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Abstract: Pyrimidine derivatives are fundamental heterocyclic compounds that setve as essential components of nucleic acids,
including uracil, thymine, and cytosine. Modern synthetic approaches for functionalized pyrimidines encompass metal-catalyzed
reactions, multicomponent coupling strategies, and green chemistry protocols. The biological significance of pyrimidine scaffolds
has led to numerous therapeutic applications across multiple disease states. Pyrimidine-based drugs demonstrate potent
antimicrobial effects through antifolate mechanisms, as seen with trimethoprim and pyrimethamine. In antiviral therapy,
modifications of the pyrimidine core have yielded effective agents like zidovudine for HIV treatment. Anticancer applications
include 5-fluorouracil and related compounds that interfere with nucleic acid synthesis. Pyrimidine derivatives also show promise
in treating metabolic disorders, with applications in hyperthyroidism and hyperlipidemia management. Structure-activity
relationships reveal that subtle modifications of the pyrimidine scaffold can significantly alter therapeutic properties. The
integration of pyrimidine moieties into drug design continues to generate novel therapeutic agents with enhanced efficacy and
reduced side effects.
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1. Introduction

Pyrimidine represents a crucial aromatic heterocyclic organic compound that belongs to the diazine family, characterized by a six-
membered ring containing two nitrogen atoms at positions 1 and 3 [1]. The significance of pyrimidine stems from its ubiquitous
presence in biological systems, where it serves as a fundamental building block for essential biomolecules [2]. The pyrimidine scaffold
holds a privileged position in medicinal chemistry due to its presence in naturally occurring nucleobases - cytosine, thymine, and
uracil - which are integral components of DNA and RNA [3]. This natural prevalence has inspired medicinal chemists to develop
numerous synthetic derivatives with therapeutic potential [4].

Figure 1. Structure of Pyrimidine

The structural versatility of pyrimidine allows for various substitution patterns, leading to diverse pharmacological activities. The
nitrogen atoms in the pyrimidine ring contribute to its electron-deficient nature, enabling specific interactions with biological targets
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through hydrogen bonding and other non-covalent interactions [5]. These characteristics make pyrimidine derivatives valuable
templates for drug design.

In the field of epilepsy treatment, pyrimidine-based compounds have emerged as effective anticonvulsants. Several marketed drugs,
including vigabatrin, lamotrigine, and felbamate, incorporate modified pyrimidine structures [6]. The development of these
compounds has particularly focused on treating complex partial seizures, representing a significant advancement in antiepileptic
drug research [7].

Recent research has also revealed the antioxidant potential of pyrimidine derivatives, particularly those containing Schiff base
modifications. These compounds show promise in addressing oxidative stress-related conditions, with the imine group playing a
crucial role in biological systems through transamination and racemization reactions [8].

The synthetic accessibility of pyrimidine derivatives, coupled with their broad spectrum of biological activities, has led to continuous

exploration of novel synthetic methodologies. Modern approaches focus on efficient, environmentally friendly processes that allow
for the introduction of diverse substituents while maintaining high yields and selectivity [9].

Pyrimidine Chemistry
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Figure 1. Pyrimidine synthesis and biological activities

2. Synthesis of Pyrimidine Derivatives

K3S:0s-promoted oxidative annulation has emerged as an efficient method for synthesizing 4-arylpyrimidines. The reaction involves
anilines and aryl ketones, utilizing DMSO as a methine equivalent. This methodology demonstrates remarkable versatility in
producing both 4-arylquinolines and 4-arylpyrimidines through activation of acetophenone-formamide conjugates [11].

3 eq.
o K.5.0 M

278 \
Ar—/( + HCOMH, ——————= Ar—{_\/N
120°C —

(solvent) 36-48 h

A novel ZnCly-catalyzed three-component coupling reaction provides an efficient route to 4,5-disubstituted pyrimidine detivatives.
The reaction employs functionalized enamines, triethyl orthoformate, and ammonium acetate in a single-step process. The
methodology's versatility extends to the synthesis of both mono- and disubstituted pyrimidines using methyl ketone derivatives as
alternative starting materials [12].

3 eq. HC (OB,

R R 2 eq. MH,OAC R =y
- -
H.M R R-"Fg  0.1eg InCh RN
toluene
R: A EWS Roalkyl,H  100°C,3-72h R A, alkyl
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The development of metal-free conditions using NH4I as a promoter has enabled a practical three-component tandem reaction.
This environmentally friendly approach combines ketones, NH4OAc, and N,N-dimethylformamide dimethyl acetal to generate
substituted pyrimidines. The method's significance lies in its broad substrate scope, excellent functional group tolerance, and

scalability [13].
O NZ N

3eq OMe 2eq 0.1 eq. NH,| |
RJ\ + /[\ + NH,OAc - LSy
Mesh OMe solvent-free R: Ar, alkyl

R 120°C (sealed), 6 h R R:H, 1° alkyl

TEMPO-mediated regioselective reactions have revolutionized pyrimidine synthesis. The protocol utilizes ketones, aldehydes, or
esters with amidines in the presence of a recyclable iron(II)-complex. The mechanism proceeds through a sophisticated sequence
involving TEMPO complexation, enamine addition, and cyclization steps [14].

25 eq. 0.1 eg. Fe50, = 7 H,O

MNHzCI 0.1 eq. Phen =" "M
/Q " J-l\ = /”\
Ar O HZMN A 1.2 eq. TEMPO Ar ] Ar'

DMF, 120°C. 12 -25 h

An innovative base-promoted intermolecular oxidation strategy enables C-N bond formation between allylic compounds and
amidines. This methodology employs molecular oxygen as the sole oxidant, offering advantages in atom economy and
environmental sustainability [15].

12 eq
NH4CI ‘~§|\ 0, (1 atm) Nfl
/lk * .
Ar SN H Ar 2 eq. Cs,CO, /I*“N Ar

Ar
DMSO, 120°C, 24 h

Cu-catalyzed synthesis utilizing 4-HO-TEMPO mediation presents an efficient [3 + 3] annulation strategy. This method employs
readily available amidines and saturated ketones, proceeding through a cascade reaction sequence involving oxidative
dehydrogenation, annulation, and oxidative aromatization [16].

3 eq. 0.1 egq. Cu(DACc),
Ij-l‘l\' HCI j\ 0.1 eq. bpy, 1.5 eq. NaOAc N/‘“*j\
+ - |
Ph™ “NH; 0% “R 1 eq. 4-HO-TEMPO ph/l\Nf’ R
1.2-dichlorobenzene
140°C. 24 h R: Ar, Cy

The copper-catalyzed cyclization between ketones and nitriles under basic conditions offers an economical route to functionalized
pyrimidines. This methodology stands out for its versatility and compatibility with various functional groups [17].

0.2 eq. CuCl
O 2 eq. NaOH )\
[

J\ + NC—Me - |
R 120°C, 24 h /I\/l\
R o

R: Ar, alkyl (solvent)

A sustainable [3 + 2 + 1] three-component annulation strategy employs amidines, ketones, and N,N-dimethylaminoethanol as a
one-catbon source. This eco-friendly approach demonstrates remarkable functional group tolerance while maintaining high
efficiency [18].
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Ar

0.2 eq. CuBr,
0
Ar 12 Eq K CO N&kﬂ
R SN /l/ |
R HN NH: dlglyme air R = R: Ar, alkyl
120°C. 16 h R R H., 17 alkyl

Iridium-catalyzed multicomponent synthesis provides regioselective access to pyrimidines through a sophisticated sequence of
condensation and dehydrogenation steps. PNsP-Ir-pincer complexes serve as optimal catalysts for this sustainable process, enabling
the incorporation of up to three different alcohols [19].

Ar
1 mol-% catalyst:
2 eq. 2 eq. - catalyst R N/J“\HN
0.7 eq. KOH PR |
/1\ I\ _— - N7 N HN™ “N7SH

HoN7 SNH  tAmylOH M (PPl ----P(Pr,
reflux, 24 h Ar .

R Ar, NH, R:Ar alkyl  4CF.CH

NaOH-catalyzed rearrangement of propargylic hydroxylamines delivers Cbz-protected B-enaminones with high stereoselectivity,
serving as valuable intermediates for pyrimidine synthesis [20].

1.5 eq. Ar'
Chz
- o] 2 eq. KO{Bu
NH O N(’l\

+ N
ArMH .AF'JJ\N H;r toluene, MS 4 p‘r-"v. /l\/”\
130°C. 1h Are = R R:alkyl, Ar

Direct condensation protocols utilizing cyanic acid detivatives with N-vinyl/aryl amides produce C4-heteroatom substituted
pyrimidines. The incorporation of cyanic bromide and thiocyanatomethane provides versatile scaffolds for further functionalization
21].

Y

R 1.1 eq. THO + alkyl, Ph, OPh,
2 eq Bg. - alky, ¥
AVR“ St 4 2eq 2ChPy CO Me, NR]
HR + N=——o=~F - R" alkyl, H, benzo (R-R")
/g CH,CL, 23°C, 1 hoor /J\ R alkyl Ph
R0 MY, 140°C, 5 min R™ R™ Nﬂzrv, She, alkyl, OPh, Br

Additional synthetic methodologies include:

Samarium chloride-catalyzed cyclization of 3-formyl enamides under microwave conditions [22]

! 3 ey !

R INH’B‘E 5 1.5 eq. SmCl, =6 H,0 : I’“‘j]/
+ E

R CHO )L Mt (< 300 %W, open vessel) = =M

H.M MH., neat, 140°C 8 - 10 min

]

Sonogashira-type coupling of acid chlorides with terminal alkynes [23]

MH,,
2 mol-% Pd(PPh,).CI, 0 1280 HN={ «HCl R S
@ 4 mok-% Cul R m/
R0 R 1 eq. MEL, R %\K‘R' 24 eq Na,Co =10 HO ‘T”
THF, .t 1-3h reflus, 6 h R

Single-step conversion of N-vinyl and N-aryl amides to corresponding heterocycles [24]
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R ' HI
Ao me MR, o, 2-Chl R
T el SL-pyridinge
HM + NC-R™ . & Mo
Cr.c Py
[ o -73°C, & min, then: ! R
23°Cor 45°C, 1-18h
Ultrasound-promoted cyclocondensation for highly substituted 4-pyrimidinols [25]
R"
o o 1.1 eq. /J\
R 2.5 eq. K,CO, NN
RJ\T)‘LDB + )\ | R: alkyl, CF,
R HN NH5CI H,0 R ZSOH  R:H, Me
1), rt, 5-15 min . R" Ar, alkyl
Table 2. Comparison of Common Synthetic Methods for Pyrimidine Derivatives
Method Starting Materials Reaction Conditions Advantages Yield

Range (%)

Metal-catalyzed coupling

Amidines, ketones

Cu/”Zn catalysts, rt-100°C

High selectivity

65-85

Multicomponent reaction | Aldehydes, amines, DMSO K2S8208, 80°C One-pot synthesis 70-90
Green synthesis Ketones, NH40OAc Solvent-free, MW Eco-friendly 60-80
Oxidative coupling Allylic compounds, amidines | O2, base, rt High atom economy | 75-85
Ir-catalyzed annulation Alcohols, amidines PN5P-Ir complex High regioselectivity | 70-95
Base-promoted cyclization | -enaminones NaOH, rt Mild conditions 65-80

3. Biological Activities of Pyrimidine Derivatives

3.1. Antimicrobial Activity

Pyrimidine-based antifolates and sulfa drugs demonstrate significant antimicrobial properties. Notable examples include Brodiprim
(1) and Iclaprim (2), which exhibit potent antibacterial activity through selective dihydrofolate reductase inhibition. Trimethoprim

(3) shows selective bacterial DHFR inhibition, while Pyrimethamine (4) targets malarial plasmodia [26].

_N NH»
= N

I S NH
(o]

MeO™
Br

2
= Me

4

Brodiprim

Q)

Trimethoprim

O]

lclaprim

2)

\\[A\
—~F N~

coHg N

NH»

.

T

NH»

Pyrimethamine

(4)

Antibiotic compounds containing pyrimidine moieties include Amicetine (5), Bacimethrin (6), and Bleomycin (7) [27].
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Bleomycin (7)

3.2. Antiviral Activity

o NH;

< 1T jol
N7 HJ\O HOH,C N ons

Bacimethrin

(6)

Pyrimidine derivatives exhibit significant antiviral properties through various mechanisms. The nucleoside analog 5-
iododeoxyuridine demonstrates broad-spectrum antiviral activity. Lamivudine, particularly effective against HIV when combined
with Zidovudine, represents a crucial advancement in antiretroviral therapy. Zidovudine, a thymidine analog, shows specific activity
against RNA tumor viruses through its interaction with viral reverse transcriptase [28].

Novel pyrimidine glycoside derivatives (8-10) have shown promising activity against HBV in HepG2.2.2.15 cell lines. These

compounds demonstrate moderate viral replication inhibition while maintaining acceptable cytotoxicity profiles [29].

o)
. NH,
NH
P o
HO N 0 /J\
o HO N 0
oo
s
HO
O
CN CN
N
)‘\ |
MeS o N AT MeS o { Ar
HO —NHAc Ho
HO HO

HO

Ar=p-McCgH,
p-MeOC H,

3.3. Antifungal Activity

0]
| NH
HO N/KO
O
N=—=—N"=N
O
CN
E\ I
O o N Ar
HO ~NHAc
HO
HO
Ar= Ph (10)
p-MeCgH,
pP-MeOCH,

Pyrimidines also exhibit antifungal properties, Flucytosine is a fluorinated pyrimidine and is an orally active antifungal agent, which
is used for the treatment of serious systemic infections caused by susceptible strains of Candida Cryptococcus also Voriconazol is
a disubstituted drug used a s a broad spectrum antifungal agent.[28-29]
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Table 2. Selected Marketed Drugs Containing Pyrimidine Scaffold

Drug Name | Chemical Class Therapeutic Category | Mechanism of Action
Trimethoprim | Diaminopyrimidine | Antibacterial DHFR inhibitor

Zidovudine Nucleoside analog Antiviral Reverse transcriptase inhibitor
5-Fluorouracil | Pyrimidine analog Anticancer Thymidylate synthase inhibitor
Lamotrigine Aminopyrimidine Anticonvulsant Na+ channel blocker
Rosuvastatin | Pyrimidine derivative | Anti-hyperlipidemic HMG-CoA reductase inhibitor
Imatinib Pyrimidine derivative | Anticancer Tyrosine kinase inhibitor
Raltegravir Pyrimidine derivative | Antiviral HIV integrase inhibitor

3.4. Antineoplastic Activity

Pyrimidine-based compounds play a crucial role in cancer therapy. 5-Fluorouracil and its derivatives function as antimetabolites,
interfering with nucleic acid synthesis in rapidly dividing cells. Modified pyrimidine nucleosides exhibit significant activity against
vatious tumor cell lines through multiple mechanisms, including DNA synthesis inhibition and cell cycle regulation [30].

o o)
F
j\ | Ji |
b} N s

5-Fluorouracil 2-Thiouracil

3.5. Anti-inflammatory Activity

Several pyrimidine derivatives demonstrate potent anti-inflaimmatory properties. These compounds modulate inflammatory
mediators and exhibit COX-2 inhibitory activity. Structure-activity relationship studies have revealed that specific substitution
patterns on the pyrimidine ring enhance anti-inflammatory efficacy while reducing adverse effects [31].

OCH,

OCH,

3.6. Antihypertensive Activity

Pyrimidine-containing compounds have emerged as effective antihypertensive agents. These derivatives act through various
mechanisms, including calcium channel blockade and angiotensin receptor modulation. The incorporation of specific functional
groups enhances their binding affinity to relevant therapeutic targets [32].

3.7. Anthelmintic Activity

Modified pyrimidine scaffolds show promising anthelmintic properties. These compounds demonstrate efficacy against various
parasitic infections through mechanisms involving disruption of parasitic cellular processes. Structure optimization has led to
derivatives with improved potency and reduced host toxicity [33].
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3.8. Anti-hyperlipidemic Activity

Pyrimidine-based compounds effectively regulate lipid metabolism. These derivatives influence various aspects of lipid homeostasis,
including cholesterol synthesis and lipoprotein metabolism. Recent developments have focused on enhancing their selectivity and
reducing side effects [34].

4. Conclusion

The pyrimidine scaffold continues to be a cornerstone in medicinal chemistry, offering diverse therapeutic applications through its
versatile functionalization possibilities. Modern synthetic methodologies have significantly expanded the accessibility of complex
pyrimidine derivatives, enabling the development of more effective therapeutic agents. The biological significance of pyrimidine-
based compounds spans across multiple therapeutic areas, from antimicrobial and antiviral to anticancer and metabolic disorders.
The ongoing research in this field, coupled with advancing synthetic technologies and deeper understanding of structure-activity
relationships, promises continued evolution of pyrimidine-based drug development.
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