Pyrimidines via Multicomponent
Reaction

Multicomponent reactions (MCRs) strategies offer
significant advantages over conventional linear type syn-
thesis [40]. The combination of three or more reactant
molecules in a single operation leads to the formation of
combinatorial libraries. So, the 4-amino-5-pyrimidine
carbonitrile derivatives (31) are produced via a one-pot
three-component reaction between aldehydes (28),
malononitrile (29), and N-unsubstituted amidines (30)
(Scheme 10). The reaction is carried out in the presence
of water by conventional (R.T: 3-12h, yield: 60-82%) or
under microwave heating (P: 300W, R.T: 25-120sec)
method in the presence of sodium acetate. This method
provides a new route to produce pyrimidine derivatives
in good to excellent yields (75-92%).
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Scheme 10. Synthesis of 4-amino-5-pyrimidine-carbonitrile derivatives.
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Scheme 11. Synthesis of polyfunctionalized pyrazolo[4°,3’:5,6]pyrido[2,3-d]pyrimidines.

The synthesis of polyfunctionalized pyrazo-
lo[4°,3°:5,6]pyrido[2,3-d]pyrimidines 35 was carried
out by multicomponent reactions of aldehydes (32), 3-
methyl-1-phenyl-1H-pyrazol-5-amine (33), and 1-
methylbarbituric acid (34) in water without using any
catalyst under microwave irradiation at a power level
of 200W and 110°C for a given time (Scheme 11). This
synthetic protocol is advantageous in terms of envi-
ronmental friendliness, short reaction time (5-10min),
excellent yields (80-88%), low cost, easy operation,
and broad scope of applicability [41].

Jain et al. synthesized 2-amino-5-cyano-4,6-
disubstituted pyrimidines (36) under microwave at
80W for 25-50 minutes (Fig. 7). The synthesis of
pyrimidines involves one-pot synthesis via multi-
component reaction of a-Cyanoketenes S, S-acetals,
amines, and guanidine carbonate. The reaction was
completed in just a few minutes instead of the 18 hrs
required under conventional heating. The products
were obtained in high yield (76% - 90%) and purity
(>95%). A microwave synthesizer with monomode
open-vessel was used for this synthesis [42].

X
NC
SN Rig
R | /k NH = 4-morpholinyl, 4-CH;OC¢H,NH,
1
\T N NH, R 4-CH;3C¢H4NH,4-Br CsHsNH
R, 36 X=NH,, OH
Fig. (7). Synthesis of 2-amino-5-cyano-4,6-disubstituted
pyrimidines.

Borisagar et al. reported the synthesis of a new class
of triazolopyrimidines (37). It involves one-pot multi-
component reactions of different acetoacetamides, 4-
(phenoxy methyl)benzaldehyde, and 5-amino-1,2,4-
triazole by using microwave irradiation within 20-30
minutes with high yield (Fig. 8) [43].

Fig. (8). Synthesis of triazolopyrimidines under MWI.

An efficient synthesis of 3,4-dihydropyrimidinones
(DHPMS) 41 using sulfamic acid as a catalyst from
aldehydes (38), B-keto ester (39), urea, or thiourea (40)
under solvent-free microwave irradiations is depicted
in scheme 12. The solvent-free microwave-assisted
green procedure offer advantages such as shorter reac-
tion times (2-3min), simple work-up, and excellent
yield (84-93%) over the conventional heating method
(R.T:6-7h, Yield: 64-80%). The synthesis was carried
out at a power level of 300 watts for 2-3.5 min using a
domestic microwave oven (Samsung model) [44].

Singhal et al. presented an efficient, simple, and en-
vironmentally clean synthesis of 3,4-dihydro-
pyrimidinones (45) with excellent yields in the pres-
ence of water without using solvents or acid catalysts
under the microwave irradiation method. It involves the
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Scheme 13. Synthesis of 3,4-dihydro-pyrimidinones.

reaction between aldehyde (2 mmol) 42, urea (2 mmol)
43, and p-dicarbonyl compound (2 mmol) 44 in the
presence of water (3-4 drops) at a power level of 750W
for 2 min (Scheme 13). Synthesis was carried out by
using the Milestone START Microwave lab station.
The presence of water was found to be vital and the
reactions were carried out faster with high product
yield (90-98%) under microwave irradiation as com-
pared to the conventional heating method (R.T: 45-
75min., Yield: 80-94%) [45].

3.5. Synthesis of Pyrimidines via a Coupling
Reaction

Dehbi ef al. introduced an efficient and eco-friendly
method for the synthesis of disubstituted 5-amino py-
rimidines (48). It involves the coupling of vinyl azides
(46) and urea or thiourea (47) (Scheme 14). This reac-
tion was carried out in the presence of water as a sol-
vent under microwave irradiation conditions. The sig-
nificant features observed in this new protocol were the
faster conversion of starting materials to products,
shorter reaction times (10min), cleaner reactions, and a
simpler work-up procedure [46].

o x
Water
Ry = RZ*HZN )\
2 MWL, 160 W
N3 X=0,8
46 47
R, R, Yield: 70-97%

48a CgHj 4-Br-C¢Hs

48b 4-Br-CgHs CgHs
48c 4-Br-CgH, 4-OCH,CH,

Scheme 14. Synthesis of disubstituted 5-amino pyrimidines
under MWI.

3.6. Synthesis of Pyrimidines via Mannich Reactions

Yildirim et al. developed a green procedure to pre-
pare a new series of thiazolo[3,2-c]pyrimidine deriva-
tives (52) through Mannich reactions under MW-
irradiation. This synthesis is achieved via multicompo-
nent cyclization of 2-(nitromethylene)thiazolidine (49),
various aliphatic or aromatic amines (50), and formal-
dehyde (51) in water (Scheme 15). The use of MW
radiation promoted high product yields (65-100%) and
considerably reduced the reaction times (3-7min) con-
cerning conventional heating (R.T: 2-6h, Yield: 58-
77%). This green protocol did not require any organic
solvents to carry out the reaction or purification of final
O,N

compounds [47].
O,N " _R
Lo g e L
/

s” “NH +R—NH2+)I\ — 2 Q.
\ / H MWI, 3-7min

H
49 50 51 52

R=Butyl, Propyl, 4-Chlorobenzyl, p-Toly, 2-Thiazoyl

Scheme 15. Green synthesis of thiazolo[3,2-c]pyrimidine
derivatives.

4. BIOLOGICAL ACTIVITIES OF PYRIM-
IDINES AND THEIR DERIVATIVES

The pyrimidine base present in thymine, cytosine,
and uracil is considered the essential building block of
nucleic acids such as DNA and RNA. Pyrimidines scaf-
fold is present in several natural products such as vita-
min By, bleomycin (antitumor antibiotic), charine (laxa-
tive), Gougerotin (antibiotic), Plicacetin (antibiotic), efc.
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Fig. (9). Biological potentials of pyrimidines and their derivatives.

In addition to this, pyrimidines and their analogs exhibit
promising biological activities such as antibacterial, anti-
fungal, antihypertensive, antiviral, antidiabetic, anticon-
vulsant, antioxidant, anticancer, analgesic, anti-
inflammatory, etc. (Fig. 9).

4.1. Pyrimidines as
inflammatory Agent

an Analgesic and Anti-

Analgesic and anti-inflammatory agents are the
class of drugs that are used for the treatment of swell-
ing, redness, and pain. Analgesia refers to the loss of
sensation of pain that results from an interruption in the
nervous system pathway between the sense organs and
brain. Analgesics are the group of drugs used to relieve
pain. Similarly, inflammation is the complex biological
response by which the immune system protects the
body from harmful pathogens like bacteria and viruses.
Inflammation can be categorized into acute or chronic.
Acute inflammation is the initial response of the body
to harmful stimuli that is achieved by the increased
movement of plasma and leukocytes from the blood
into the injured tissues. Whereas, chronic inflammation
is a prolonged state that causes progressive shifting of
cells that are present at the site of inflammation. So,
anti-inflammatory agents are used to reduce the red-
ness, swelling, and pain in the inflamed parts of the
body. But there are some side effects produced by these
agents, including heartburn, stomach pain, ulcers, efc.
To minimize these problems arising during the admin-
istration of anti-inflammatory drugs, investigations are
carried out to design novel drug candidates for the
treatment of inflammation without causing any ulcer-
ogenic activity [48].

Chaudhary et al. performed the synthesis of pyrimi-
dine derivatives 53 (Fig. 10) under MWI using LG

domestic microwave oven (Model No.MC-7148MS).
The microwave method offers salient features like a

faster rate of reaction, cleaner reaction conditions, and
enhancement in product yield (R.T: 2-8 min, 71.9-
86.1%) as compared to the conventional heating meth-
od (R.T: 8-10h, Yield: 50.4-65.3%). The analgesic and
ulcerogenic potential of the title compounds were in-
vestigated using the acetic acid-induced writhing model
at 20 mg/kg body weights of the animal. For analgesic
activity, the first animal group served as control
positive that received distilled water orally. Then the
second group received the aqueous suspension of test
compounds orally at a dose of 20 mg/kg. The last
group received a standard drug (Diclofenac sodium)
orally at a dose of 20 mg/kg. After 30 minutes, each
animal group was administered with 1% aqueous
solution of acetic acid (10 ml/kg) and the mice were
then kept in transparent boxes for observation. The
number of writhes was counted for 15 min after
injection of acetic acid at 0.5, 1, and 2 h (Table 5). The
number of writhes in each treated group was compared
with the control group and the percentage protection is
calculated by the following formula.

. Control mean — treated mean
% Protection = Control mean %100

Tested compounds (53m, 53p) exhibited better an-
algesic activity without ulcerogenic effects in compari-
son with the standard drug Diclofenac sodium [49].

Bhatewara ef al. reported the one-pot synthesis of 2-
amino-dihydropyrimidinone derivatives (57) via a
three-component cycloaddition reaction under solvent-
free MWI (power 150 to 750 watts). The reaction pro-
ceeds via Knoevenagel condensation, followed by the
addition and cyclization of aldehydes (54), ethyl cy-
anoacetate (55), and guanidine nitrate (56) in the pres-
ence of piperidine as catalyst (Scheme 16). This meth-
od is advantageous in terms of excellent product yield
(79-93%) in a shorter reaction time with high purity.
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Ar =o-chloro benzaldehyde, m-chloro benzaldehyde,
p-chloro benzaldehyde, o-bromo benzaldehyde,
m-bromobenzaldehyde, p -bromobenzaldehyde
o-methoxy benzaldehyde, m-methoxy benzaldehyde
2,4-dichloro benzaldehyde, 2,6-dichloro benzaldehyde

X=CH,, O

Fig. (10). Structure of pyrimidine derivatives with analgesic activity.

Table 5. Analgesic activity of compounds by acetic acid-induced writhing response model.

Percent Protection

Tested Compounds

0.5h 1h 2h

98.45 £ 0.22°+** 89.54 £ 0.61*** 55.68 £1.33

53p

95.34 £ 0.43*** 85.36 £ 0.56*** 69.60 + 1.30%***

Diclofenac sodium

95.87+0.33 94.25+0.31 84.53£0.37

Values are expressed as Mean + SEM and *** P<0.001 indicates the level of statistical significance as compared with control.

O I
NH CN
,CN 2 N HN
Ar—CHO + HZC\ + NO; H
HoN NH > S
COOC,Hs M2 2 MWI, Solvent free H,N N (0]
54 55 56 57

Ar= C¢Hs,4-(CH;0)-C4H,, 4-NO,-CgHy

Scheme 16. One-pot synthesis of 2-amino-dihydro-pyrimidinone derivatives.

The in vivo anti-inflammatory activity of synthe-
sized compounds was evaluated by using carrageenan
induced rat paw edema method. The anti-inflammatory
activity of the title compounds was expressed as the
percent inhibition of the edema as compared to the con-
trol group. The rat paw edema was measured by vol-
ume displacement technique using a plethysmometer.

The title compound (57d) exhibited 32.34%, 27.48%,
26.25%, and 25.25% inhibition of edema with a dose of
20 mg/kg at different time intervals as compared to the
standard drugs Indomethacin (Table 6). The screening
results were expressed as the mean £ SEM [50]. The
percent of inhibition of the rat paw edema is calculated
by the following formula.



Microwave Induced Green Synthesis

Current Medicinal Chemistry, 2023, Vol. 30, No. 9 1041

Table 6. Effects of test compounds and indomethacin in inhibition of carrageenan-induced rat paw edema.

Test Com- Dose Percentage (%) Inhibition of Edema
pounds 1h 2h 3h 4h
Control 10 mL/kg 0.59124 0.005 %%+ 0.59304 0.002+%+ 0.6102 0.002+ %+ 0.6303 = 0.002+ %+
(Saline water)
Indomethacin 100 me/k 0.2700£0.005*x 0.3124+0.005** 0.3133£0.008** 0.3500 + 0.005+*
(standard) gke (54.33%) (47.31%) (48.65%) 44.47%
( )
57d 20 melk 0.4000£0.005%#* 0.4300£0.005%* 0.4500 % 0.01 1 0.471120.011%%%
ke (32.34%) (27.48%) (26.25%) (25.25%)
Ve -Vt activity against Staphylococcus aureus, Staphylococcus
% inhibition = ———— x100 Y a8 pryrococ > otapny
Vc Pyogenus, Escherichia coli, and Pseudomonas aeru-

Where V-volume, c-control, t-test

Patil et al. explored the microwave accelerated syn-
thesis of 3,4-dihydro-pyrimidine-2(1H)-one derivative
58. The synthesized compounds were evaluated for
antihypertensive activity by the non-invasive tail-cuff
and carotid artery cannulation method for determining
the diastolic blood pressure. Hypertension was induced
by DOCA-salt. Anti-inflammatory activity was carried
out by the carrageenan-induced rat paw edema method.
Test compounds (Fig. 11) exerted comparative anti-
hypertensive activity at a 10 mg/kg dose level com-
pared to nifedipine [51].

Me,N” " NH

EKN
|4I\
N N

H

58

X=Cl, Ph

Fig. (11). Synthesis of 3,4-dihydro-pyrimidine-2(1H)-one
derivative with antihypertensive activity.

4.2. Pyrimidines as Anti-tubercular Agent

Tuberculosis is a contagious infection generally
caused by Mycobacterium tuberculosis. It mainly af-
fects the lungs and is considered a major killer disease
worldwide. Various drugs are available clinically for
the treatment of TB, but the use of suitable drugs and
length of treatment depends on different factors, in-
cluding age, overall health condition, possible drug
resistance, and infection area in the lungs. So, there is
still research going on for the development of novel
anti-tubercular agents [52].

Patel et al. described the microwave irradiated syn-
thesis of 3,4-dihydro-pyrimidin-2(1H)-one analog 59
using the Biginelli reaction. The synthesized com-
pounds were screened for their in-vitro antibacterial

ginosa bacterial strains and antifungal activity against
Candida albicans, Aspergillus niger, and Aspergillus
clavatus by micro-broth dilution method. The in-vitro
antimycobacterial activity was determined against My-
cobacterium tuberculosis (H3;Rv strain). The synthe-
sized derivatives (Fig. 12) are found to be active
against microorganisms (bacteria and fungi) and M.
tuberculosis H3;Rv as compared to Griseofulvin and
Rifampicin as a standard drug [53]

OCH; cl

CN  R=-CgH,4-C3Hj;, -CgH,-3-Br

j\ | 0) )\/NH -C¢H,-4-OH-3-CH;,
-CgH4-4-F, -C¢H,4-4-OH,
o N o 6114 6114
H -C¢H,-2-Cl

59

Fig. (12). Synthesis of 3,4-dihydropyrimidin-2(1H)-one ana-
log with antimycobacterial activity.

The manifestation of various drug-resistant Myco-
bacterium tuberculosis (Mtb) strains has necessitated
the development of new drug candidates to decrease
the resistance to existing drug therapies. By screening
the Med Chem Express bioactive compound library,
Ceritinib was identified as a compound with antimyco-
bacterial activity against Mtb H37Ra. Ceritinib had a
MIC value of 9.0uM in vitro and demonstrated in-vivo
efficacy in a BALB/c mouse model infected with auto
luminescent H37Ra. Then, novel ceritinib derivatives
were synthesized, and their anti-mycobacterial activi-
ties were evaluated in vitro. The antimycobacterial ac-
tivities of the synthesized compounds were drastically
affected by substitutions at position 4 of the pyrimidine
nucleus and were enhanced by the presence of 2-
isopropoxy-5-methyl-4-(piperidin-4-yl)aniline at posi-
tion 2 of the pyrimidine nucleus. The in-vivo anti-
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tubercular activity of the three most potent compounds
was evaluated. 5-chloro-N2-(2-isopropoxy-5-methyl-4-
(piperidin-4-yl)phenyl)-N4-(naphthalen-1-yl)pyrimidi-
ne-2,4-diamine (60) significantly reduced the Mtb bur-
den of mice. The result suggested that this compound
exhibited promising anti-tubercular activity. Further,
the in-silico modeling reports that dihydrofolate reduc-
tase is the potential molecular target for this compound
(Fig. 13) [54].

ohe
|
N \N)\N
H H
60 O\(

Fig. (13). Structure of 5-chloro-N2-(2-isopropoxy-5-methyl-
4-(piperidin-4-yl)phenyl)-N4-(naphthalen-1-yl)pyrimidine-
2,4-diamine.

NH

A series of 1,2,3,4-tetrahydro-pyrimidine-5-
carbonitrile derivatives (64) have been synthesized by
the multicomponent reaction, which involves one-pot
organic reactions using aryl aldehydes (61), ethyl cy-
anoacetate (62), and urea/thiourea (63) in the presence
of ethanolic K,CO; (Scheme 17). Both conventional
and microwave heating methods have been adopted for
the synthesis. The latter strategy gave high yields
(85.15%) in less than 10 min as compared to long
hours (4-6hrs) using the former approach (Table 7).
The titled compounds were also evaluated for anti-
tubercular activity in vitro against drug-sensitive M.
tuberculosis H37Rv strain and clinically isolated S, H,
R, and E resistant M. tuberculosis by luciferase reporter
phage (LRP) assay method. The tested compounds
were found to be effective as there was more than a
50% reduction in Relative Light Units (RLU) using a
luminometer [55]. Among all the test samples, com-
pound 64d showed more effective against M. tubercu-
losis H37Rv and Clinical isolate: S, H, R & E resistant
M. tuberculosis as compared to the standard drug (Iso-
niazid) (Table 8).

A simple and efficient approach toward the single-
step synthesis of 6-amino-5-cyano-2-(hydroxy/ mer-
capto)-4-substituted pyrimidine derivatives (68) has
been developed by three-component condensation of
aromatic aldehydes (65), urea or thiourea (66), and
malononitrile (67) using conventional heating and mi-
crowave irradiation technique (Scheme 18). Some of
these novel derivatives showed moderate to potent in-
vitro anti-tubercular activity. Microwave-assisted syn-

Sahoo et al.

thesis is advantageous in terms of simple reaction con-
ditions and easy work-up procedures, less time con-
suming (2-3.5 min), and eco-friendly, which results in
better yields (64-85%) over the conventional method
(R.T: 1.5-3h, Yield: 56-81%) [56].

4.3. Pyrimidines as Antimicrobial Agent

Microbial infections are the leading cause of mortal-
ity worldwide. Currently, there are different types of
antimicrobial drugs available clinically for the treat-
ment of different microbial infections. But, there is still
requirement to design and develop potential anti-
infective agents with less development of resistance.
From the various studies, it is reported that pyrimidine
analogs prepared via microwave irradiation method are
found to be inhibitors of several microbial enzymes and
blockers of pathogenesis [57].

Khatri et al. explored the microwave-induced syn-
thesis of thieno[2,3-d]pyrimidines (71, 73). These
compounds were prepared via cyclization of 2-amino-
3-cyanothiophenes (69) with formamide (70) and urea
(72) under microwave irradiation at a power level of
180 Watts (Scheme 19). QPro-M microwave
synthesizer was used for the synthesis of these
compounds. The synthesized compounds were evaluat-
ed for their antibacterial and antifungal activities in-
vitro by using the broth dilution method. The tested
compounds exhibited promising antimicrobial activity
in comparison to Ampicillin and Griseofulvin (Table 9)
[58].

A series of thiazolopyrimidine derivatives (77) have
been synthesized via multicomponent reaction (Scheme
20). Both conventional and microwave-assisted irradia-
tion methods (500W, 5-10min) were used to perform
the reactions. The reactions were carried out by using
Millstone Organic Synthesis Unit (Micro SYNTH)
with a continuous focused microwave power delivery
system in a pressure glass vessel (10 mL) sealed with a
septum under magnetic stirring. All the synthesized
compounds were evaluated for their antimicrobial ac-
tivities. Some compounds displayed moderate antimi-
crobial activity as compared to standard drugs such as
Chloramphenicol and Ampicillin [59].

Sureja et al. synthesized a novel series of pyrazo-
lo[3,4-d]pyrimidin-4(5H)-one derivatives 80 (Scheme
21). It involves the cyclization of an ortho-amino ester
of 1-(2,4-dinitrophenyl)pyrazole (78) with various ali-
phatic or aromatic nitriles (79) under different reactions
conditions such as conventional and microwave-
assisted synthesis. The reaction mixture was subjected
to irradiation in a microwave oven at the power level of
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Scheme 17. Synthetic route and reaction mechanism for the preparation of pyrimidine-5-carbonitrile derivatives.

Table 7. Comparison between conventional and microwave-assisted synthesis.

Conventional Synthesis Microwave Synthesis
Compounds S) Time (hr.) (TEI'::’;.%,Y o Yield (%) (Tlii‘l’le) g‘w:éz%y Yield (%)
64a H 4 98-100 61.47 5 210 82.67
64b p-F 6 98-100 60.53 7 210 81.48
64c 0-Cl 5 98-100 59.62 6 210 80.65
64d m-Cl 7 98-100 58.76 8 210 79.05
64e p-Cl 6 98-100 61.46 7 210 82.26
64f m-Br 5 98-100 57.23 7 210 78.40
64g p-Br 6 98-100 58.37 9 210 79.71
64a H 4 98-100 66.27 5 210 85.01
64b p-F 6 98-100 65.31 9 210 85.15
64c 0-Cl 5 98-100 62.59 7 210 82.46
64d m-Cl 7 98-100 60.53 8 210 79.92
64e p-Cl 6 98-100 61.46 6 210 82.95
64f m-Br 5 98-100 57.78 7 210 78.57
64g p-Br 6 98-100 59.19 8 210 80.61
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Table 8. Anti-mycobacterial activity of pyrimidine derivatives.

% Reduction in RLU
Compound Test Organisms
Code M. tuberculosis H37TRv Clinical isolate: S, H, R & E resistant M. tuberculosis
100 pg/ml 500 pg/ml 100 pg/ml 500 pg/ml
64b 46.49 44.20 38.38 47.86
64d 54.28 61.02 50.10 52.77
64i 33.40 48.72 25.47 33.49
64e 46.21 65.23 61.35 66.65
64g 75.73 82.04 38.03 7491
Isoniazid (0.5 pg/mL) 98.42 89.6
X CN

Il ~~" Ethanol, Bthanol, H;80,
Ar-CHO + H,N—C-NH, + Hzc\ )\
CN MWI, 2-3.5min HX
65 66 67
Ar= C¢Hs-, 4-OHC4H,-, 2-CICgH,-, 4-CIC¢Hy-, 3-NO,CeHy-
X=0,8

Scheme 18. Synthesis of 6-amino-5-cyano-2-(hydroxy/mercapto)-4-substituted-pyrimidine derivatives.

PSS

HNT N0
70 N

MWL 180 W >

HsC CN
H
N [ ) NH e
RI_ S 2 HsC

HZN [HN 775 NH, NH2
MWI, 180 W

Microwave (P: 180W, R.T: 12-22min., Yield: 69-78%)
Conventional (R.T: 195-360min., Yield: 50-65%)

Scheme 19. Synthesis of thieno[2,3-d]pyrimidines under MWI.

Table 9. Antimicrobial activity of the synthesized compounds.

Minimum Inhibition Concentration (ug mL™)
C d
Onél:;l;n s R Gram-positive Gram-negative Fungal species
S.a. S.p. E.c. P.a. C.a. A.n. A.c.
71d 4-Cl 25 100 200 100 1000 500 500
>
73d 4-Cl 50 125 100 200 >1000 500 1000

73j 4-F 50 125 250 100 100 1000 500

Amp - 250 100 100 100 - - -
Gri - - - - - 500 100 100

Microorganisms selected are as follows: S.a., Staphylococcus aureus; S.p., Streptococcus pyogenes; E.c. Escherichia coli; P.a., Pseudomonas aeruginosa; C.a.,

Candida albicans; A.n., Aspergillus niger; A.c. Aspergillus clavatus. Standards: Amp, Ampicillin; and Gri, Griseofulvin.
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Ar = p-C|C6H4, pN02C6H4,p-FC6H4,p-OCH3C6H4

Microwave (P:500 W (140 °C), R.T: 5-14min., Yield: 70-83%)
Conventional (R.T: 480-1440min., Yield: 39-60%)

Scheme 20. Synthesis of thiazolopyrimidine derivatives.

o
COOEt
'
SN NH, N
ON R/Ar-CN O2N
71 5
iorii
NO, NO,
-8 80

NH
N/ \ /)\ RIAr
N N

i = Dioxane, Dry HCI, 6h (71-83%)
ii= t-BuOK, MWI, 2.5-3.5 min (77-89%)

R=-CHa, -C,Hs

Ar=-CH,C4Hs, -C¢Hs, -4-NO,CgH,
-4CIC4H,, -4BrCgH,,-40CH;CH,

Scheme 21. Synthetic route to pyrazolo[3,4-d]pyrimidin-4(5H)-one derivative.

960 W (CEM, discover microwave lab station
operating at 2450 MHz under continuous internal
temperature control) for 2.5-3.5 minutes. All the syn-
thesized compounds were evaluated for their in-vitro
antimicrobial activity against selected bacterial and
fungal strains by using the agar well diffusion method.
Streptomycin (50 pg/mL) and Fluconazole (50 ng/mL)
were used as standard drugs. DMSO was used as a
control. The antimicrobial activity was evaluated by
measuring the zone of inhibition. Compounds with aryl
or heteroaryl substitution at the 6™ position exhibited
better activity as compared to standard drugs [60].

Panneerselvam et al. performed the microwave-
assisted synthesis of a series of thiosemicarbazide sub-
stituted pyrimidine derivatives (81) by using thiosemi-
carbazide and  ethyl-2-((2-amino-5-carbamoyl-6-
[substituted benzyl]pyrimidin-4-yl)oxy)acetate and
subsequent addition of acetaldehyde and acetone. The
experiment was carried out under microwave
irradiation at a power level of 400 to 450 W for 3-5
minutes. The synthesized compounds were screened
for their antibacterial activity against S. aureus, M. lu-
teus, S. epidermidis, E. coli, B. cereus, P. aeruginosa,
and K. pneumonia as compared to standard drugs
Ciprofloxacin. Similarly, the antifungal activity of the-
se compounds (Fig. 14) was evaluated against A. niger
and 4. fumigates in comparison with Ketoconazole as a
standard drug. Among tested compounds, 2-hydroxy
and 3-chloro derivatives of thiosemicarbazide substi-

tuted pyrimidine exhibited good activity against micro-
organisms [61].
NH,

PN

81

R=2-OH, 3-OCHs, 3-CHj, 3-NH,,
4-NO,,2-F, 3-Cl, 4-Br

Fig. (14). Synthesis of thiosemicarbazide substituted pyrimi-
dine derivatives.

Various pyrimidine derivatives (85) were synthe-
sized by following Biginelli's three-component cyclo-
condensation reactions of aryl aldehyde (82),p -
diketone (83), and urea (84) under microwave irradia-
tion conditions (Scheme 22). The synthesized com-
pounds were evaluated for their antimicrobial activities
against Gram-positive, Gram-negative bacteria, and
fungi by using the micro dilution method. The results
of this study demonstrated that some compounds were
found to be effective and selective for antimicrobial
activity against the tested microorganisms [62].

Karthic et al. described the synthesis of 5-(5-amino-
1,3,4-thiadiazol-2yl)-3,4-dihydro-6-methyl-4-phenyl-
pyrimidin-2(1H)-thione (86) under microwave irradia-
tion at 200W for 2 minutes (Fig. 15). These pyrimidine
derivatives have been evaluated for their possible anti-
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fungal activity in-vitro against Candida tropicalis, As-
pergillus terreus, and Penicillium sps by using the agar
well disk diffusion method. Most of the tested com-
pounds exhibited significant antifungal activity in
comparison with Amphotericin-B as a standard drug
[63].

(0]
(0] H )I\ o
EtO Me HoN NH,
W 84 EtO | NH
N _— >
Ethanol/HCl Me N o
H
82 83 85

Scheme 22. Synthesis of pyrimidine derivatives under MWI.

HoN
/=S  CH,
NN

H/J\S

86

Fig. (15). Structure of pyrimidin-2(1H)-thione with antifun-
gal activity.

Chandrasekaran et al. reported the microwave-
assisted synthesis of some 2-amino-6-aryl-4-(2-
thienyl)pyrimidines (89) (Scheme 23). It involves the
reaction between 3-aryl-1-thien-2ylprop-2-en-1-ones
(87) and guanidine hydrochloride (88) in the presence
of alkali by conventional heating method (R.T: 12-18h,
Yield: 25-40%) in alcoholic medium and microwave
heating (R.T: 60-70sec, 85-90%) in solvent-free condi-
tions. The reaction mixture was transferred into a
beaker and subjected to irradiation in the domestic
microwave oven (LG Grill, MG395WA) at 320W. The
synthesized compounds were evaluated for in-vitro an-
tibacterial activity. The MIC value represents the low-
est concentration of test substances required to inhibit
the growth of microorganisms. So, the tested com-
pounds (89a, 89b) with lower MIC values exhibit high-
er effectiveness against bacterial strains as compared to
the reference drugs like ciprofloxacin and norfloxacin
(Table 10) [64].

Bakr et al. developed the synthesis of newly pyrim-
idine derivatives (93) via a facile one-step reaction by
treating substituted aldehydes (90), active methylene
derivatives like diethyl malonate or ethyl cyanoacetate
(91) and urea or thiourea (92) by using 1,4-
diazabicyclo[2.2.2]octane (DABCO) as a basic catalyst

Sahoo et al.

(Scheme 24). These derivatives were evaluated for
their antibacterial activity against bacteria such as B.
subtilis, S. aureus, P. aeruginosa, and E. coli, and anti-
fungal activity against fungi such as 4. flavus and C.
albicans. All the screened compounds exhibited signif-
icant antibacterial and antifungal activity [65].

An efficiently green protocol was developed for the
synthesis of methyl-7-amino-4-oxo0-5-phenyl-2-thioxo-
2,3,4,5-tetrahydro-1H-pyrano[2,3-d]pyrimidine-6-
carboxylates (97) (Scheme 25). This synthesis was per-
formed through a one-pot three-component condensa-
tion reaction between various benzaldehydes (94), me-
thyl cyanoacetate (95), and barbituric acid (96) in the
presence of water under microwave irradiation. This
methodology offered several advantages, such as high
yields (78-94%), short reaction time (3-6 min), safety,
and being eco-friendly without using any catalyst (Ta-
ble 11). The synthesized compounds demonstrated ex-
cellent in vitro antimicrobial and antifungal activities
against different strains like S. aureus, B. cereus (gram-
positive bacteria), E. coli, K. pneumonia, P. aeruginosa
(gram-negative bacteria), 4. niger, and P. chryso-
genum. Streptomycin and mycostatin were used as
standard drugs for antibacterial and antifungal studies,
respectively [66].

Bansal et al. presented the microwave-assisted synthe-
sis of pyrimidine derivatives (102) (Scheme 26). The syn-
thesis of pyrimidine derivatives is based on the condensa-
tion of chalcones (100) with guanidine nitrate (101) in the
presence of sodium hydroxide and ethanol. Then, the re-
action mixture is refluxed under microwave radiation at
180 watts for 2-16 minutes. The titled compounds were
screened for their antibacterial activity against P. aeru-
ginosa and E. coli by using the filter paper disc method.
The screening results revealed that some of the tested
compounds exhibited significant antibacterial activity at a
concentration of 500pug/ml and 1000pg/ml as compared to
standard drug amoxicillin [67].

4.4. Pyrimidines as Anti-psychotic Agent

Psychosis is a mental disorder called schizophrenia
that causes abnormal thinking and perceptions. The
activation of the dopaminergic system is considered the
main factor in the etiology of this disorder. So, antipsy-
chotic agents (e.g., clozapine, olanzapine, risperidone)
are used clinically for effective treatment of psychosis.
But, these drugs are still associated with some extrapy-
ramidal side effects. So, researchers have focused on
the development of efficacious therapeutic agents with
better bioavailability by minimizing extrapyramidal
side effects for the treatment of psychosis [68].
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Scheme 23. Synthesis of 2-amino-6-aryl-4-(2-thienyl)pyrimidines with anti-bacterial activity.

Table 10. In-vitro antibacterial activity of test compounds.
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MIC (ng/ml)
Compounds
S. aureus | B. subtilis | E. coli K. peneumoniae P. aeruginosa
/]
S | X
N\l/N 0.59 0.55 32 >60 >60
NH,
89a
N
~
/]
D 0.40 0.47 18 24 4
N\l/N
NH,
89b
Ciprofloxacin 0.55 0.03 0.13 0.07 1
Norfloxacin 1 0.05 0.48 0.32 4.5
R
CHO v
0 PN
HoN NH
x x\)l\ A St X NH  R=H, OH, Cl, OCH;, NO,
OEt ——=—* /& X= COOC,Hs, CN
2415,
R PABCO™ g0 SNy Y=0.8
H
90 91 93

Scheme 24. Synthesis of pyrimidine derivatives with antibacterial and antifungal activity.
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Scheme 25. Scheme for the synthesis of pyrimidine derivatives under microwave irradiation.
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Table 11. Optimization of catalysts for the synthesis of 97f under microwave irradiation.
Compound Entry Catalyst Mole% Solvent Time (min) Yield (%)
1 DBU 20 mol H,O 15 82
2 DABCO 20 mol H,O 12 71
3 K,CO, 20 mol H,O 20 57
4 Et;N 2-3 Drops H,O 11 64
CHO o
o ™ 4 HyC ZN _NaOH__
| A
F N ! Ethanol 100
98 99

R= Cl, -N(CH3),
R,=H, NH,

Yield: 55.5 -64.5%

NaOH HN=<
Ethanol

N \
/N

NH2
102

Scheme 26. Microwave-assisted synthesis of pyrimidine derivatives with antibacterial activity.

Microwave irradiation and classical heating tech-
nique were used to synthesize a series of thienopyrim-
idines (103, 104) and related heterocycles by refluxing
related imidoyl chloride with primary and secondary
amines (Fig. 16). Whereas, the imidoyl chlorides are
synthesized from corresponding cyclic imides with
phosphorus oxychlorides (POCl;) under MWI (R.T; 20
min., power level 4). The titled compounds were
screened for their anti-psychotic activity. The tested
compounds displayed a significant decrease in locomo-
tor activity at a dose of 20 mg/kg and less cataleptic
behavior as compared to the standard drug (Olanzap-
ine) at a dose of 10 mg/kg. The locomotor activity was
recorded by using Actophotometer. The locomotor
count for each animal was recorded for 5 minutes at 60
minute time intervals for 1 h. The title compounds were
found to be safe after oral administration with a dose of
20 mg/kg. There was no mortality observed at this dose
up to 24 h. It was also found that there was a decrease
in alertness and reactivity by applying stimuli. Further,
the experimental animals did not display any loss of
righting reflex with normal body position and lacrima-
tion [69].

N/
4
SNV P
. — —
HN@ QN N— N
/ N7
103 104

Fig. (16). Structure of thieno-pyrimidines derivatives.

4.5. Pyrimidines as an Anti-cancer Agent

Cancer is a multifactorial disease and is considered
the second leading cause of death globally. In the case
of cancer, there is an abnormal growth of cells with the
potential to invade or spread to other parts of the body.
So, anticancer drugs or chemotherapeutic agents (al-
kylating agents, antibiotics, antimetabolites, and plant
alkaloids) are used clinically to destroy, kill or decrease
the growth of cancer cells. But the effectiveness of the-
se drugs has been limited due to the development of
drug resistance and also side effects on normal cells
and tissues. Recently, various drug targets have been
identified and there is more development of targeted
therapy, such as targeting the proteins with an
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Table 12. Comparative study on reaction time and yield of pyrimidine derivatives by conventional and microwave irra-

diation methods.

Compound Ar Reaction Time Yield (%)
No. Conventional (hr) Microwave (min) Conventional Microwave
105a -C¢Hs 4.5 5.5 35 48
105b -3Br-C¢H,4 4.5 4.5 32 47
105¢ 4CI-C¢Hy 5.5 5.0 42 56
105d 2,4Cl1,-C¢H; 5.0 4.5 49 56
105e -4NO,-C¢Hy4 5.5 6.0 34 43

abnormal expression inside the cancer cells and subse-
quently designing novel anticancer agents [70].

Ahmad et al. performed the synthesis of 2-amino-
4,6-diarylpyrimidine derivatives (105) (Fig. 17) by
both conventional and microwave-assisted heating
techniques (Catalyst Scientific Microwave Oven, Mod-
el: CATA 2R, Power: 140-700 W). The prepared com-
pounds were evaluated for their potential cytotoxic and
antioxidant activities by using Brine shrimp lethality
bioassay and Riboflavin photo-reduction method, re-
spectively. It was demonstrated that the microwave
irradiation method is found to be advantageous, with a
considerable increase in the rate of reaction with better
yield (Table 12). It was observed that the pyrimidine
derivatives were found to possess promising cytotoxic
and anti-oxidant activities (Table 13) [71].

Ar = -CgHs, -3BrCH,,-4CIC H,,

N / Ar
-4NO,CH,, -4CH;CH,,

HaN 05

Fig. (17). Synthesis of 2-amino-4,6-diaryl-pyrimidine deriv-
atives.

Table 13. Cytotoxic activity of pyrimidine derivatives
using Brine shrimp lethality test.

Compound No. EDsj (ng/mL)
105a 4.13
105b 49.47
105¢ 4.97
105d 43.52
105¢ 45.39
Standard (Podophyllotoxin) 3.69

Jainey et al. reported the microwave-assisted syn-
thesis of novel pyrimidines bearing benzene sulfona-
mides (110). These pyrimidine derivatives were ob-
tained by the reaction of chalcones (108) with sul-
faguanidine (109) under a microwave-assisted synthet-
ic method (Cata-R, Catalyst Systems 140-700 W) with
good product yields (72-84%) (Scheme 27). The in-
vitro anticancer activity of these compounds was eval-
uated based on tryphan blue dye exclusion method.
Similarly, the antioxidant activity was performed using
DPPH and nitric oxide methods. Some of the tested
compounds exhibited significant antitumor and antiox-
idant activities in comparison to S5-fluorouracil and
ascorbic acid as standard drugs, respectively [72].

Microwave-induced heating method was applied for
efficient and rapid synthesis of new fluorinated couma-
rin-pyrimidine hybrids (Yield: 79-91%) (113) (Scheme
28). CEM Discover focused microwave system was
used for synthesis of titled compounds at a power level
of 200 W for 15-20 min. The newly synthesized com-
pounds were evaluated for their anticancer activity against
two human cancer cell lines, including A-549 (human
lung carcinoma) and MDA-MB-231 (human adeno-
carcinoma mammary gland). The activity study revealed
that some of the tested compounds exhibit significant cy-
totoxicity against the two cancer cell lines with 1Cso < 10
uM. Some of the tested compounds exhibited promising
activity against the A-549 cell line in comparison with the
standard drug cisplatin [73].

Singh et al. described the microwave irradiated syn-
thesis of tetrahydro-pyrimidine derivatives (114). The-
se compounds were prepared from the condensation
reaction of urea and substituted aldehydes under MWI
(840W, 3-5min) (Fig. 18). The titled compounds were
evaluated for determining their calcium channel inhibi-
tion activity by using nifedipine as a reference [74].
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Scheme 27. Synthesis of pyrimidines bearing benzene sulfonamides under MWI.

MWI, 200W
—_—

NH.HCI 15-20min

R= p-CHj3;, p-OCH;, m-CH;,m-OCHj3;,
0-CH3, 0-OCHj3, p-Br,p-Cl,m-Cl

Yield (Conventional: 57-67%, microwave:79-91%)

Scheme 28. Synthesis of fluorinated coumarin-pyrimidine hybrids with anticancer activity.

o) R
C,Hs0 NH

HsC o
CH,CONHNH,
114

Fig. (18). Structure of 1,2,3,4-tetrahydro-pyrimidine deriva-
tives.

Sandhu et al. described the green protocol for the
synthesis of 3,4-dihydro-pyrimidine-2-(1H)-ones (115)
under the microwave irradiation method at a power
level of 220W for 1.5-3.0 minutes (Synthwave S-402).
These types of compounds are synthesized via a multi-
component reaction of aldehyde, urea or thiourea, and
1,3-dicarbonyl compounds and are catalyzed by
AICl;.6H,0O under solvent-free conditions (Fig. 19).
Here, it was reported that this catalyst is found to be
cheap, safe to handle and the complete process is eco-
friendly (Yield: 83-95%) [75].

o) R

C,H50 NH R41=CgHs, p-Cl-CgHy,

/j\ 2-Thienyl, m-OH-CgH,
HsC N X X=0o0rS

115
Fig. (19). Structure of 3,4-dihydro-pyrimidine-2-(1H)-ones.
4.6. Pyrimidine as Anthelmintics

Helminthiasis is a worm infection in which a part of
the body is infected with parasitic worms, known as
helminths. Anthelmintics are a group of anti-parasitic
drugs that expel parasitic worms from the body by par-
alyzing or killing them without causing any damage to
the host cell. Based on this mechanism of action, dif-
ferent pyrimidine derivatives are designed for the ef-
fective treatment of helminthiasis [76].

Sahoo et al. explored the green protocol for the syn-
thesis of pyrimidine derivatives (118) via chalcones.
These compounds were synthesized by the condensa-
tion of chalcones (116) with urea (117) in an alkaline
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Table 14. Comparative study of conventional and microwave synthesis.

medium by using the microwave heating method (Cata-
lyst Scientific microwave oven). Herein, the Claisen-
Schmidt condensation reaction mechanism is involved
in producing chalcones from acetophenone and differ-
ent substituted benzaldehydes in the presence of potas-
sium hydroxide solution (Scheme 29). The synthesis
was carried out by using a scientific microwave oven
and the reaction temperature was measured by dipping
the sensor wire into the reaction medium. This synthet-
ic process by microwave offers a shorter reaction time,
environment-friendly procedure, and excellent yields.
With the help of microwave synthesis, the product
yield was enhanced from 58% up to 85% as compared
to a conventional heating method, indicating the utility
of the green chemistry approach (Table 14). The syn-
thesized compounds were evaluated for their anthel-
mintic activity. Compound with electron-withdrawing
substituent was found to be active against helminths
among the series [77].

H,N NH,
I 117
\ / CH=CH-C —>0
MWI, KOH

116

Scheme 29. Synthesis of pyrimidine derivatives via chalcon-
es.

4.7. Pyrimidine as Anti-malarial Agent

Malaria is an infectious disease caused by protozoan
parasites of Plasmodium species that spread to people
through the bites of infected female Anopheles mosqui-
toes. Currently, different classes of anti-malarial drugs
are used for the treatment and prevention of malaria,
including quinoline derivatives (Chloroquine, hydroxyl
chloroquine), antifolates, artemisinin, and antimicrobi-
als. But, these drugs produce gastrointestinal side effects
that may lead to a lack of adherence to drug treatment.
So, extensive research is carried out to generate potential
antimalarial agents with targeted drug delivery [78].

Conventional
Compound
R Energy

Code Time (h)

(Temp. °C)
118a H 3 98-100
118b 3-NO, 4 98-100
118¢c 4-NO, 4 98-100
118d 2-OH 4 98-100

Microwave
] Energy .
Yield (%) Yield (%)
(Power.Watt)
58.67 210 79.48
60.85 210 82.73
62.85 210 82.33
65.31 210 85.25

Rathwa et al. performed the microwave-assisted
synthesis of pyrimidine derivatives (123) from chal-
cones via condensation reaction with guanidine hydro-
chloride in the presence of a basic medium (Scheme
30). The reaction mixture was irradiated under
microwave irradiation (CEM microwave Oven, Model
No. 908010) at 300 W for 10-20 minutes. The synthe-
sized compounds were evaluated for their in-vitro an-
timalarial activity against P. falciparum strain. The
tested compounds displayed promising antimalarial
activity with an ICso value of 0.55-0.75pg/mL in com-
parison with the standard drug pyrimethamine [79].

The microwave irradiation method (340 W, 10-15
min) is utilized efficiently to perform the synthesis of
imidazo[1,2-aJpyrimidine derivatives (124) with excel-
lent yield (71-93%) in a short reaction time. The
microwave-irradiated synthesis is performed in a
“RAGA’s Modified Electromagnetic ~Microwave
System, in which the microwaves are generated by the
magnetron at a frequency of 2450 MHz with a power
level of 140 to 700 W and a fiber-optic sensor to control
the temperature. The sensor is attached to the reflux
condenser with constant stirring to avoid any risk of the
development of high pressure. It involves a one-pot
three-component condensation reaction of pyrazole al-
dehyde clubbed with imidazole and triazole nuclei and
2-amino benzimidazole in the presence of KOH (Fig. 20,
Table 15). The synthesized compounds were screened
for their preliminary in-vitro antimalarial activity against
chloroquine, Quinine sensitive strains of P. falciparum.
Some of the tested compounds displayed excellent anti-
malarial activity with an ICsy value of 0.030-
0.079ug/mL in comparison with standard drugs [80].

4.8. Pyrimidine as Antidiabetic

Diabetes mellitus is characterized by high blood
glucose levels due to irregular secretion of insulin. So,
antidiabetic drugs are developed to stabilize and con-
trol the glucose level in the blood. These medications
have common side effects like hypoglycemia, weight
gain, and gastrointestinal symptoms. To minimize
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Scheme 30. Synthesis of pyrimidine derivatives from Chalcones under MWI.

Table 15. Optimization of the reaction conditions for compound 124a.

Entry Base (equiv.) Solvent Yield (%)
1 KOH, 1.5 EtOH :H,O (1:1) 93
2 KOH, 2.0 EtOH :H,O (1: 1) 83
3 NaOH, 1.5 EtOH :H,O (1: 1) 71

these side effects, novel pyrimidine analogs are de-
signed with improved pharmacokinetic and pharmaco-
dynamic profiles [81].

Fig. (20). Structure of imidazo[1,2-a]pyrimidine derivatives.

The syntheses of oxadiazole-based tetrahydro-
pyrimidines (128) were carried out efficiently by mi-
crowave irradiation at 200W for 25 min. The synthesis
of these compounds was performed in an Anton-Paar
Monowave 300 Microwave synthesizer using a
borosilicate glass G10 vial sealed with PTFE-coated
silicone septum. It involves the one-pot multicompo-
nent reaction between aldehydes (125), substituted
acetoacetanilide (126), thiourea, or guanidine (127) in
ethanol, and a catalytic amount of acidic medium
(Scheme 31). The improved product yield, atom econ-
omy, less time consuming, and catalyst-free synthesis
was possible due to the microwave irradiation tech-
nique (Table 16). The synthesized compounds were
screened for their in-vitro anti-diabetic activity based
on the a-amylase inhibition strategy (Table 17). For the
determination of OD, the absorbance was measured at
a wavelength of 540 nm by using a UV-Visible
spectrometer. The screening results revealed that some
compounds (128a, 128b, 128¢) displayed very good

potency in comparison with standard drug acarbose
[82].

O

125

MO

O
O/\'\}( />’©7N02
=N

Scheme 31. Synthetic route to 1,3,4-oxadiazole-based tetra-
hydro-pyrimidine.

The synthesis of tetrahydro-pyrimidine (132) is per-
formed based on the Bignelli condensation reaction of
benzaldehyde (129), ethyl acetoacetate (130), and urea
(131) by using the microwave heating method at 180W
for 1-5minutes (Scheme 32). In-silico screening of the
synthesized compounds is performed to predict their
anti-diabetic activity. The results of the docking study
revealed that tetrahydro-pyrimidine derivatives can
bind to insulin receptors and increase the production of
insulin [83].

5. SYNTHESIS OF DRUGS WITH PYRIMIDINE
SCAFFOLD BY MWI TECHNOLOGY

Imatinib (Gleevec) is a blockbuster anticancer drug
with tyrosine kinase receptor inhibitory activity. Chem-
ically, it is 4-[(4-methylpiperazin-1-yl)methyl]-N-[4-
methyl-3-[(4-pyridin-3-ylpyrimidin-2-yl)amino]
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Table 16. Optimization and comparative study of conventional and microwave-assisted synthesis of compound 128a.

Entry Solvent Catalyst Conventional Microwave
T €0) Time Yield T 0) Time Yield (%)
em em ie
| P (hr) (%) P (min.) °
EtOH HC1
80 22 56 90 25 92
2 MeOH PPh; 70 24 15 90 25 30
Table 17. In-vitro anti-diabetic activity of test compounds.
Concentration
Compound R oD % Inhibition 1Cs
(ng/mL)

50 0.138 37.04 +1.30
75 0.114 4779 +2.41

128a -4-NO, 79.23
100 0.0845 61.33 +3.69
125 0.0414 80.93 £4.30
50 0.136 37.90 +£3.27
75 0.112 48.83 £2.39

128b 4-CH;, 77.21
100 0.0818 62.44 +£5.45
125 0.0421 80.67 £2.39
50 0.145 33.49+2.75
75 0.117 46.65 +0.09

128¢ 2-CH;, 81.46
100 0.0892 59.18 £2.61
125 0.0456 79.09 +2.53

(0] (0]
CHO )J\
Q @ HNT ONH, He” o | NH
N )I\/”\ 131
+ HsC (e] CHjy —W" HyC N /J\ o
Ethanol/H,SO, H
129 130 132

Scheme 32. Synthesis of tetrahydro-pyrimidine with anti-diabetic activity.

phenyl] benzamide. The synthesis of Imatinib is per-
formed by microwave irradiated solid-phase reactions
(Scheme 33). It involves the expeditious, efficient syn-
thesis of Imatinib on an aldehydic, acid-sensitive resin
via a microwave-induced synthetic strategy. The high
versatility of this reaction methodology enabled the
production of compound libraries of potential drug
candidates with diverse molecular structures [84].

Microwave technology is applied for the convenient
synthesis of clinically used drugs like sildenafil
(Viagra) (Scheme 34). Structurally, it is a pyrazolo[4,3-
d]pyrimidin-7-one with a methyl substituent at C,, pro-

pyl substituent at C;, and a 2-ethoxy-5-[(4-methylpi-
perazin-1-yl)sulfonyl]phenyl group at the Cs position.
Its IUPAC name is 5-[2-ethoxy-5-(4-methylpiperazin-
1-yDsulfonylphenyl]-1-methyl-3-propyl-6 H-pyrazolo
[4,3-d]pyrimidin-7-one. Sildenafil is a selective and
competitive phospho-diesterases type 5 (PDES) inhibi-
tor [85].

6. SAR STUDY OF PYRIMIDINES

The structure-activity relationships (SAR) study of
pyrimidine scaffolds represents the effect of structural
and physicochemical properties on selectivity and
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Scheme 34. Microwave irradiated synthesis of Sildenafil.

binding affinity towards receptors (Fig. 21). The signif-
icant biological activities of the pyrimidine analogs
may be attributed to the position (ortho, meta, and pa-
ra) and type of substituents (electron-withdrawing and
donating groups) present on the pyrimidine ring. In the
case of pyrimidine moiety, the essential core portions
are represented by the presence of hydrogen donor or
acceptor unit (HAD), hydrophobic domain (A) or aryl
ring and electron donor atom (D). In the case of posi-
tion A on the pyrimidine ring, the presence of five-
membered saturated heterocyclic ring substitution leads
to anticancer and antiviral activities. Whereas position
B, i.e., 2™ position, implies that the presence of five or
six-membered saturated heterocyclic ring substitution
generates the molecules with anthelmintic, antiparkin-
sonian, and expectorant. But, in the case of the 4™ posi-
tion, the presence of keto or amino group substitution
or mixed keto, amino groups substitution on pyrimidine
ring explore the molecules with antibacterial, antifun-
gal, antiviral, and anticancer activities, efc. While posi-
tion C, i.e., 5™ position of pyrimidine ring with halogen
or substituted amine or saturated distal heterocyclic
ring substitution, exhibits antibacterial and anticancer

sth
OEt HN N,
N
Y,
N
Pr
> 0=8=0
[Nj
\
CHs
136

activities. Further, position D, i.e., 6" position fused
with heterocyclic ring and o, m, p substituted distal aryl
ring substitution exhibits anti-bacterial, antiviral, anti-
cancer, and vasodilator activities [86, 87].

7. FUTURE PROSPECTS

Due to the increased prevalence of infections by vi-
ruses and microorganisms, there is a continuous re-
quirement to develop novel therapeutic agents with
promising pharmacokinetic and pharmacodynamic
properties. For this purpose, researchers are focusing
on the synthesis of pyrimidine-containing compounds
via the microwave irradiation method. The implemen-
tation of green chemistry protocols provides an envi-
ronment-friendly approach for the potential production
of pyrimidine analogs [88]. The MW-induced organic
reactions have gained popularity because this technique
offers features like clean, efficient, faster, and more
economical processes for the synthesis of compounds
with diverse molecular structures. This heating method
facilitates several chemical reactions to be completed
under mild reaction conditions in shorter reaction times
with higher product yield. In the future, many more
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Fig. (21). Structure-Activity Relationships (SAR) study of pyrimidine.

microwave-induced chemical syntheses can be per-
formed on industrial scales to increase the overall effi-
ciency of the processes. So, the application of micro-
wave-assisted drug synthesis looks bright because of its
efficiency and potential to generate cleaner products
[89-92].

CONCLUSION

The current review focuses on the green synthesis of
pyrimidine analogs via microwave irradiation tech-
nique and the study of their therapeutic potentials.
Drugs containing pyrimidine pharmacophore are found
to be effective in treating various disease states like
cancer, cardiac disease, diabetes, inflammation, malar-
ia, thyroid disorder, bacterial, fungal, and viral infec-
tions, etc. Microwave-induced reaction is an energy-
efficient and eco-friendly approach and has become an
emerging tool of the green synthetic method. This heat-
ing technology enhances the rate of reaction with selec-
tive heating, improves the yield of the product with
purity, and reduces the reaction time efficiently from
days to hours, hours to minutes compared to the con-
ventional heating method. So, microwave reactors are

designed to accelerate the production of drug substanc-
es under controlled reaction conditions on a laboratory
scale.

LIST OF ABBREVIATIONS

Al,O4 _ Alumina

°C = Degree celsius

DABCO = 1,4-diazabicyclo[2.2.2]octane
DBU = 1,8-Diazabicyclo[5.4.0]Jundec-7-ene
DHPMS = 3,4-dihydropyrimidinones

DOCA = Deoxycorticosterone acetate
DPPH = 2,2-diphenyl-1-picrylhydrazyl
Et;N = Triethylamine

GHz = G@Gigahertz

1Cs = Half-maximal inhibitory concentration
K,CO;3 = Potassium carbonate

Kg = Kilogram

KOH = Potassium hydroxide
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LRP = Luciferase reporter phage
MCRs = Multicomponent reactions
Mg = Milligram

MHz = MegaHertZ

Mtb = Mpycobacterium tuberculosis
MWI = Microwave irradiation
POCI; - Phosphorus oxychlorides
PSSA = Polystyrene sulfonic acid
RLU = Relative light units

TB = Tuberculosis

w = Watts
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