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Abstract

Pyrimidine derivatives are vital nitrogen-containing heterocycles with significant biological and industrial
importance. This review summarizes the advancements in their synthesis from 2005 to 2025, focusing on the
shift from traditional multi-step methods to sustainable one-pot multicomponent reactions (MCRs). We highlight
the efficacy of various transition metal catalysts and the emergence of metal-free, solvent-free, and
microwave/ultrasound-assisted protocols. This compilation provides a strategic framework for developing
atom-economicaland eco-friendly pathwaysto access pyrimidine scaffolds.

Keywords: pyrimidines, multicomponent reactions, transition metalcatalysis, one-pot synthesis, atom economy.

Sintese eficiente de pirimidinas ndo fundidas (NFPs) polissubstituidas
estruturalmente diversas e seus derivados por meio de protocolos dereagdes de
quatro componentes (4-CRs)

Resumo

Os derivados de pirimidina s2o heterociclos nitrogenados de grande importancia biologica e industrial. Esta
revisdo resume os avangos na sua sintese entre 2005 e 2025, com foco na transicdo dos métodos tradicionais de
multiplas etapas para reagdes multicomponentes (MCRs) sustentaveis realizadas em uma tnica etapa (one-pot).
Destaca-se a eficiéncia de diversos catalisadores a base de metais de transicdo, bem como o surgimento de
protocolos livres de metais, livres de solventes e assistidos por micro-ondas ou ultrassom. Esta compilagio
fornece uma estrutura estratégica para o desenvolvimento de rotas sintéticas ambientalmente amigaveis, com
elevada economia atdmica, visando a obtencdo de esqueletos de pirimidina.

Palavras-chave: pirimidinas, reagdes multicomponentes, catalise por metais de transi¢do, sintese one-pot,
economia atdmica.

1. Introduction

The construction of complex heterocyclic architectures remains a key focus of modern synthetic organic
chemistry, with the pyrimidine nucleus occupying a central position. Pyrimidines are fundamental components of
nucleic acids, namely cytosine, thymine, and uracil, and thus represent essential building blocks of life while
also possessing significant biological and clinical importance (Brown, 1984; Bruice, 2007; Elderfield, 1957).
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Numerous pyrimidine derivatives have been reported to exhibit a wide range of biological activities, including
antiviral, anticancer, antibacterial, antifungal (Dahabiyeh etal., 2023; Hekal et al., 2024; Padmashaliet al., 2019;
Pan et al, 2023; Venugopala et al, 2015; Venugopala et al, 2024a,b), anti-inflammatory, antidiabetic,
antihypertensive, anticonvulsant, analgesic, antileishmanial, antitubercular (Bairagi et al, 2020; Bhole et al,,
2023; Keshariet al., 2020; Kumaretal., 2023; Venugopala etal., 2020; Wu et al.,, 2022), antioxidant, insecticidal,
larvicidal, and anthelmintic properties (Bairagi et al., 2018; DChitikina et al, 2020; uraisamy et al., 2023;
Moharametal., 2023; Venugopala etal.,2016; Venugopala etal,, 2022).

In addition to their pharmacological significance, pyrimidine derivatives are also employed in diverse industrial
and technological applications, such as dyes, organic semiconductors, agrochemicals, optoelectronic devices,
corrosion inhibitors, electroluminescent materials, the petroleum industry, organic light-emitting diodes
(OLEDs), fluorescent receptors exhibiting dual signaling mechanisms, photosensitizers, bioimaging, fluorescent
pseudomonads, and photophysics and nonlinear optical materials (Abdel-Raheem etal, 2023; Achele et al.,, 2013;
Al-Mosaiudi et al.,, 2015; Ganesan et al., 2017; Ghazoui et al., 2012; Haque et al.,, 2017; Irfan et al., 2017; Irfan
etal,2019; Park etal, 2017; Sayed etal..,,2012; Upadhyay etal., 2010; Verbiskiy et al., 2014; West; Chu, 1986).
Owing to these diverse biological, industrial, and technological applications, the development of efficient and
innovative synthetic strategies for substituted pyrimidine derivatives continues to attract considerable research
interest.

Historically, the synthesis of pyrimidine scaffolds relied heavily on clssical methodologies, most notably the
Pinner synthesis and the Biginelli reaction, which stand as the definitive examples of two-component (2-CRs)
and three-component (3-CRs) reactions, respectively (Pinner, 1884, Alexander et al, 2005). While these
foundational routes were instrumental in the development of heterocyclic chemistry, they were often plagued by
multi-step sequences, prolonged reaction times, and the generation of substantial chemical waste. In response to
these limitations and in strict adherence to the principles of Green Chemistry, the synthetic community has
increasingly pivoted toward higher-order multicomponentreactions (MCRs).

These advanced four-component reaction (4-CR) protocols facilitate the streamlined assembly of four distinct
starting materials into a single, complex molecular architecture through a one-pot operation. Such a transition not
only ensures superior cost-effectiveness and time efficiency but also achieves maximum atom economy.
Recently, the integration of transition-metal catalysis and solvent-free protocols has further revolutionized this
landscape, drastically minimizing the environmental footprint of chemical manufacturing while providing
efficient access to structurally diverse, polysubstituted non-fused pyrimidines.

Therefore, this review aims to provide a comprehensive overview of recent advances (2005-2025) in the
efficient synthesis of structurally diverse polysubstituted non-fused pyrimidines via four-component reactions
(4-CRs), with particular emphasis on transition metal-catalyzed, metal-free, solvent-free, and energy-assisted
synthetic strategies, highlighting their mechanistic aspects, substrate scope, catalytic efficiency, and potential
contributions to sustainable heterocyclic synthesis.

2. Four-Component Synthesis of Pyrimidines

Four-component reactions (4CRs) are recognized asan exceptionally powerful strategy in heterocyclic chemistry,
as they enable the organized assembly of four distinct starting molecules in a single step. Compared to traditional
two- or three-component reactions, 4CRs offer superior structural diversity, allowing for the precise introduction
of different functional groups at various positions (C-2, C-4, C-5, C-6) of the pyrimidine ring. Furthermore, this
approach eliminates the need for intermediate isolation, thereby saving time and solvent, which makes the
methodology environmentally sustainable. Over the past two decades, researchers have developed numerous
protocols to synthesize functionalized pyrimidine frameworks. Among these, transition-metal catalysis and
catalyst-free condensations have emerged as the two primary trends. The following synthetic methodologies
demonstrate the capability and versatility of this multifaceted strategy:

Sakai et al. (2005) systematically described an efficient synthesis strategy for constructing versatile pyrimidine
frameworks using readily available starting materials. In the first step, an a-silyl carbanion, generated from the
reaction of commercially available sily l-substituted alkane 1 and n-butyllithium 2, reacted sequentially with two
nitrile molecules 3 and 4 to form a key intermediate, 3-amino-2-aza-1,3-diene 5. In the second step, this
intermediate underwent a cyclization reaction directly with tetraalkylorthocarbonate in the absence of any external
solvent or catalyst to afford 4-alkoxypyrimidine derivatives 7 (Scheme-1) (Sakai et al, 2005). This protocol
represents a highly eco-friendly, concise, and straightforward synthetic route.
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Scheme 1. Solvent and catalyst-free four-component synthesis of 2,5,6-Trisubstituted 4-alkoxypyrimidines 7 by
Sakaiet al. (2005).

In addition to solvent-free methods, transition-metal catalysis has also proven highly effective for pyrimidine
synthesis. In the same year, Karpov et al. (2005) successfully introduced an alternative Pd-catalyzed one-pot
multi-component protocol for the preparation of 2,4,6-trisubstituted pyrimidines 12. This synthesis proceeded via
the carbonylative coupling of aryliodides 8, terminal alkynes 9,and CO 10 with amidinium salts 11, which served
as readily available and cost-effective starting materials. The transformation was mediated by the robust catalytic
system of Pd(PPh3):CL and Cul in the presence of triethylamine and THF, both inexpensive and easily accessible
reagents, at 100 °C for 18 h (Scheme 2) (Karpov etal., 2005). Although this method is non-green due to the use of
organic solvents and transition-metal catalysts, it remains remarkable for its ability to synthesize complex
pyrimidines from simple, low-cost materialsin a single step.
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Scheme 2. Pd(PPh3)CL-Cul catalyzed synthesis of 2,4,6-trisubstituted pyrimidines 12 by Karpv et al. (2005).

Following the development of four-component reactions, within the same year, the research team of Alexander
reported a convergent one-pot protocol for the synthesis of 2,4,5,6-tetrasubstituted pyrimidines 16. The reaction
began with the nucleophilic addition of a phosphonate-stabilized carbanion, generated from a readily available
phosphonate ester 14, to an aryl nitrile 13, forming a resonance-stabilized imine—phosphonate intermediate 15.
This intermediate subsequently reacted with an aryl aldehyde 16 and an amidine hydrochloride 11, likely
proceeding through a tandem Knoevenagel condensation followed by cyclocondensation to afford the
six-membered aromatic pyrimidine framework 16 (Scheme 3) (Kiselyov, 2005). This convergent one-pot protocol
offers high atom economy and broad substrate scope with excellent functional group tolerance, utilizing readily
available starting materials and catalysts in common solvents like THF and Ethanol (EtOH) through efficient
microwave irradiation or reflux methods attemperatures ranging from -78 °C to 80 °C.
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Scheme 3. Synthesis of 2,4,5,6-tetrasubstituted pyrimidines 16 by Alexander et al. (2005).

Alongside metal, microwave-assisted, solvent-free protocols enable efficient access to symmetric and
unsymmetric triarylpyrimidines. In the following year, 2,4,6-triarylpyrimidines 21 were synthesized via a one-pot,
four-component [2+2+1+1] annulation of aryl methyl ketones 17, benzaldehydes 18, aromatic nitriles 19, and
hydroxylamine 20 (Scheme 4) (Adib et al., 2006). The reaction was conducted at 150 °C for only 3 min using
powdered NaOH and AcOH under microwave irradiation (MWI), eliminating hazardous organic solvents. This
green protocol ensures high atom economy and broad substrate scope by utilizing readily available starting
materials under strictly solvent-free, microwave-assisted conditions at 150 °C to synthesize triarylpyrimidines in
very short reaction times.
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Scheme 4. Based on the promoted and microwave-assisted four-component synthesis of 2,4,6-triarylpyrimidines
21 by Adib etal. (2006).

In connection with multicomponent strategies, in 2009, Chikhale and collaborators reported an efficient and
relatively green two-step approach for the synthesis of multisubstituted 3,4-dihydropyrimidin-2(1H)-ones/ethers
27 fromreadily available startingmaterials. Initially, a Biginelli-type cyclocondensation of ethylacetoacetate 22,
O-methyl isourea 23, and aromatic aldehydes 24 in the presence of NaHCOs in DM F under reflux, produced the
intermediate 25. Subsequently, the intermediate underwent regioselective N-alkylation with substituted phenacyl
bromides 26 using pyridine as an inexpensive organic catalyst to furnish the finalproducts (Scheme 5) (Chikhale et
al.,, 2009). This efficient two-step approach ensures high atom economy and broad substrate scope using readily
available materials, inexpensive organic catalysts (NaHCOs/Pyridine), and efficient reflux in DMF/Ethanol with
excellent regioselectivity.
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Scheme 5. Synthesis of 2,4,5,6-tetrasubstituted pyrimidines 27 by Chikhale et al. (2005).

Not only palladium, but copper catalysts have also proven highly effective in the four-component synthesis of
pyrimidine frameworks. Followin g this trend, the research team of Lu et al. (2009) in the same year developed a
robust multicomponent protocol for the construction of N-sulfonyl-1,2-dihydropyrimidines 32 using four
cost-effective precursors, amine 28, o,f-unsaturated aldehyde 29, terminalalkyne 30,and tosylazide 31, mediated
by a CuBr catalyst and 4A molecular sieves in toluene under mild conditions (Scheme 6) (Lu et al., 2009). This
robust four-component protocol offers high atom economy and broad substrate scope with excellent functional
group tolerance, utilizing cost-effective precursors and CuBr catalyst in toluene under mild conditions with 4A

molecular sieves.
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Scheme 6. CuBrmediated four-component synthesis of N-sulfonyl-1,2-dihydropyrimidines 32 by Lu etal. (2009).

76



Brazilian Journal of Science, 5(10), 72-94, 2026. ISSN:2764-3417

Beyond palladium and copper, titanium catalysts have also been shown to play a highly effective and successful
role in the four-component synthesis of pyrimidine frameworks. Progressing further, in 2010, Majumder & Odom
reported a streamlined, two-step sequence for the synthesis of 2,4,5-trisubstituted pyrimidines 30. The process
began with a titanium-catalyzed three-component coupling of easily accessible isocyanides 27, primary amines 23,
and alkynes 28. In the initial step, efficient titanium catalysts, such as Ti({dpma)(NMe2) or Ti(dpm)(NMe: )2, were
utilized in toluene at 100 °C to facilitate the formation of an a,f-unsaturated imine 29 intermediate. This
intermediate subsequently reacted with an amidine derivative 11 in tert-amyl alcohol at 150 °C for 24-48 h to
afford the target pyrimidine core 30 (Scheme 7) (Mujunder; Odom, 2010). This streamlined two-step protocol
ensures high atom economy and broad substrate scope using easily accessible materials and efficient titanium
catalystsin toluene and tert-amylalcoholat 100—150 °C.
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Scheme 7. Ti-mediated four-component synthetic approach of 2,4,5-trisubstituted pyrimidines 37 by Majumder &
Odom (2010).

Alongside palladium, copper, and titanium, zinc catalystshave also emerged as highly effective and versatile tools
in the multicomponent synthesis of pyrimidine derivatives. Following this trend, the same Sasada's research team
in 2011 described another successful and attractive method for pyrimidine synthesis. In the reported process, an
enamidine intermediate 39 was first generated from nitriles 3, 4, and lithiated or silylated precursors 38.
Subsequently, the reaction could proceed through two distinct pathways: a catalyst-free and solvent-free
transformation into 2,4,5,6-tetrasubstituted pyrimidines 42 at high temperatures, or a more efficient pathway
utilizing inexpensive and readily available ZnBr, or ZnCL catalysts under mild conditions in toluene or xylene
(Scheme 8) (Sasadaetal., 2011).
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Scheme 8. Both solvent and catalyst-free conditions or Zn-catalyzed four-component synthesis of
2.,4,5,6-tetrasubstituted pyrimidines 42 by Sasada etal. (2011).
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This versatile multicomponent protocol (Scheme 8) offers high atom economy and broad substrate scope using
inexpensive ZnBr2/ZnCl catalysts in toluene or xylene, providing both a catalyst-free high-temperature route and
a more efficient mild-condition pathway.
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Scheme 9. Base-mediated consecutive four-component synthesis of Schiff base derivative of pyrimidines 50 by
Alam atal. (2012).

In addition to the aforementioned transition-metal-catalyzed methods, research has also focused on multi-step
strategies to construct Schiff base derivatives of pyrimidines under sustainable conditions. Following this trend,
Alam etal. (2012) prepared a diverse series of indolyl-pyrimidine hydrazone derivatives 50 through a multistep
synthetic strategy. The sequence initiated with a Biginelli-type cyclocondensation involving
1H-indole-3-carbaldehyde 43, methyl 2-cyanoacetate 44, and thiourea 45 to generate the core thiopyrimidine
intermediate 47. This intermediate subsequently underwent nucleophilic substitution with hydrazine hydrate 48 to
afford anotherintermediate 49, which was finally condensed with various aromatic aldehydes 18 to yield the target
hydrazone derivatives (Scheme 9) (Alam etal., 2012). This sustainable multistep strategy offers a broad substrate
scope and high functional group tolerance by utilizin g readily available starting materials, employing inexpensive
ethanolasa renewable solvent, and acetic acid as an efficient catalyst to yield diverse pyrimidine derivatives.

Further expanding the application of copper catalysis, in the next year, Yavari and co-workers developed a
two-step synthesis for a series of 4-amino-sulfonyl-pyrimidine derivatives 56. The protocol involved two parallel
initial steps: first, the reaction of 1,1,3,3-tetramethylguanidine 51 with trichloroacetonitrile 52 in MeCN; and
second,a Cul-catalyzed coupling of a terminal alkyne 10 with a sulfonyl azide 55 in the presence of EtzN at room
temperature (Scheme 10) (Yavari; Nematpour, 2013). Key findings of this methodology include the efficient use
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of an inexpensive Cu(l) catalyst, mild reaction conditions at room temperature, and a broad substrate scope for
constructing complex sulfonamide-linked pyrimidines.
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Scheme 10. Both catalyst-free conditions and Cul-mediated four-component synthesis of
4-amino-sulfonyl-pyrimidine derivative 56 by Yavariet al. (2013).

In addition to copper and titanium, palladium-catalyzed multi-step strategies have been refined to construct highly
functionalized pyrimidine frameworks. Followin g this trend, the research team led by Faldu,in 2014, developed
a two-stage approach to synthesize 5-acyl-tetrasubstituted pyrimidines 62. The sequence initiated with a
Biginelli-type transformation involving acetylacetone 57, aldehyde 58, and urea 59 to form a chlorinated
pyrimidine intermediate 60. This intermediate subsequently underwent a palladium-catalyzed Suzuki-Miyaura
coupling with various boronic acids 61 to afford the final products (Scheme 11) (Faldu et al.,,2014). This refined
two-stage strategy ensures high atom economy and a broad substrate scope through a Biginelli-type transformation
followed by an efficient palladium-catalyzed Suzuki-Miyaura coupling.
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Scheme 11. Pd(OAc)2/PPh3; mediated synthesis of S-acyl-tetrasubstituted pyrimidines 62 by Faldu et al. (2014).
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Further advancing the scope of metal-free four component strategies, during that period Liang's research team
reported an operationally simple and one-pot three-step tandem method for synthesizing 4-arylamino-5-carboxyl
pyrimidine derivatives 67 via a condensation of four reactive commercially available and low-cost starting
materials like arylamine 63, bis(trichloromethyl) carbonate 54, ethyl acetoacetate 65, and substituted ureas 66
using triethylamine as an efficient organic catalyst (Scheme 12) (Faldu etal.,2014). This unique protocol ensures
high atom economy and yields with short reaction times, featuring a simple workup and non-chromatographic
purification while safely avoiding the isolation of volatile, hazardousisocyanate intermediates.

Rl
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0 ~0 Et;N
_—
* Cl3C\O)J\O/CCl3 + PhMe, reflux
64 Me &
H 4
2 + 65
63 R 67
J‘\ (26- 89%)
H,N-~ “NHR*
66

Scheme 12. Metal-free four-component synthesis of 1,2-dihydro-4-arylhmino-5-carboxyl pyrimidine derivatives
67 by Lianga et al. (2014).

Building upon the foundational principles of multicomponent condensations, a subsequent study in 2015
developed a systematic approach to synthesize indole-linked or aryl-substituted pyrimidine hydrazones. This
involved a multi-component base-catalyzed Biginelli-type reaction using an aromatic aldehyde 68, ethyl
cyanoacetate 69, and thiourea 44 in absolute ethanol to generate the
6-aryl-5-cyano-2-mercaptopyrimidin-4(3H)-one intermediate 70.

This core intermediate then underwent a nucleophilic displacement of the thiol group with hydmzine hydrate 71 to
afford the 2-hydrazinyl derivative 72. The final functionalization was achieved through a condensation reaction
with various substituted acetophenones 17 in the presence of catalytic AcOH in ethanol, yielding the target
6-ox0-4-aryl-1,6-dihydropyrimidine-5- carbonitrile derivatives 73 in good yields (Scheme 13) (Ali et al., 2015).
This base-promoted strategy offers a broad substrate scope and high functional group tolerance by utilizing readily
available starting materials, employing inexpensive KoCO3 as a base, ethanol as a renewable solvent, and acetic
acid asan efficient catalystto yield diverse pyrimidine derivatives under relatively mild conditions.
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Scheme 13. Synthesis of 1,2-dihydro-4-arylamino-5-carboxyl pyrimidine derivatives 73 via multi-component
base-catalyzed Biginelli-type reaction by Mohammad (2015).

Further expanding the utility of 4d transition metals, palladium-catalyzed tandem strategies have proven essential
for accessing highly substituted pyrimidine cores. Following this trend, in 2016, Gotzinger and co-workers
reported a versatile multi-step synthesis of 2,4,6-triarylpyrimidines 80 via consecutive four-component
coupling—coupling—cyclocondensation. The sequence initiated with a palladium-catalyzed cross-coupling between
aryliodide 74 and ethynylmagnesium bromide 75 to produce the aryl-alkyne intermediate 76, which was followed
by a Pd-catalyzed coupling with an arylacid chloride 77 to yield an aromatic alkynylketone 78.

In the final stage, the ketone was treated with benzamidine hydrochloride 79 and K>COs3 in methoxyethanol at 90
°C to afford the target triarylpyrimidines 80 (Scheme 14) (Gotzinger et al., 2016). This versatile tandem strategy
ensures high atom economy and broad substrate scope by utilizing PACL(PPh3)2 and Cul catalysts in solvents like
THF and 2-methoxyethanolto achieve efficient coupling and cyclocondensation for2,4,6-triarylpyrimidines.
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Scheme 14. Synthesis of 2.,4.6-triarylpyrimidines 80  via  consecutive  four-component

coupling—coupling—cyclocondensation by Gotzinger et al. (2016).

Further expanding the utility of chalcone intermediates in pyrimidine synthesis, a strategic multi-step protocol was
developed to access carbamate-functionalized pyrimidines by Robinson and collaborators in the same year. As
illustrated in Scheme 15, the sequence initiated with a base-catalyzed Claisen-Schmidt condensation between
3-hydroxybenzaldehyde 81 and acetophenone 82 in the presence of NaOH and MeOH at 90 °C to afford the
phenolic chalcone intermediate 83, which was followed by the introduction of a carbamate moiety at the phenolic
oxygen using chlorocarboxamide 84 in the presence of K2CO3 and CH3CN. In the final stage, the functionalized
chalcone 85 underwent a cyclocondensation reaction with guanidine hydrochloride 86 in the presence of NaH and
DMF at 110 °Cto yield the target 2-amino-4,6-disubstituted pyrimidine derivative 87 (Robinson etal., 2016). This
strategic protocol offers a broad substrate scope using readily available aldehydes and acetophenones, utilizing
common solvents and simple basesto access functionalized pyrimidines with high efficiency.
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Scheme 15. Base promoted four component synthesis of 3-(2-amino-6-phenylpyrimidin-4-yl)phenyl carbamate
87 by Robinson et al. (2016).

In line with the increasing demand for eco-friendly catalytic systems, within the same year, the use of a
supramolecular host has emerged as a sustainable strategy for pyrimidine synthesis. Utilizing this approach, a
series of substituted pyrimidines 91 were synthesized through a [3+1+2] multicomponent reaction involving
1,3-diketones 88,aromatic or heteroarylaldehydes 89,and ammonium hydroxide 90 in the presence of an aqueous
mediumat 60—-65 °C (Scheme 16) (Chowrasia etal., 2016). This eco-friendly protocolensures high atom economy
and broad substrate scope by utilizing readily available substrates in water as a sustainable solvent at 60-65 °C,
mediated by inexpensive, biodegradable, recyclable, and readily available B-cyclodextrin (B-CD) with high
efficiency.

R!
(0]
o o )k NH,OH b
5 NN
R1J\/U\R2 T Ar H 90 b O ‘
0,
NH,OH 00-05°C R? N/J\Ar
88 89 90
91

R1:R2=Ph, Me ; Ar=aryl, (hetero)aryl (in good-to-excellent yields )

Scheme 16. B-cyclodextrin (B-CD) mediated synthesis of 2,4,6-tri-substituted alkyl & arylpyrimidines 91 by
Chowrasia et al. (2016).

In the hierarchy of transition-metal catalysis, iridium (Ir)-catalyzed protocols are traditionally recognized for their
exceptional efficiency and selectivity, particularly in hydrogen transfer and dehydrogenative coupling reactions.
While these systems facilitate complex bond formations under moderate conditions, their large-scale viability is

83



Brazilian Journal of Science, 5(10), 72-94, 2026. ISSN:2764-3417

often hindered by the high cost and scarcity of iridium. Seeking more sustainable alternatives within the 3d
transition metal series, Deibi et al. (2017) reported an efficient and regioselective multicomponent synthesis of
tetrasubstituted pyrimidines 96, utilizing amidines 92 and three distinct alcohols 93, 94, 95 as cost-effective
precursors. The reaction was mediated by an Ir(I) complex or Mn(I) featuring a sophisticated PN5P pincer ligand
in the presence of t-BuOK (Scheme 17) (Deibl; Kempe, 2017). This regioselective protocol ensures high atom
economy and a broad substrate scope by utilizin g cost-effective alcohols and amidines as precursors, mediated by
sophisticated Ir(I) or sustainable Mn(I) pincer complexes in the presence of t-BuOK.

R¢
PNP Pincer Mn catalyst
NH, OH OH OH or R3 N
/K + J\ + J + J PNP Pincer Ir catalyst _ ‘ )\
R!”“SNH R? R3 R4 t-BuOK o R SNZ NR!
92 93 94 95 96
(up to 93%)

Scheme 17. Ir (I) or Mn (I) catalyzed synthesis of tetra-substituted alkyl or aryl pyrimidines 96 by Deibl et al.,
(2017).

In addition to the aforementioned transition-metal-catalyzed cyclizations, palladium-mediated oxidative coupling
strategies have recently emerged as a sophisticated route for direct C—H functionalization. In this context, the
research team of Guo (2017) reported an effective four-component strategy utilizing amidine hydrochloride 97,
styrene 98, and N, N-dimethylformamide (DMF, 99) (Scheme 18) (Guo et al, 2017) in the presence of
Pd(TFA):/Xantphos as the catalytic system to afford N, N-dimethyl-2,4-diphenylpyrimidine-5-carboxamide 100.
A distinctive feature of this methodology is the versatile role of DMF as a dual synthon, providing both a
one-carbon unit and the amide moiety. These roles were further confirmed through isotope-labeling experiments.
This sophisticated strategy ensures high atom economy and a broad substrate scope by utilizing readily available
amidines and styrene in common solvents, with DM F acting as a multifunctionalreagent to achieve efficient direct
C-H functionalization.

NH
AN
NH, HCI
N 98 Pd(TFA),/Xantphos
97 0 0 [0] -
Me\N )J\H Me\N)J\H 100
l\lfle 1\|’Ie (71%)
99 99

Scheme 18. Synthesis of N,N-dimethyl-2 4-diphenylpyrimidine-5-carboxamide 100 via Pd(TFA)2/Xentphos
catalysisby Guo et al. (2017).

In the pursuit of ultimate sustainability, researchers have focused on eliminating the need for both metal catalysts
and organic solvents. In the following year, a prominent example of this eco-friendly approach is the
multicomponent synthesis of functionalized dihydropyrimidinones 102. In Scheme 19, the reaction involved the
condensation of tert-butyl acetoacetate 101, substituted benzaldehydes 18, and urea 59, using an alcohol 94 asa
part of the reagent system. This transfomrmation was conducted at 110 °C under strictly solvent-free and
catalyst-free conditions, affording the target heterocycles in excellent yields (Tiwari et al., 2018). This ultimate
sustainable protocol ensures high atom economy and a broad substrate scope by utilizing readily available
aldehydes, urea, and acetoacetate under strictly solvent-free and catalyst-free conditions at 110 °C to achieve
excellent yields.

84



Brazilian Journal of Science, 5(10), 72-94, 2026. ISSN:2764-3417

OH

I y
RZ
A H 94
(0] = NH NH, 110°C
101 )< 18 59 Solvent & Catalyst R
free

(85- 94%)

Scheme 19. Both solvent and catalyst-free four-component synthesis of poly-substituted dihydropyrimidinones
102 by Tiwari et al. (2018).

Further expanding the synergy between four-component reactions and click chemistry, a sophisticated protocol
was developed for the synthesis of triazole-linked dihydropyrimidinones 107 in 2020. As depicted in Scheme 20,
the initial phase involved a one-pot multicomponent coupling of phenylacetylene 103, substituted benzaldehydes
104, urea 59, and an o-azido ketone 91 in the presence of Cul, DIPEA, and AcOH in acetonitrile. This
transformation, assisted by MWI at 90 °C, yielded the 1,2,3-triazole-functionalized pyrimidinone core 105.
Subsequently, the methodology allows for further structural elabomation through a sequence of bromination,
azidation,and a second Copper-catalyzed Azide-Alkyne Cycloaddition (CuAAC), leading to complex bis-triazole
derivatives 107 in good yields (Carreiro et al, 2020). This sophisticated protocol ensures high atom economy and
a broad substrate scope by combining a one-pot four-component coupling with MWI-assisted click chemistry
using Cul-catalystandreadily available precursors in acetonitrile to yield complex bis-triazole derivatives.

(0]
=
H
+ Cul
R2 R! DIPEA
103 O 104 AcOH
Jw ™ -
H,N~_>NH, + MeCN, MW
59 90C, 24h
Me
105
1= H,CI, OBn
R2= H,Br, OMe 1. Bromination
2. Azidation
3. CuAAC

Y

107
(in good yields)

Scheme 20. Cul-catalyzed four-component synthesis of triazole-linked dihydropyrimidinones 107 by Carreiro et
al. (2020).
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In line with the development of diverse amino-functionalized heterocycles, during the year 2021, a systematic
multi-step protocol was designed to access 4-amino-5-substituted pyrimidines by the N-alkylation of o-anisidine
108 using chloroacetonitrile 109 in refluxing ethanol to yield the corresponding nitrile intermediate 110, which
was followed by a Knoevenagel-type condensation with various aromatic aldehydes 111 in the presence of glacial
acetic acid and sodium acetate to afford the o,f-unsaturated nitrile 112. The final ring closure was achieved
through a cyclocondensation reaction with hydrazine hydrate 113 in refluxing ethanol, providing the target
4-amino-pyrimidin-2(1 H)-one/thione derivatives 114 (Scheme 21) (Othman et al, 2021). This systematic
multistep protocol ensures high atom economy and broad substrate scope by utilizing readily available substrates
in common solvents (EtOH, AcOH) to yield diverse functionalized pyrimidines with high efficiency.

Me Me Me
N ~ -
I it H ROCHO o H
NH, CICH,CN N on B
2 109 ~ 111
EtOH -
reflux, Sh gl. CH;COOH
CH,COONa
108 110 reflux, 12h

112 R

R=H, Me
X=0,S N,H,
113
EtOH
Reflux, 8h

114
(in good yields)

Scheme 21. Metal-free four-component synthesis 4-amino-pyrimidin-2(1H)-one/thione derivatives 114 by
Othmanetal (2021).

Complementing the diverse array of synthetic protocols, recent advancements have highlighted the utility of
multi-step transfommations starting from fluorinated precursors to access highly functionalized pyrimidine
scaffolds like trifluoromethyl-pyrimidinyl-oxy-benzamide derivatives 122 via a One-pot pseudo-four-component
reaction within the same year. In this sequence, the synthesis began with the cyclocondensation of ethyl
4,4 A-trifluoro-3-oxobutanoate 115 with acetamidine hydrochloride 116 in the presence of MeONa-EtOH,
followed by acidic workup to afford the 4-hydroxy-6-methyl-2-(trifluoromethyl)pyrimidine core 117.
Subsequently, chlorination with POCl3 and DIPEA in acetonitrile yielded the 4-chloro intermediate 118. This
intermediate then underwent nucleophilic aromatic substitution with aminophenols 119 in the presence of Cs2CO3
to form the correspondingether linkage. The final products were obtained through an amide coupling reaction with
substituted benzoic acids 121 using EDCI-HCI as the coupling agent in CH2CL (Scheme 22) (Wu et al., 2021).
This sophisticated protocol ensures high atom economy and broad substrate scope by utilizing readily available
fluorinated precursors in common solvents to synthesize functionalized pyrimidine derivatives with high
efficiency.
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Scheme 22. Base-promoted one-pot pseudo-four-component synthesis of

trifluoromethyl-pyrimidinyl-oxy-benzamide derivatives 122 by Wu et al. (2021).

Further advancing the frontiers of sustainable pyrimidine synthesis, a facile and practical iodine-promoted
approach has recently been developed for the preparation of substituted pyrimidines, such as 4-phenylpyrimidine
128. This protocol utilized readily available ketones 123 and N, N-dimethylformamide dimethyl acetal
(DMF-DMA) 124 as starting materials. The NHsl-promoted three-component tandem reaction operates under
strictly metal- and solvent-free conditions, affording a broad range of substituted pyrimidines in acceptable yields
(Scheme 23) (Fangetal., 2023). Key findings of this methodology include its exceptional environmental profile, a
broad substrate scope with high functional group tolerance, and its demonstrated scalability through gram-scale
synthesis, makingit a highly attractive alternative to traditionaltransition-metal-catalyzed routes.
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Scheme 23. NHsl-promoted One-pot four-component synthesis of 4-phenylpyrimidine 128 by Fanget al. (2023).

Further expanding the synthetic methodologies for pyrimidine frameworks, most recently, a multistep synthetic
strategy for the preparation of substituted pyrimidine-2-one derivatives 134 was reported by Mohaisen & Hassa
(2005) employing aromatic amide 129 as the starting material. The initial step involved acetylation with acetic
anhydride 130 in the presence of phosphoric acid and NaOH in ethanol under reflux for 4 h to obtain intermediate
131. This intermediate subsequently underwent ultrasonic-assisted condensation with a series of aromatic
aldehydes 132 for 50 min, generating chalcone-type intermediates 133.

In the final step, these intermediates reacted with urea 59 in a basic NaOH/EtOH medium under reflux for 8 hours
to yield the desired pyrimidine-2-one derivatives 134 (Scheme 24) (Mohaisen; Hassan, 2025). The key advantages
of this protocol include ultrasonic-assisted condensation through a convenient sonication method, straightforward
reaction conditions, the use of readily available reagents such as sodium hydroxide and ethanol, and the efficient
construction of pyrimidine-2-one derivatives from easily accessible starting materials

88



Brazilian Journal of Science, 5(10), 72-94, 2026. ISSN:2764-3417

( O
e)ko)t o Yv
M Me NaOH, EtOH, reflux, 4h ~

R
132

NaOH, EtOH
sonification, 50 minutes

R=H R
4-NO
c ?
Br
F (0]
HzNJJ\NH2
59
NaOH, EtOH
reflux, 8h
R

(avove 70%)

Scheme 21. Both base & acid promoted the one-pot four-component synthesis of substituted pyrimidine-2-one
derivatives 134 by Mohaisen & Hassan (2025).

5. Conclusions

The evolution of pyrimidine and its derivative synthesis clearly indicates a growing reliance on one-pot
multicomponent reactions. Research conducted between 2005 and 2025 demonstrates that the utilization of
transition metal catalysts (Pd, Cu, Ti, Zn, Mn) has not only simplified the construction of the pyrimidine core but
also significantly expanded the substrate scope. The most promising development in this field is the successful
application of solvent-free and catalyst-free protocols, which directly align with the goals of Green Chemistry.
The synergy of these methods with modern technologies, such as microwave and ultrasound irradiation, has
further accelerated these chemical processes. While metal catalysts remain indispensable in certain contexts,
future research is expected to shift toward even more cost-effective and eco-friendly metal-free methodologies.
The information compiled in this review serves as a robust foundation for researchers to innovate sustainable and
advanced pyrimidine frameworks in the yearsto come.
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