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Purines are nitrogenous heterocyclic compounds characterized by the presence of two fused rings: pyrimidine

and imidazole. Their significance is underscored by their widespread occurrence in natural products as the

metabolic processes of all living organisms heavily rely on purines and their synthetic derivatives. Furthermore,

purines exhibit considerable bioactivity, highlighting their importance in biological systems. Given their unique

structural characteristics and ability to yield a diverse array of bioactive molecules, purines have attracted

substantial attention from researchers. This review illustrates the recent methods for the synthesis of purines

from diaminomaleonitrile, urea derivatives, imidazole, and pyrimidine derivatives reported from 2019 to 2024.

Additionally, it elucidates the various chemical modifications applied to the purine nucleus, including

benzoylation, alkylation, halogenation, amination, selenylation, thiolation, condensation, diazotization, coupling

reactions, and other miscellaneous reactions. Moreover, this review discusses several biological evaluations,

including the mechanisms of action of purine derivatives as anticancer, antimicrobial, anti-inflammatory,

antiviral, antioxidant, and anti-Alzheimer agents. This review aims to assist researchers in synthetic organic and

medicinal chemistry toward the development and enhancement of novel methodologies for the synthesis of

new purine molecules while supporting biologists in the identification of new targets for bio-evaluation.
1. Introduction

Purine (imidazo[4,5-d]pyrimidine) is a heterocyclic aromatic
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Fig. 1 Structure of purine and its analogues.
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aromaticity, while its aromaticity decreases in imidazole (H1
and H3).1 These results were conrmed by the harmonic oscil-
lator model of aromaticity (HOMA). Pyrimidine without NH
showed an HOMA of 0.971, and imidazole showed an HOMA of
0.742. The structure of purine serves as a basis for synthesizing
many biologically signicant compounds, including guanine,
adenine, isoguanine, xanthine, caffeine, hypoxanthine, and uric
acid. Moreover, adenine and guanine are important because
they are the fundamental building blocks of DNA, RNA, and ATP
systems, which are vital to life processes (Fig. 1).1

Purine is a nine-atom compound with four nitrogen atoms at
positions 1, 3, 7, and 9. Numbering in purines starts with
nitrogen 1 of the six-membered ring and moves in an anti-
clockwise direction, and it continues on the imidazole ring but
in a clockwise manner.1 Additionally, purines are essential
components of nucleic acids and play a role as energy cofactors
for coenzymes involved in redox processes. They are also
involved in several intracellular signal transduction processes
and function as direct neurotransmitters.2 Purines have
received signicant research attention owing to their distinct
properties and their value as a valuable source of various
bioactive molecules in medicinal chemistry.3 Moreover, the
importance of purine derivatives originates from their abun-
dant presence in natural products and synthetic compounds, as
well as their potential for bioactivity. The metabolism of all
living organisms heavily depends on purine and purine bases,
such as adenine, guanine, and xanthine (Fig. 1).4
3608 | RSC Adv., 2025, 15, 3607–3645
Furthermore, the purine scaffold is has been synthesized and
analyzed to develop benecial drugs with broad biological activity,
such as anti-cancer drugs with different targets (m-TOR, EGFR,
FGFR, VEGFR, PI3Ka, and B-RafV600E), anti-bacterial (standard
strains, clinical isolates, and Helicobacter pylori), anti-
inammatory (JAK2/BRD4, COX-2, and 15-LOX), anti-fungal,
anti-oxidant, anti-tuberculosis, anti-HSV, anti-diabetic, anti-viral,
and anti-Alzheimer's (AChE and BChE) activities.5–15 Addition-
ally, many purine-based medications, including 6-thio-purine
(mercaptopurine) and derivatives, cladribine, udarabine, nelar-
abine, clofarabine, fadraciclib (CYC065), seliciclib, sapanisertib,
and AZD-7648 (Fig. 2) are used in clinical trials.16,17 Most of them
are used to treat cancers and inammation, and their mode of
action involves the impairment of the ability to synthesize nucleic
acids or the inhibition of important metabolic enzymes.6,18

Moreover, numerous review articles have previously addressed
the synthesis, reactions, and bio-evaluation of the purine scaffold
in various contexts, including the utilization of purine-containing
compounds as anticancer agents19,20 and cancer-targeting kinase
inhibitors.21 Furthermore, the role of purines in inammatory
responses, encompassing their release, metabolism, and
signaling, has been extensively explored.22 Purine nucleotides
have also been identied as signaling molecules23 and promising
scaffolds in drug discovery.24 Additionally, the chemistry and
biosynthetic pathways of purines, as well as related reactions,
biomedical prospects, and clinical applications, are discussed.25

Furthermore, the synthetic routes and pharmaceutical activities
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra08271k


Fig. 2 Structures of purine-based FDA-approved drugs and those under clinical trials.
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of purine derivatives have been examined,26 alongside their
neurotoxic effects.27 However, the advantage of this review over
the others is that it presents several examples from recent studies,
newer synthetic methods, and some bio-evaluation from the
perspective of SAR studies in a simple way.

Overall, this review article provides a comprehensive over-
view and summary of various methods employed for synthe-
sizing purine derivatives over the past ve years (2019–2024). In
addition, this review article is one of my continuous efforts to
gain insights into the design, synthesis, and bio-evaluation of
heterocyclic scaffolds that are designed to modify and develop
the bio-evaluation based on their structure or based on
a hybridization approach for more than one nucleus to obtain
one bioactive molecule, as described in my articles with my
group.28–32 This review highlights numerous approaches and
reagents utilized in these syntheses, including 2,3-dia-
minomaleonitrile, urea derivatives, imidazole derivatives, and
pyrimidine derivatives. Furthermore, the article details an array
of reactions involving purine derivatives, such as benzoylation,
alkylation (mono-, di-, and tri-), halogenation (bromination),
amination (nucleophilic substitution reactions), selenylation,
thiolation, condensation, and cyclization, which facilitate the
formation of new heterocyclic rings. Additional reactions dis-
cussed include diazotization and coupling reactions, among
others. In conclusion, the article presents an overview of the
biological evaluation of purine derivatives, which are catego-
rized according to their activities, including anticancer, anti-
microbial, anti-inammatory, antiviral, antioxidant, and anti-
© 2025 The Author(s). Published by the Royal Society of Chemistry
Alzheimer effects. It is anticipated that this review can guide
future researchers in exploring rational approaches to the
application of purine scaffolds as pharmaceuticals targeting
various biological pathways in clinical trials.
2. Synthesis of purine derivatives
2.1. From diaminomaleonitrile and urea derivatives

Bizzarri et al. illustrated the synthesis of amino-acid-decorated
purines 4a–f, which were obtained as the main products in
the multicomponent reaction between 2,3-diaminomaleonitrile
(DAMN) 1, trimethyl orthoacetate 2, and a-amino acid deriva-
tives 3a–f in acetonitrile containing triethyl amine (TEA) under
reux conditions and photon irradiation (290–315 nm) for 15 h.
This way, they combined thermal and photochemical condi-
tions to improve the complexity of the reaction pathway.33

Moreover, the reaction can be described by the photo-
isomerization of diaminomaleonitrile (DAMN) to dia-
minofumaronitrile (DAFN), followed by the cyclization of
diaminofumaronitrile (DAFN) to amino imidazole carbonitrile
(AICN) 7 (ref. 34) via an unstable azetidine intermediate 5.35 The
azetenes 5 undergo C–C bond cleavage and ultimate rear-
rangement to give N-heterocyclic carbene 6, which tautomerizes
readily to form AICN 7. Additionally, amino imidazole carbon-
itrile (AICN) reacts with trimethyl orthoacetate 2 and produces
the imidazole imino ether derivative 8, which subsequently
reacts with amino acid derivatives to give the desired purine
derivatives, as shown in Scheme 1.33
RSC Adv., 2025, 15, 3607–3645 | 3609
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Scheme 1 Synthesis of 6-imino-6,9-dihydro-1H-purine derivatives 4a–f decorated with amino acids.

Scheme 2 Synthesis of 8-(methylthio)-9-phenyl-9H-purine-6-carboxamide derivatives 11 and 12 from diaminomaleonitrile.

3610 | RSC Adv., 2025, 15, 3607–3645 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Synthesis of 2,9-(substituted-phenyl)-8-oxo-7H-purine-6-carboxamide derivative 15.
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Huang et al. described the synthesis of a new 8-(methylthio)-
9-phenyl-9H-purine-6-carboxamide derivative 12 by treating
phenyl isothiocyanate 9 with diaminomaleonitrile (2) in the
presence of THF as the solvent. The as-formed thiourea deriv-
ative then reacted with 4-ethoxybenzaldehyde to provide the 8-
mercaptopurine-6-carboxamide derivative 11 as the desired
product. The reaction between 11 and iodo-methane occurred
exclusively at the relatively so sulfur atom, yielding the S-
alkylation product 12 (Scheme 2).36

In the same way, Tseng et al. reported a synthetic method for
the 2,9-(substituted-phenyl)-8-oxo-7H-purine-6-carboxamide
derivative 15 based on the condensation reaction between 2-
methoxyphenyl isocyanate 13 and diaminomaleonitrile (DAMN)
Scheme 4 Synthesis of 7H-purin-8(9H)-one from alkyl/aryl isocyanate

© 2025 The Author(s). Published by the Royal Society of Chemistry
2, which yielded a urea derivative 14. This urea compound was
then treated with 4-ethoxybenzaldehyde to synthesize a series of
purine derivatives 15 that could be used as dual-target anti-
cancer agents, as illustrated in Scheme 3.37

Mazzucato et al., synthesized 7H-purin-8(9H)-one derivatives
18a–r in two steps; the rst step involved the reaction of 2,3-
diaminomaleonitrile (DAMN) 2 and commercial isocyanate
16a–n to afford ureic intermediates 17a–n with the rst
substituent R1. The second step involved the formation of a core
and the addition of a second substituent (R2) through the
reaction of the intermediates with different aldehydes in the
presence of TEA and catalytic quantities of I2, as shown in
Scheme 4.38
using 2,3-diaminomaleonitrile (DAMN) and aldehyde.

RSC Adv., 2025, 15, 3607–3645 | 3611
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Scheme 5 Synthesis of 2,9-diaryl-8-oxo-7H-purine-6-carboxamide derivative 18s–t.
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Moreover, 1-benzyl-3-isocyanatopyrrolidine was prepared by
the reaction of 1-benzylpyrrolidin-3-amine 19 with triphosgene
[O]C(OCCl3)2]; then the obtained isocyanate was reacted in situ
with diaminomaleonitrile 1 (DAMN) to afford the correspond-
ing urea derivative 17o, which when treated with 3-hydrox-
ybenzaldehyde and TEA gave the nal product 18s. Additionally,
2-benzylpropionic acid 20 was converted to an isocyanate (R–
NCO) through Curtius rearrangement by using diphenylphos-
phoryl azide (DPPA) to convert the acid to azide and further to
isocyanate. R–NCO then reacted in situ with diaminomaleoni-
trile (DAMN) 2 to give the urea derivative 17p, which was treated
with 3-hydroxybenzaldehyde to form the 2,9-diaryl-8-oxo-7H-
purine-6-carboxamide derivative 18t (Scheme 5).38
Scheme 6 Synthesis of 6-cyanopurine derivatives 23a–e containing a p

3612 | RSC Adv., 2025, 15, 3607–3645
Bettencourt et al. synthesized 6-cyanopurine derivatives 23a–
e containing a phenolic moiety through the reaction of O-
alkylformamidoximes 21a, b [O-benzylformamidoxime 21a and
O-methylformamidoxime 21b] with phenolic aldehyde and
triethyl amine TEA (cat.) in an ether solution for 15 minutes on
an ice bath under stirring. The reaction proceeded via the
formation of amidoxime 22a–f by intramolecular cyclization
and the elimination of an alcohol molecule. The elimination of
methanol resulted in a simpler isolation process than benzoyl
alcohol due to its high boiling point (Scheme 6).39

Pretze et al. reported the synthesis of 3-substituted-8-bromo-
1H-purine-2,6(3H,7H)-diones 29a–c from urea derivatives. The
alkylated urea derivatives 24a–c were prepared from primary
henolic moiety.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 7 Synthesis of brominated purine derivatives starting from alkylated urea.
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amines using sodium cyanate. Additionally, the asymmetrically
alkylated urea derivatives 24a–c reacted with ethyl 2-cyanoace-
tate in the presence of sodium ethoxide to afford N-substituted
uracil derivatives 25a–c, which were subsequently treated with
sodium nitrite (NaNO2) to produce the nitroso-uracil derivatives
26a–c under acidic conditions. These derivatives then under-
went a reduction reaction with sodium dithionite to give 5,6-
diamino-pyrimidine-2,4(1H,3H)-diones 27a–c. Moreover, the
treatment of the diamino-pyrimidine-2,4-ones with triethyl
Scheme 8 Synthesis of 2-amino-6-cyano-purine 35 from 5-amino-4-c

© 2025 The Author(s). Published by the Royal Society of Chemistry
orthoformate in the presence of toluenesulfonic acid (p-TsOH)
produced 3-substituted-1H-purine-2,6(3H,7H)-diones 28a–c,
which were then brominated using bromine for 3 hours at 65 °C
to give the desired purine derivatives (Scheme 7).40

2.2. From imidazole derivatives

Gonçalves et al. reported the synthesis 2-amino-6-cyano-purine
35 by treating 5-amino-4-cyanoformimidoyl imidazoles 30 with
cyanamide in acetic acid and a small volume of DMSO, which
yanoformimidoyl imidazoles 30 using cyanamide.

RSC Adv., 2025, 15, 3607–3645 | 3613
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Scheme 9 Synthesis of 8,9-disubstituted-1H-purin-6-one derivatives 38a–f from enaminonitrile–imidazole using microwave irradiation.
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afforded the N-cyanoimidoyl cyanide intermediates 33; these
underwent intramolecular cyclization and nally generated 2-
amino-6-cyano-purine 35. The reactionmechanism involved the
attack of the cyanamide on the imino group of 4-cyanoformi-
midoyl, leading to the loss of an ammonia molecule (NH3) and
the formation of a new intermediate 34. Finally, the amino
group of imidazole at C5 attacks the nitrile group and the
subsequent proton transfer affords the desired product 35
(Scheme 8).41

Bizzarri et al. synthesized 8,9-disubstituted-1H-purin-6-one
derivatives 38a–f via a one-pot multicomponent reaction using
microwave irradiation (250 W, 250 psi, 2.0 min at 200 °C). First,
the enaminonitrile–imidazole derivatives 37a–f (AIC) were
Scheme 10 Synthesis of 2-(trifluoromethyl)pyrido[1,2-e]purine derivativ

3614 | RSC Adv., 2025, 15, 3607–3645
prepared by the condensation of aminomalononitrile p-tolue-
nesulfonate (AMNS) 36, triethyl orthoacetate (TOA) 2 and
methyl esters of amino acids 3a–f (glycine, alanine, valine,
serine, phenylalanine, and tyrosine). Eventually, the amino
group of AIC reacted with formic acid, leading to the loss of
a water molecule under MW irradiation, and the cyano group
hydrolyzed to amide (CONH2) and cyclized to give compound 38
(Scheme 9).42

Tber et al. described a multi-step method for synthesizing 2-
(triuoromethyl)pyrido[1,2-e]purine derivatives from 2-amino-
pyridine. First, they used a desilylative Strecker–Ugi type
multicomponent reaction to prepare 3-aminoimidazo[1,2-a]
pyridine-2-carboxylate 40a. This involved treating 2-
es 43 and 44 from 2-aminopyridine derivatives.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 11 Synthesis of 1,3-dimethyl-2,6-dioxo-1H-purine derivatives 49a–d from diaminopyrimidine.
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aminopyridine with ethyl glyoxylate in the presence of trime-
thylsilyl cyanide (TMSCN) as a source of cyanide and 1,4-dia-
zabicyclo[2.2.2]octane (DABCO) as a strong base under
microwave irradiation. Then, they heated the ester imidazole
Scheme 12 Synthesis of N-substituted-8-purine derivatives 54a–c via th
derivative 51.

© 2025 The Author(s). Published by the Royal Society of Chemistry
with an ammonia solution at 70 °C for 48 hours to produce the
3-aminoimidazo[1,2-a]pyridine-2-carboxamide derivative 42a.
This compound was then reacted with 2,2,2-triuoroacetamide
(10 equiv.) under argon at 160 °C for 24 hours to yield 2-
e cyclo-condensation of 5,6-diaminouracils 50a–cwith the oxazolone
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(triuoromethyl)pyrido[1,2-e]purin-4-ol 43a. Finally, this
compound was treated with thionyl chloride to obtain the
dehydroxychlorinated pyrido[1,2-e]purin-4-ol derivatives 44a–c.
In the same way, the authors also described the synthesis of
imidazo[1,2-a]pyridine-2-carboxylates 40b, c from 2-amino-
pyrimidine and ethyl bromopyruvate. The product was then
nitrated, and the ester group was converted to an amide. Finally,
the nitro group was reduced to afford 3-aminoimidazo[1,2-a]
pyridine-2-carboxamides 42b, c (Scheme 10).43
2.3. From pyrimidine derivatives

Verma et al. described a new strategy for the synthesis of 1,3-
dimethyl-2,6-dioxo-1H-purine derivatives containing the aceto-
nitrile group. The reaction involved treating 1,3-dimethyl-5,6-
diaminopyrimidine 45 with ethyl 2-cyanoacetimidate 46 in the
presence of HCl under reux conditions. Additionally, these
materials were used as the starting material to prepare new
purine derivatives attached to a pyridine moiety via a two-step
reaction. The rst step involved the Claisen–Schmidt conden-
sation of 1,3-dimethyl-8-(acetonitrilyl)-3,9-dihydro-1H-purine-
2,6-dione 47 with substituted benzaldehyde in pyridine, which
acted as a basic medium, to afford acrylonitrile-purine deriva-
tives 48a–d. These were then reacted with malononitrile in
ethanol and in the presence of a few drops of pyridine to afford
4-amino-5-(2,6-dioxo-1H-purin-8-yl)pyridine-3-carbonitriles
49a–d (Scheme 11).44

El-Kalyoubi et al. described the synthesis of N-substituted-8-
purines 54a–c by the cyclo-condensation of 5,6-diaminouracils
50a–c with an oxazolone derivative 51 in acetic acid on a water
bath for 1 hour. The mechanistic pathway illustrated that the
oxazolone derivative 51 was protonated at the carbonyl moiety,
and the C5 amino group of the uracil derivatives 54a–c attached
with the carbonyl, which led to ring opening; then, the second
Scheme 13 Synthesis of 8-substituted purines 56a–d and 8,9-disubstitu

Scheme 14 Synthesis of 8-(4-bromophenyl)-1H-purine-2,6-dione 60 fr

3616 | RSC Adv., 2025, 15, 3607–3645
amino group C6 attached with the amidic adjacent carbonyl,
leading to the formation of imidazopyridine derivatives
(Scheme 12).45

Chakraborty et al. explored the synthesis of 8-substituted
purines 56a–d and 8,9-disubstituted purines 57a–d via an
acceptor-less dehydrogenative coupling reaction of benzyl
alcohol with 4,5-diaminopyrimidine and Ni(II)-catalyst [Ni(Me-
TAA)] under aerobic conditions in toluene and potassium tert-
butoxide (KOtBu), and the reaction was dependent on their
molar ratio.1 The reaction required prolonged time rather than
the formation of benzimidazole, and the yield obtained ranged
from moderate to good (Scheme 13).

El-Kalyoubi et al. achieved purine derivatives through the
formation of Schiff bases followed by aza-Michael addition. The
substituted purines were obtained in a high yield by subjecting
1,3-dimethyl-5,6-diaminouracil 58 to heat in the presence of p-
bromoacetophenone 59 in DMF (1 mL). Although most of their
synthesized derivatives were screened against four cancer cell
lines (HepG2, Huh7, MCF7, and A549), the anti-cancer activity
of 8-(4-bromophenyl)-1H-purine-2,6-dione 60 (ref. 46) (Scheme
14) was not evaluated.

Doganc et al. described the synthesis of 2-chloro-8-
(substituted phenyl)-9H-purine via two steps; the rst step
involved the formation of Schiff bases 62a, b from 2-
chloropyrimidine-4,5-diamine 61 and benzaldehyde derivatives,
especially those with 4-uoro or 3,4-dimethoxy phenyl substit-
uents, under reux conditions for 1 hour in ethanol. Moreover,
the as-formed Schiff base was treated with N-bromosuccina-
mide in chloroform under reux, and the product was separated
from the solvent under reduced pressure as two isomers N9 and
N7. Additionally, they reported that the reaction of 4,5-dia-
minopyrimidine with 4-uorobenzoyl chloride afforded 6-
chloro-8-(4-uorophenyl)-3H-purine 64 as the sole product. The
structures of the designed purine derivatives were conrmed by
ted purines 57a–d via acceptorless dehydrogenative coupling (ADC).

om 1,3-dimethyl-5,6-diaminouracil 58 and acetophenone derivative.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 15 Synthesis of 2-chloro-8-(substituted phenyl)-9H-purine derivatives 63 and 64 from a Schiff base, N-bromosuccinimide, and
benzoyl chloride derivatives.
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1H–1H NOE (nuclear Overhauser effect spectroscopy, NOESY),
1H–13C/15N HMBC (heteronuclear multiple bond correlation)
methods and X-ray crystallographic data (Scheme 15).2

Fedotov et al. synthesized benzimidazopurines 67a–e as poly-
condensed purine derivatives through many pathways. Several
trials of treating nitrobenzimidazo-pyrimidines 65a–e with
sodium dithionite and catalytic hydrogenation in different
reaction media did not result in the desired diamines. There-
fore, the starting material was isolated in all cases. Additionally,
the target compounds were produced by the reduction of the
nitro group using iron dust in a mixture of triethyl orthoformate
Scheme 16 Synthesis of poly-condensed purine derivatives 67a–e from

© 2025 The Author(s). Published by the Royal Society of Chemistry
and acetic acid; the reduction was followed by the aromatiza-
tion of the pyrimidine cycle, leading to the formation of tetra-
cyclic benzimidazopurines 67a–e with yields up to 85%. The
mechanistic studies illustrated that the reaction proceeded
through hydroxylamine B formation, followed by the aromati-
zation of the pyrimidine ring C and then the nal product.
Finally, they proposed that metals in acidic media reduce
nitroamines more efficiently than heterogeneous hydrogena-
tion, which is uncommon (Scheme 16).47

Lei et al. prepared 9-heterocyclyl-substituted 9H-purine
derivatives 71a–l by the reduction of 5-nitropyrimidine
nitro-benzimidazopyrimidines 65a–e via reduction and cyclization.

RSC Adv., 2025, 15, 3607–3645 | 3617
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Scheme 17 Synthesis of 9-heterocyclyl substituted 9H-purine derivatives 69 and 70.
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derivatives 68 using palladium on carbon (Pd/C) (5%) to afford
the corresponding amines. Additionally, the intermediate
amines 68 were treated with phenyl isothiocyanate or 4-uo-
rophenyl isothiocyanate to generate 9H-purine-2,8-diamines
69a–i, some of which contained the tert-butoxycarbonyl pro-
tecting group (BOC group), which was removed using
Scheme 18 Synthesis of 9-heterocyclyl substituted 9H-purine derivativ

3618 | RSC Adv., 2025, 15, 3607–3645
triuoroacetic acid to generate 70a–f; these were subsequently
reacted with sulfonyl chloride and glycolic acid or ethyl bro-
moacetate to give compounds 71a–l (Schemes 17 and 18).48

Lorente-Maćıas et al. explored 6-alkoxy purine as a Jur-
kat-selective proapoptotic agent. The 6-alkoxy purine deriva-
tives were prepared in two steps; reacting dichloropyrimidines
es 71a–l.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 19 Synthesis of 6-alkoxy purine derivatives 74a–c and 75a–e from dichloropyrimidines.

Scheme 20 Synthesis of di- and tri-substituted purines from 4,6-dichloro-5-nitropyrimidine.

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 3607–3645 | 3619
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with various alkyl amines in the rst step yielded 6-chloro dia-
minopyrimidine derivatives 73. Subsequently, the chloropyr-
imidines were displaced at C6 with suitable alcohols under
strong basic conditions in the presence of N,N-dimethylamide.
This synthetic process led to the production of purine analogs
74a–c. The reaction was controlled by the type of N,N-dime-
thylamide used as the solvent and reagent. For example, using
dimethylformamide (DMF) facilitated the synthesis of 6,9-
disubstituted purines with nonsubstituted C8 (route A). On the
other hand, the presence of sterically hindered N,N-dimethyla-
mides like dimethylbenzamide (DMB) resulted in the synthesis
of tri-substituted purines 75a–e (route B), where the alcohols
(benzyl alcohol and 4-bromobenzyl alcohol) generated frag-
ments at both C6 and C8. Additionally, microwave irradiation at
higher temperatures was used for the 2,5-diaminopyrimidine
core due to its lower reactivity than the 5-amino-2-
chloropyrimidine core (Scheme 19).49

Polat et al. synthesized a series of 6,8,9-trisubstituted purine
derivatives 79 starting from 4,6-dichloro-5-nitropyrimidine 76.
5-Nitropyrimidine 76 was reduced in the presence of tin(II)
chloride to produce 6-dichloropyrimidin-5-amine 72a, then the
chlorine atom at C4 of pyrimidine was substituted with cyclo-
pentyl amine in the presence of triethyl amine via a nucleophilic
substitution reaction to afford 6-chloro-N4-
cyclopentylpyrimidine-4,5-diamine 77, which was subsequently
reacted with substituted benzaldehyde under p-TSA catalysis
and cyclized to obtain 6-chloro-8,9-disubstituted 7H-purine
derivatives 78a–f. Finally, the tri-substituted purines 79a–r0 were
obtained by the reaction of 6-chloropurine derivatives 78a–f
with appropriate N-substituted piperazines (Scheme 20).50
Scheme 21 Synthesis of 6,9-disubstituted purine derivatives 82a, b.

3620 | RSC Adv., 2025, 15, 3607–3645
In the same way, Kucukdumlu et al. reported the synthesis of
5-amino-4,6-dichloro pyrimidine 72a by the reduction of 4,6-
dichloro-5-nitro-pyrimidine 76 using SnCl2, followed by ami-
nation with benzylamine to give 4-(4-substituted benzyl)pyrim-
idines 80a, b. The 6-chloro purines 81a, b were prepared by the
condensation of compounds 80a, b with triethyl orthoformate
in the presence of toluenesulfonic acid to afford intermediates
81a, b, which underwent amination to afford 6,9-disubstituted
purine derivatives 82a–t (Scheme 21).51

Orduña et al. illustrated the synthesis of new substituted
purine derivatives containing amino groups using a low-power
microwave. They synthesized a 5,6-diamino-pyrimidine deriva-
tive 83 from 4,6-dichloropyrimidin-5-amine 72a via amination
using 3-nitro aniline under MWI at 150 °C for 10 minutes,
which afforded the corresponding 9-substituted purine deriva-
tive 84 in a good yield (67%). Additionally, the second amina-
tion process was performed with p-methoxy benzylamine under
MWI at 100 °C for 1 hour, and nally, the nitro group of the 6,9-
disubstituted purine derivative 85 was treated with SnCl2 in
a mixture of ethanol and ethyl acetate under reux conditions
for 2 h to afford the purine derivative 86 containing an amino
group (Scheme 22).52

Bigonah-Rasti et al. synthesized a triazolo[5,1-f]purine
derivative 91 starting from 5-amino-3-(methylthio)-1H-1,2,4-tri-
azole 87, which was used as a bi-nucleophile with the 5-
dichloropyrimidine derivative 88 under heating conditions and
TEA as the catalyst to afford the 5-bromo-2-chloro-6-methyl-
pyrimidin-4-amine derivative 89. Additionally, the tricyclic
heterocyclic core was alkoxylated using several aliphatic alco-
hols in KOH. The reaction then progressed through two
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 22 Synthesis of 6,9-disubstituted purine derivative 86 from 4,6-dichloropyrimidin-5-amine 72a.
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consecutive aromatic nucleophilic substitutions (SNAr), which
involved intramolecular cyclocondensation and the formation
of a non-isolated adduct intermediate, leading to the elimina-
tion of HBr and MeSH in two successive steps (Scheme 23).53
3. Reactions of purine derivatives

The reaction of purines can proceed via more than one func-
tional group and therefore, can be classied as follows.
Scheme 23 Synthesis of tricyclic 2-alkoxy-4H-[1,2,4]triazolo[5,1-f]purin

© 2025 The Author(s). Published by the Royal Society of Chemistry
3.1. Benzoylation

Attia et al. described the formation of a new guanosine mono-
phosphate 93 with an amide linker by modifying the amino
group of guanosine monophosphate 92 using benzoyl chloride
(Scheme 24).54

3.2. Alkylation

The alkylation of purine derivatives can be of three types based
on the substitution of the nitrogen atom and therefore, can be
e derivatives.

RSC Adv., 2025, 15, 3607–3645 | 3621
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Scheme 24 Benzoylation of the 2-amino-9-alkyl purine derivative.
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classied as mono, di, and tri-substituted purines. Wang et al.
synthesized new 9-substituted-9H-purine derivatives 97a–h,
98a–f, and 99 through the reaction of 6-chloro-9H-purine 94
with 4-nitrobenzyl bromide to afford 6-chloro-9-(4-nitrobenzyl)-
9H-purine 95, which underwent a reduction reaction in the
presence of Fe powder and ammonium chloride (NH4Cl) to give
the corresponding amino derivative 96 (Scheme 25).

Additionally, amide condensation reactions with Michael
receptors, such as acryloyl chloride and analogs, were carried out
using the amine derivative in order to obtain the desired products
Scheme 25 Synthesis of 9-substituted-9H-purine derivatives 97a–h, 98

3622 | RSC Adv., 2025, 15, 3607–3645
97a–h. Moreover, compound 96 was rst exposed to a Suzuki
coupling reactionwith compounds containing boronic acid, which
produced disubstituted purine intermediates 98a–f, which subse-
quently underwent an amide condensation process with acryloyl
chloride to produce the target compound 99 (Scheme 25).55

Petrov et al. discovered that purine 100 could react with
tetrakis(triuoromethyl)-1,3-dithietane 101 in DMSO in the
absence of a catalyst at room temperature, affording 7- and 9-
(hexauoroisopropyl)purines (102a and 102b) in the ratio of
70 : 30% (Scheme 26).56
a–f, and 99a–f through alkylation reactions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 26 Synthesis of 7- and 9-(hexafluoroisopropyl)purine derivatives 102a and 102b.

Scheme 27 Synthesis of 6,9-disubstituted purine derivatives 104a–e from 6-chloro-9H-purine.
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Liu et al. outlined the synthesis of 9-substituted purine
derivatives 103a–e from 6-chloro-9H-purine 94 and 1-bromo-
propane in the presence of K2CO3; it was subsequently treated
with chalcones containing the phenolic hydroxyl group to afford
the corresponding 6,9-bis substituted purine derivatives 104a–e
(Scheme 27).57

Villegas et al. described the synthesis of 2,6,9-trisubstituted
purine derivatives 111 from 6-chloro-2-uoro-9H-purine 105.
Firstly, the alkylation of 6-chloro-2-uoro-9H-purine 105 was
carried out by treating it with alkyl halide in the presence of
K2CO3 in DMF at room temperature to give a mixture of N7 and
N9 alkylated purine regio-isomers 106a–b and 1060a, b. The
second alkylation process on N6 of the purine was performed by
a Suzuki reaction using triuoromethoxyphenylboronic acid to
afford the 6,9-diaryl purine derivatives 107a–b (Scheme 28).

At the same time, different piperidine amide derivatives 110a–f
were produced by reacting tert-butyl-4-aminopiperidin-1-
carboxylate 108 with different acyl chlorides and Et3N. Moreover,
the salts of piperidine amido derivatives 110a–f were prepared by
treating amino piperidine derivatives 109a–f with triuoroacetic
acid (TFA) inmethylene chloride at room temperature. Finally, the
diaryl purines were reacted with salts of piperidine amide in the
presence of N,N-diisopropylethylamine (DIPEA) in butanol to
afford the triaryl purine derivatives 111 (Scheme 28).58

Popov et al. synthesized the diazido derivative 114a from the
reaction of 2-bromoethyl-6-chloropurine 113a–c with sodium
© 2025 The Author(s). Published by the Royal Society of Chemistry
azide, and the product was obtained in two different tautomeric
forms. Moreover, this compound was subjected to Cu(I)-cata-
lyzed azide–alkyne cycloaddition (CuAAC) with sodium azide in
acetone, yielding the corresponding 115. The authors also out-
lined a strategy for the synthesis of 6-substituted bis-purines
118 connected via different spacers. Initially, 6-alkyl purine
was reacted with sodium azide to afford mono-azide derivatives
116, which were subsequently reacted with bis-alkynes 117a–c
to obtain the target 6-substituted bis-purine 118 and mono-
purine derivatives 119 via a CuAAC reaction of the hetero-
cycle. This reaction was carried out, using different catalytic
systems and reaction conditions, such as ultrasound irradiation
to shorten the reaction time and optimize the synthesis of both
mono- and bis-purine compounds (Scheme 29).59

Mohamed et al. showed the alkylation of theophylline 120 at
N7 using benzyl chloride (H and 4-F) via a nucleophilic substi-
tution reaction (SN2) to afford 7-(4-substituted benzyl)-3,7-
dihydro-1H-purine-2,6-dione derivatives 121a, b. The reaction
was carried out in the presence of a mixture of potassium
carbonate and potassium iodide (K2CO3 and KI) in dime-
thylformamide (DMF) at 80 °C for 6 hours (Scheme 30).7
3.3. Halogenation (bromination)

Mohamed et al. reported the bromination of 1,3-dimethyl-7-
(alkyl)-3,7-dihydro-1H-purine-2,6-dione derivatives 121a,
b using N-bromosuccinimide (NBS) in DMF under reux
RSC Adv., 2025, 15, 3607–3645 | 3623
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Scheme 28 Synthesis of 2,6,9-trisubstituted purine derivatives via three-step alkylation.
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conditions at 90 °C for 8 h, and bromination occurred at the C8
position (Scheme 31).7

Konduri et al. described the bromination of the 3-substituted
purine derivative 120 by another method. The reaction of the 3-
methyl-3,7-dihydro-1H-purine-2,6-dione derivative 120 with
bromine in acetic acid provided the 8-bromo-3-methyl-1H-
purine-2,6-dione derivative 123 was 92% yield.60 Additionally,
Rad et al. tried to synthesize bromo-caffeine as a tri-substituted
purine 124 using various methods, but the N-bromosuccini-
mide (NBS) in dichloromethane (CH2Cl2) and water at room
temperature was preferred due to the purity of the product 125
(Scheme 32).61

3.4. Amination (nu substitution reaction)

Konduri et al. aminated 8-bromo-1,3-disubstituted-1H-purine-
2,6-dione derivative 126 using 1-BOC-piperazine in the pres-
ence of sodium carbonate in DMF solvent, successfully incor-
porating the piperazine group and forming compound 127. The
3624 | RSC Adv., 2025, 15, 3607–3645
BOC group was cleaved using methanolic HCl in an acid-
mediated reaction, resulting in the formation of the impor-
tant intermediate amine 128 (Scheme 33).60

Nadaf et al. described the reaction of 6-chloro-9H-purine 94
with morpholine to form the 4-(9H-purin-6-yl)morpholine 129,
which was then alkylated using different phenyl bromides to
obtain the 6,9-disubstituted purine derivatives 132. On the
other hand, alkylating 4-(9H-purin-6-yl)morpholine 129 with
ethyl chloroacetate afforded an alkylated purine with an ester
group, which was treated with hydrazine hydrate to form a new
hydrazine derivative 130. The hydrazine derivative reacted with
various aromatic acids in the presence of phosphorous oxy-
chloride to afford purines with alkylated oxadiazoles 131a–f
(Scheme 34).62

Krasnov et al. described the synthesis of novel purine
derivatives with amino acids attached to C6. The process
involved the treatment of N-(6-chloro-9H-purin-2-yl)acetamide
133 with tert-butyl esters of amino acids 134a–f in
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 29 Synthesis of 6-substituted bis-purines 118 and mono-purine derivatives 119.

Scheme 30 Alkylation of theophylline using benzyl chloride derivatives.

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 3607–3645 | 3625
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Scheme 31 Bromination of theophylline using N-bromosuccinimide.

Scheme 32 Synthesis of 8-bromo-1H-purine-2,6-dione.
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dimethylacetamide (DMA) as the solvent and triethylamine
(TEA) as the catalyst at 100 °C under reux conditions. The
products were obtained with yields ranging from 32% to 83%.
Subsequently, alkaline hydrolysis was performed to remove the
N-acetyl and ester groups, resulting in the formation of the
desired products 135a–f (Scheme 35).63

Zagórska et al. reported the synthesis of 1H-imidazo[2,1-f]
purine derivatives 138a–c from 8-bromotheophylline derivatives
Scheme 33 Synthesis of the 1-alkyl-3-methyl-8-(piperazin-1-yl)-1H-pu

3626 | RSC Adv., 2025, 15, 3607–3645
136a, b via a reaction with N-(aminoalkyl)-4-
acetylphenylpiperazine 137 followed by cyclo-condensation. First,
8-bromotheophylline was aminated, and then the 8-amino deriv-
atives spontaneously cyclized through the reaction of NH at C8
with the carbonyl group at N9, resulting in the loss of a water
molecule under the reaction conditions (Scheme 36).64

On the other hand, Mohamed et al. reported the amination of
8-bromo-7-(alkyl)-1H-purine-2,6-dione derivatives 122a, b using 3-
rine-2,6-dione derivative.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 34 Amination of 6-chloro-9H-purine with morpholine and subsequent alkylation.

Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
fe

bb
ra

io
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

4/
01

/2
02

6 
04

:5
0:

55
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
iminosaccharin and sulfathiazole in DMF and in the presence of
a catalytic amount of dimethylaminopyridine (DMAP) under
reux conditions to afford 139 and 140, respectively. Moreover,
compounds 141, 142, and 143 were readily obtained by the reac-
tion of the 8-bromo-7-(alkyl)-1H-purine derivative 122a with
amine derivatives using potassium carbonate in DMF. The
authors also described that in order to generate the activity of 2-
chloroethylamine–HCl in a mild basic condition, it was necessary
to use triethyl amine in DMF to react with 122a; then the reaction
was terminated by the addition of potassium carbonate to give
142. For the reaction involving 6-aminouracil and 122a, it was
necessary to adjust the pH of themedium in order to facilitate the
Scheme 35 Synthesis of purine conjugates with natural amino acids.

© 2025 The Author(s). Published by the Royal Society of Chemistry
nucleophilic attack using the primary amine. To achieve this,
sodium acetate was used as a base in acetic acid. This prevented
the de-protonation of uracil NHs and resulted in the formation of
compound 143 (Scheme 37).7
3.5. Selenylation and thiolation

Dilek et al. reported the generation of selenotetrazole-purine
derivatives 146a–g through a three-step synthetic process.
Initially, 6-chloropurine was reacted with specic alkyl halides
in DMF and K2CO3 to afford 6-chloro-9-alkyl-9H-purines 144a–g.
Additionally, selenopurines 145a–g were prepared by reacting
RSC Adv., 2025, 15, 3607–3645 | 3627
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Scheme 36 Synthesis of 1H-imidazo[2,1-f]purine derivatives 138a–c.
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compounds 144a–gwith selenourea in absolute ethanol at room
temperature by the Mautner method. The product yields ranged
from 30–88%. Compounds 145a–g were allowed to react with 5-
chloro-1-phenyl-1H-tetrazole to give the desired products 146a–
g (Scheme 38).65

Liu et al. outlined the reaction of 6-chloro-9H-purine 94 and
thiourea under reux conditions to afford the corresponding
9H-purine-6-thiol 147, which reacted with the potassium salt of
the phenolate hydroxyl group of a chalcone to afford 6-thioalkyl
purine derivatives 148a–f (Scheme 39).57
3.6. Condensation and cyclization to form new heterocyclic
rings

Singh et al. synthesized new Schiff bases 150 and 151 by react-
ing 2,6-diaminopurine with 2-hydroxy-3-methoxybenzaldehyde
Scheme 37 Amination of 1,3-dimethyl-7-(alkyl)-3,7-dihydro-1H-purine-

3628 | RSC Adv., 2025, 15, 3607–3645
and chromone-3-carboxaldehyde. The reaction was carried out
in methanol without any catalyst under reux and stirring
conditions for 6 hours. The authors used these two Schiff bases
as the starting material to prepare new copper, zinc, and cobalt
metal complexes with targeted DNA-binding activity (Scheme
40).66

Furthermore, A et al. reported the synthesis of novel
hydrazone derivatives based on the purine scaffold. This was
achieved by treating 8-hydrazinyl-1H-purine-2,6-dione 152 with
acetophenone derivatives. Subsequently, the resulting
compounds underwent a Vilsmeier reaction using phosphorus
oxychloride in DMF, leading to the formation of purine-
pyrazolecarbaldehyde derivatives 154a–d. Furthermore, the
pyrazolecarbaldehyde derivatives were subjected to Knoevena-
gel condensation with the activated methylene of 2-thioxo-
thiazole derivatives under basic conditions in dioxane, which
2,6-dione derivatives 122a, b with appropriate amines.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 38 Synthesis of selenotetrazole purine derivatives 146a–g.
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resulted in the formation of the corresponding purine deriva-
tives 155 and 156 (Scheme 41).67
3.7. Diazotization and coupling reaction

Khalifa et al. illustrated the synthesis of the 8-diazonium purine
salt 158 via the reaction of 8-aminopurine 157 with nitrous acid;
158 was then coupled with many aryl (phenol, 1-naphthol, and
2-naphthol) and/or hetaryl (3-methyl-6-oxo-thieno[2,3-b]
Scheme 39 Synthesis of target 9H-purine-6-thiol 147 and 6-thioalkyl p

© 2025 The Author(s). Published by the Royal Society of Chemistry
pyridine-5-carbonitrile) compounds to afford the diazenyl-
purine derivatives 159, 160, 161, and 162 (Scheme 42).68

Furthermore, the diazonium salt of the aminopurine deriv-
ative 158 and the 2-phenylthiocarbamide derivative 163 under-
went a Japp–Klingemann reaction and afforded a cyano-purine
hydrazone derivative 164 by losing the acetyl group. Addition-
ally, the cyclization of the cyano-purine 164 in a bromine solu-
tion (Br2 in ethyl acetate) in pyridine produced the
benzothiazolyl acetonitrile derivative 165 (Scheme 43).68
urine derivatives 148a–f.

RSC Adv., 2025, 15, 3607–3645 | 3629
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Scheme 40 Synthesis of new Schiff bases by reacting 2,6-diaminopurine 149 with formyl derivatives.

Scheme 41 Synthesis of new Schiff bases based on purine derivatives.

3630 | RSC Adv., 2025, 15, 3607–3645 © 2025 The Author(s). Published by the Royal Society of Chemistry

RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
fe

bb
ra

io
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

4/
01

/2
02

6 
04

:5
0:

55
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra08271k


Scheme 42 Synthesis of 8-diazonium purine and its coupling reactions with different reagents.
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3.8. Miscellaneous reactions

Khalifa described the treatment of 8-amino purine 157 with
active a-halo carbonyl compounds, such as phenacyl chloride,
chloroacetone, and ethyl chloroacetate, in the presence of
anhydrous potassium carbonate; the subsequent cyclization
process resulted in imidazopurine derivatives 166a, b and 167
(Scheme 44).68

Furthermore, to synthesize heterocyclic nucleus hybrid with
purine nucleus, initially, the purine derivatives 49a–d contain-
ing enaminonitrile–pyridine at C8 were used as starting mate-
rial for the synthesis of new purines containing heterocyclic
fragments at the same carbon, such as pyrido[4,3-d]pyrimidine
168a–c, pyrazolo[4,3-c]pyridine 169a–c, 2-thioxopyrido[4,3-d]
pyrimidine 170a–c, 2-oxopyrido[4,3-d]pyrimidine 171a–c, and 2-
Scheme 43 Synthesis of the benzothiazolyl acetonitrile derivative 165.

© 2025 The Author(s). Published by the Royal Society of Chemistry
oxo-2H-pyrano[2,3-b][1,6]naphthyridine-3-carbonitrile 172a–c,
by reaction with formic acid, hydrazine hydrate, urea, thiourea,
and ethyl cyanoacetate, respectively. All these derivatives were
screened for antimicrobial, antiproliferative, and antioxidant
activity (Scheme 45).44

Hassan et al. described the synthesis of chiral-carbon-
containing purine derivatives through a one-pot double
Mannich-type reaction. The reaction was accomplished by
treating the purine derivative 173 with various secondary
amines in the presence of an excess amount of formaldehyde
(nonenolizable aldehyde) under reux conditions to afford
1,3,5-thiadiazino[2,3-f]purine derivatives 175a–e. This reaction
proceed by double Mannich reaction that involved attach the
formaldehyde and led to loss of water molecule and afford
methylamine carbocation derivative 174b, which subsequently
RSC Adv., 2025, 15, 3607–3645 | 3631
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Scheme 44 Synthesis of imidazopurine derivatives 166a, b and 167.
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reacted with secondary amine and thiocarbonyl tautomerized to
give thio group which N-methyl amine derivative 174e and loss
the second water molecule leading to formation new thio-
heterocyclic ring Scheme 46.69

Husseiny et al. reported the synthesis of new thiazepino-
purines via the reaction of 7H-purine-6-thiol 147 with arylidenes
of malononitrile or ethyl cyanoacetate in a basic medium. The
reaction of 7H-purine-6-thiol 147 with arylidenes of malononi-
trile afforded 9H-[1,4]thiazepino[4,3,2-gh]purine-8-carbonitrile
176a–d as the sole product. On the other hand, treating 7H-
purine-6-thiol 147 with arylidenes of ethyl cyanoacetate under
reux conditions revealed two pathways based on the catalyst
(trimethylamine or sodium ethoxide) to furnish 2-amino-
carboxylate 177a–c or hydroxyl carbonitrile derivatives 178a–c.
The reaction proceeded via the Michael addition of purine thiol
to furnish an olenic bond in arylidenes, followed by nucleo-
philic addition to give the desired product (Scheme 47).70
Scheme 45 Synthesis of many heterocyclic cores with purine as the ba

3632 | RSC Adv., 2025, 15, 3607–3645
4. Biological evaluation of purine
derivatives
4.1. Anti-cancer activity

Purine derivatives exhibit anticancer activity with different
modes of action, but the general mode of action of drugs con-
taining the purine scaffold involves hampering the synthesis of
nucleic acids or inhibiting critical enzymes involved in cellular
metabolism. It is well-documented that purine analogs have
specic targeting abilities and anticancer behavior. For
example, tioguanine, also known as 6-thioguanine, is
a leukemia drug that has been approved by the FDA. Cytosine
methylation in human cells is reduced because it inhibits
cytosine residue methylation. Similarly, clofarabine, an FDA-
approved medicine based on second-generation purines,
exhibits anti-cancer properties by inhibiting ribonucleotide
reductase and stopping the elongation of DNA chains.71,72
se nucleus.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 46 Formation of new purines attached to chiral-carbon-containing heterocyclic scaffolds and the mechanistic pathway.
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Lei et al. screened the 9-heterocyclyl substituted 9H-purine
derivatives 71a–l for anti-proliferation activity against four cell
lines (HCC827, H1975, A549, and A431) by using the MTT assay,
and the results showed their potency against the human lung
cancer cell line (HCC827) rather than other tested cells (Fig. 3).48

Additionally, 71i had an IC50 value of 0.00088 mM against
HCC827 cells, but for H1975 cells, it was 0.20 mM. Notably, four
derivatives 71d, 71i, 71k, and 71l exhibited very strong anti-
proliferation and EGFRL858R/T790M/C797S inhibition activities. 1i
demonstrated anti-proliferative activity against HCC827 and
H1975 cell lines with IC50 values of 0.00088 and 0.20 mM,
respectively. Additionally, the most active derivative 71i sup-
pressed EGFRL858R/T790M/C797S with an IC50 of 18 nM. The
derivatives 71d, 71i, 71k, and 71l induced apoptosis at the G0/
G1 cell cycle phase, and their percentage of apoptosis in
© 2025 The Author(s). Published by the Royal Society of Chemistry
HCC827 cells were 57.74, 56.91, 60.08, and 55.90%, respectively,
at 1 mM concentration, respectively. The results of mutant EGFR
(epidermal growth factor receptor) were compared with the
positive control osimertinib, which displayed an IC50 value of
110 ± 6.0 nM. The activity was assessed using a western blot
assay to better elucidate the mechanism of their anti-
proliferative action. Compounds 71d, 71i, and 71k inhibited
EGFR phosphorylation in H1975, HCC827, and A549 cell lines
in a concentration-dependent manner (Fig. 3).48

Polat et al. reported the cytotoxicity of tri-substituted purines
against different cell lines, including HUH7 (liver), MCF7
(breast), and HCT116 (colon), based on the SRB assay. SAR
study demonstrated that substitution with different phenyl
moieties at C8 of purine affects the activity; for example,
introducing triuoromethyl phenyl (79j, 79k, 79l), 4-methoxy
RSC Adv., 2025, 15, 3607–3645 | 3633
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Scheme 47 Synthesis of the new thiazepinopurine derivatives 176–178.
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phenyl (79s), and 4-uoro phenyl (79z) exhibited IC50 values less
than 10 mM against liver cell lines (HUH7). Furthermore, the
most potent purine derivatives were also tested using the NCI-
SRB assay on drug-sensitive hepatocellular carcinoma (HCC)
cell lines, including SNU475, SNU387, HepG2, SNU423, Hep3B,
SNU182, SNU449, Mahlavu, Huh7, SNU398, FOCUS, and PLC.
Compound 79j had signicant anticancer activity with IC50

values ranging between (2.9–9.3 mM) against Huh7, FOCUS,
SNU475, SNU182, HepG2, and Hep3B cells compared with the
positive control udarabine. In the same way, the substituted
purines 79l and 79s showed more signicant activity than u-
darabine against the drug-sensitive HepG2 and Hep3B cells
with low IC50 values (Fig. 4).50

Moreover, Verma et al. evaluated the anticancer activity of
purine derivative 168b against four cell lines. The IC50 (mM)
values against the MCF-7, A549, HeLa, and Panc-1 cancer cell
lines were 0.8 ± 0.61, 1.0 ± 0.3, 1.2 ± 0.7, and 0.90 ± 0.71 mM
compared with those of doxorubicin (0.92 ± 0.50, 1.02 ± 0.80,
1.02 ± 0.72, and 1.41 ± 0.58 mM), respectively, indicating its
strong cytotoxic action. Additionally, compounds 168c and 172c
showed remarkable radical-scavenging action at concentrations
between 25 and 100 mg mL−1, with ED50 values of 3.39± 0.3 and
4.27 ± 0.5 mM, respectively, comparable to butylated hydrox-
yanisole (BHA) 5.51 ± 0.3 mM (Scheme 45 and Fig. 5).44

Kucukdumlu et al. screened the designed di-substituted
purines against Huh7 (liver), HCT116 (colon), and MCF7
(breast) cell lines. The results exhibited broad activity against
3634 | RSC Adv., 2025, 15, 3607–3645
the tested cells with IC50 values ranging from 0.05 to 21.8 mM,
except for the compound derived from 4-chlorobenzylamine
using 1-((4-triuoromethyl)phenyl)piperazine, which displayed
weak activity (Scheme 21). Additionally, compounds 82f and
82p exhibited signicant activity against all cell lines, with IC50

values of (0.13± 0.12 and 0.08± 0.06 mM), (0.42± 0.08 and 0.04
± 0.004 mM), and (0.4 and 0.05 mM) against Huh7, HCT116, and
MCF7, respectively, compared with those of 5-FU (30.6± 1.8, 4.1
± 0.3, and 3.5 ± 0.7 mM) and cladribine (0.9 ± 0.7, <0.1, and 2.4
± 2.4 mM) against the same cell lines. Several liver cancer cell
(HCC) lines, including Huh7, HepG2, Mahlavu, and FOCUS,
were also used to test the cytotoxic activity of purine analogs.
Compounds 82f and 82s demonstrated high cytotoxic activity
against Huh7 cells, with IC50 values in the 0.08–0.13 mM range,
which were comparable to CPT and superior to cladribine, u-
darabine, and 5-FU (Scheme 21 and Fig. 6).51

Attiogbe et al. reported the cytotoxicity of 179 against
different cell lines, and the results exhibited strong activity
against the growth of melanoma, breast, and lung cancer cells;
it displayed more sensitivity to HCC827 and H1975 lung cancer
cells and T47D breast cancer cells. Surprisingly, the in vivo
results conrmed that 179 inhibited the proliferation of
HCC827 and H1975 tumors. Compound 179 inhibits the EGFR
pathway by downregulating p-EGFR, p-Akt, and p-MAPK, as
conrmed by western blotting analysis. Apoptosis and cell cycle
analyses were conducted on HCC827 and H1975 cell lines. The
results showed that the purine derivative 179 could enhance
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Structures of the most active 9-heterocyclyl substituted 9H-purine derivatives and their values against the EGFRL858R/T790M/C797S

compared to osimertinib as a positive control.
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apoptosis in both early- and late-stage cancer compared with
the control. Additionally, purine derivative 179 was found to
induce cell cycle arrest at the S phase (Fig. 7).18

Husseiny et al. screened the synthesized thiazepinopurine
derivatives against three cancer cell lines (HepG2, MCF-7, and
PC-3) and one normal cell line (WI38). The IC50 of the thiaze-
pinopurines exhibited broad activity against the tested cell
lines. A signicant antiproliferative effect was observed for
compounds 176b and 176c, whose IC50 values ranged from 5.52
to 17.09 mM compared with roscovitine (9.32 to 13.82 mM).
Moreover, both derivatives exhibited good selectivity indexes,
and compound 176b showed the best selectivity index.
Compound 176b showed CDK2 inhibitory potential with an IC50

0.219 mM. Furthermore, 176b was found to arrest MCF-7 cells at
the S phase and induce apoptosis by suppressing Bcl-2 expres-
sion, as well as increasing the expression of Bax and caspases-8
and 9. The SAR study is summarized in Fig. 8.70

Rad et al. synthesized new 8-((1-alkyl-1H-1,2,3-triazol-4-yl)
piperazin-1-yl)-1H-purine-2,6-dione 180a–o and screened the
designed derivatives against two cancer cell lines, including A-
© 2025 The Author(s). Published by the Royal Society of Chemistry
375 (malignant melanoma) and MCF7 (common breast
cancer), using the MTT assay. The results revealed that
compounds 180i, 180j, and 180k demonstrated IC50 values of
(371 ± 2.5, 323 ± 2.6, and 367 ± 3.4 mM) and (260 ± 2.2, 245 ±

2.3, and 175 ± 3.2 mM) against A-375 and MCF7, respectively.
Additionally, screening the synthesized compounds against the
normal cell line HEK-293 indicated non-toxic properties with
IC50 values above that of methotrexate (MTX) (IC50 = 199 ± 2.4
mM). Based on the SAR study, the derivatives could be
summarized into four categories: (1) compounds with simple
aryl–alkyl substituents, such as 180a and 180c–180f; (2)
compounds with alkyl–ester moieties; (3) compounds with
alkyl–imide moieties, such as 180l–180o; and nally, (4)
compounds containing normal alkyl chain substituents 180h–
180k. While the rst three groups exhibited no effect on cancer
cells, compounds 180h–180k responded most favorably to both
cancer cell lines (Fig. 9).61

Wang et al. reported that compound 99b showed the greatest
efficacy in inhibiting enzyme activity and displaying anti-
proliferative effects against the cancer cell lines. Compound
RSC Adv., 2025, 15, 3607–3645 | 3635
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Fig. 4 Structure of the most active tri-substituted purines with cytotoxicity against hepatocellular carcinoma (HCC) cell lines.
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99b exhibited kinase activity against broblast growth factor
receptors (FGFRs), especially FGFR1 (IC50 = 0.20 ± 0.02 nM)
and FGFR4 (IC50 = 0.40± 0.03 nM), compared with fexagratinib
(AZD4547), showing an IC50 value of 0.95 ± 0.03 nM for FGFR1
and 369.46 ± 26.94 nM for FGFR4, which illustrates that this
compound formed irreversible covalent bonds with FGFR1 and
FGFR4 proteins, thus effectively inhibiting their enzyme
activity. Furthermore, it regulated the FGFR-mediated signaling
pathway and the mitochondrial apoptotic pathway, promoting
cancer cell apoptosis and hindering cancer cell invasion and
metastasis. Moreover, 99b demonstrated good metabolic
Fig. 5 Structure of 8-substituted purine derivatives attached to heteroc

3636 | RSC Adv., 2025, 15, 3607–3645
stability and showed signicant anti-tumor activity in the MDA-
MB-231 xenogra tumor mice model (Fig. 10).55
4.2. Anti-microbial activity

Verma et al. revealed the antimicrobial activity of 1,3-dimethyl-
2,6-dioxo-1H-purine derivatives. The SAR study of antimicrobial
activity revealed that electron-withdrawing groups, such as nitro
and chloro, enhanced the activity greater than electron-
donating groups because the hydrophobic nature of nitro and
halogen groups changes the physicochemical properties of
yclic scaffolds as anticancer agents.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The most active 6,8-disubstituted purine derivatives 82f, 82p, and 82s against hepatocellular carcinoma (HCC) cell lines: (Huh7, HepG2,
MAHLAVU, and FOCUS).

Fig. 7 Structure of the 2,8,9-trisubstituted purine (179).
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these compounds to transect microbial membranes. The 8-{7-
(4-chlorophenyl)-4-oxopyrido[4,3-d]pyrimidin-8-yl}-1,3-
dimethyl-1H-purine-2,6-dione derivative 168a showed strong
action against Gram-negative bacteria, whereas 8-{6-(4-nitro-
phenyl)-1H-pyrazolo[4,3-c]pyridin-7-yl}-1H-purine-2,6-dione
169b showed greatest activity against Gram-positive bacteria.
Compound 168a exhibited the most potent MIC value of 1.5 mg
© 2025 The Author(s). Published by the Royal Society of Chemistry
mL−1 against Escherichia coli and Klebsiella pneumoniae
compared with ciprooxacin (3.12 and 1.5 mg mL−1). Similarly,
compound 169b showed MIC values of 12.5 and 25 mg mL−1

against Staphylococcus aureus and Bacillus subtilis, which are
greater than the MIC values of ciprooxacin (3.12 and 1.5 mg
mL−1), respectively. As for antifungal activity, purine derivative
171b showed MIC values of 3.12, 1.5, 1.5, and 3.12 mg mL−1

compared to uconazole (MIC = 1.5, 3.12, 1.5, 3.12 mg mL−1)
against Aspergillus niger, Aspergillus oryzae, Candida albicans,
and Penicillium chrysogenum, respectively (Fig. 11).44

Hu et al. evaluated the antimicrobial activity of purine azole
derivatives against ve Gram-positive and six Gram-negative
isolates. A purine nucleus hybrid with metronidazole
compound 181 exhibited signicant inhibitory activity, with
a MIC value of 6 mM, which is nearly four times higher than that
of noroxacin (MIC = 25 mM). Additionally, compound 181
displayed no toxic activity against normal mammalian cells
(RAW 264.7). Compound 181 could disrupt the MRSA cell
membrane and also get inserted into the MRSA DNA to generate
a stable complex known as compound 181-MRSA DNA. This
complex could inhibit the replication and proliferation of
MRSA. Finally, it was found that compound 181 exhibited
antimicrobial activity via a dual-targeted inhibitory action, that
is, damaging the MRSA cell membranes and causing changes in
the DNA double helix (Fig. 12).73

Paulsen et al. conducted a screening to investigate the anti-
microbial potential of synthesized 6-(hydroxyimino)-9-methyl-
RSC Adv., 2025, 15, 3607–3645 | 3637
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Fig. 8 Illustration of the SAR study of thiazepinopurine derivatives using cancer cell lines (HepG2, MCF7, and PC-3).

Fig. 10 Structure of compound 99b with inhibitory activity against
fibroblast growth factor receptors (FGFRs).
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1H-purin-7-ium derivatives. The study identied two derivatives
182 and 183, which exhibited antimicrobial activity against
various pathogenic bacteria and protozoa. Notably, compounds
182 and 183, characterized by larger lipophilic side chains,
demonstrated good to very good activity against all microor-
ganisms, except for E. coli. Furthermore, these compounds
displayed the highest potency, with IC50 (mM) values of 1.89 and
1.84 mM against S. aureus, respectively. Additionally,
compounds 182 and 183 exhibited IC50 (mM) values of 0.54 and
0.53 mM against T. cruzi, and an IC50 value of 0.50 mM against T.
rhodesiense. Importantly, these derivatives demonstrated non-
toxic activity against mammalian MRC-5sv2 (human lung
broblast) cells and exhibited the ability to reduce bacterial
biolm formation by varying percentages. Compounds 182 and
183 demonstrated a signicant 90% decrease in S. epidermidis
biolm formation at concentrations of 125 and 63 mM, respec-
tively. In contrast, at the same concentrations (125 and 63 mM),
Fig. 9 Structure of 8-((1-alkyl-1H-1,2,3-triazol-4-yl)piperazin-1-yl)-1H-purine-2,6-dione derivatives 180a–o.

3638 | RSC Adv., 2025, 15, 3607–3645 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Structure of 8-purine derivatives with heterocyclic fragments.

Fig. 12 Purine-metronidazole derivative 181 as a dual-targeting MSRA
inhibitor.
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the bacterial growth was reduced by 50% and 15%, respectively
(Fig. 13).74

Nadaf et al. synthesized 9-alkyl-6-(4-(4-propoxyphenyl)piper-
azin-1-yl)-9H-purine derivatives and tested their antitubercu-
losis (antimycobacterial), antibacterial, and antifungal
activities. As for antimycobacterial activity, compounds 184a,
184b, 184c, and 184d showed MIC values of 6.2, 3.125, 3.125,
Fig. 13 Structure of the most active 6-(hydroxyimino)-9-methyl-1H-pu

© 2025 The Author(s). Published by the Royal Society of Chemistry
and 6.25 mg mL−1, respectively, while other derivatives showed
MIC values of 12.5 mg mL−1. Similarly, ciprooxacin, pyr-
azinamide, and streptomycin revealed MIC values of 3.125,
3.125, and 6.25 mg mL−1, respectively. To test the antimicrobial
activity, the designed derivatives were evaluated against Staph-
ylococcus aureus, Bacillus subtilis, Escherichia coli, and Pseudo-
monas aeruginosa. Compounds 184a–f revealed potent
antibacterial activity against the tested strains, with MIC values
ranging from 2–4 mg mL−1, while other derivatives 184g–j dis-
played MIC values between 8 and 64 mg mL−1, displaying
comparable activity to tetracycline or higher (MIC = 2–4 mg
mL−1). As for antifungal activity, the designed purine deriva-
tives were screened against Aspergillus avus, Trichoderma har-
zianum, Penicillium chrysogenum, and Candida albicans, and the
same results were observed. Compounds 184a–f showed good
antifungal activity against the tested strains, with MIC values
ranging between 1 and 8 mg mL−1. For compounds 184g–j, the
MIC ranged from 16 to 64 mg mL−1 compared to nystatin and
uconazole (MIC = 2–4 mg mL−1). Finally, the SAR study illus-
trated that the increased length of the alkyl chain decreased the
activity of the compound (Fig. 14).75

4.3. Anti-inammatory activity

Hassan et al. demonstrated that the [1,3,5]thiadiazino[2,3-f]
purine derivative 175d exhibited anti-inammatory activity by
inhibiting the COX-2 enzyme. The IC50 value of this purine
rin-7-ium derivatives.

RSC Adv., 2025, 15, 3607–3645 | 3639
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Fig. 16 Structure of the purine analog with the most potent 15-LOX
inhibitory action.

Fig. 14 New 6,9-disubstituted purine derivatives exhibited anti-
mycobacterial, antibacterial, and antifungal activity.
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derivative was 89.92 ± 2.17 nM, whereas the IC50 value of Cel-
ecoxib was 53.76 ± 2.05 nM (Scheme 46 and Fig. 15).69

Similarly, lipoxygenases (Lox) are a class of oxidative
enzymes that contain a non-heme iron atom in their active site.
Lox regulates inammatory responses by producing leukotri-
enes as pro-inammatory mediators and lipoxins as anti-
inammatory mediators.76 A et al. tested the anti-
inammatory action of the designed purine-pyrazole deriva-
tives 154a–d, 155a–d, and 156a–d against 15-LOX. The IC50 of all
tested compounds ranged from 1.96 to 6.12 mm, indicating
potent 15-LOX inhibition comparable to zileuton (IC50 = 3.98
mM), quercetin (IC50 = 6.87 mM) and meclofenamate sodium
(IC50 = 5.64 mM). Purine derivatives 156a exhibited the highest
potency, while 154d showed the least activity. The SAR study
elucidated that the test pyrazole-carboxaldehydes 154a–d had
Fig. 15 Structure of the 1,3,5-thiadiazino[2,3-f]purine derivative 175d, w

3640 | RSC Adv., 2025, 15, 3607–3645
moderate activity. A general observation was that the derivatives
obtained from condensation with rhodanine derivatives 156a,
156b, 156d, 155a, 155b, and 155d were more potent than the
starting pyrazole carboxaldehydes. Moreover, purine derivatives
containing acetic acid as a side chain (155a, 155b, and 155d)
exhibited greater inhibitory activity against 15-LOX in compar-
ison with their benzene sulphonamide counterparts 156a, 156b,
and 156d (Scheme 41 and Fig. 16).67

4.4. Anti-viral activity

Mohammed et al. synthesized a series of tricyclic penciclovir
(PCV) derivatives that showed promising antiviral activity,
especially against the herpes simplex virus (HSV). Among the
synthesized derivatives, the 9H-imidazo[1,2-a]purin-9-one
derivative 185 exhibited potent antiviral activity, with EC50 =

1.5, 0.8, and 0.8 mM comparable to cidofovir (CDV) EC50 = 2.0,
2.0, and 5.0 mM and aciclovir (ACV) EC50 = 0.9, 0.9, and 100 mM
against HSV-1, HSV-2, and HSV-1 TK + VZV Oka strains,
respectively (Fig. 17).77
hich acts as a COX-2 inhibitor.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 Structure of purine derivatives with antiviral activity.
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Furthermore, Deng et al. described the synthesis of new
purine hybrids with quinazoline and then evaluated their
activity against the tobacco mosaic virus. In the antiviral
bioassays against plant viruses, the in vivo antiviral activity of
some purine-quinazoline derivatives against tobacco mosaic
virus (TMV) was higher than that of the commercial drug riba-
virin. To our surprise, compound 186 containing 8-uro qui-
nazoline (500 mg L−1) showed curative activity and protective
inhibitory action up to 65.2% and 60.2%, respectively, higher
than those of ribavirin (50.1% and 57.2%). Similarly, the in vivo
Fig. 19 Structures of some modified adenosine purine analogs exhibitin

Fig. 18 Structure of the 9-(coumarin)-purine derivative 187 with
antioxidant activity.

© 2025 The Author(s). Published by the Royal Society of Chemistry
study of TMV showed that the EC50 value of compound 186
(162.3 mg L−1) was greater than that of ribavirin
(314.45mg L−1), indicating that the compound had a signicant
therapeutic effect (Fig. 17).78
4.5. Anti-oxidant activity

Mangasuli et al. synthesized new coumarin–purine hybrids and
screened them for in vitro antioxidant activity using DPPH. By
substituting OH at C7 of the coumarin ring, the most active
derivative with excellent DPPH scavenging properties was ob-
tained. Compound 187 exhibited radical scavenging activity (%)
values of 30.09 ± 1.16%, 43.90 ± 2.39%, 62.51 ± 0.92%, 75.24 ±
1.78%, and 87.04 ± 1.54% at concentrations of 20, 40, 60, 80,
and 100 mg mL−1, respectively, compared to ascorbic acid,
which showed values of 40.36± 0.75%, 58.60± 0.916%, 75.40±
2.12, 85.23 ± 1.21%, and 95.15 ± 1.91% at the same concen-
trations, respectively (Fig. 18).79

Valdes et al. modied some purine derivatives (adenosine)
and evaluated their antioxidant activity using DPPH and ABTS
assays. Compounds 188, 189, and 190 had a powerful antioxi-
dant effect compared with the reference compound ascorbic
acid. As for DPPH, the purine derivatives 188, 189, and 190
demonstrated IC50 values of 77.25 ± 1.5, >100, and 17.12 ± 1.9
mg mL−1, respectively, much higher than that of ascorbic acid
g anti-oxidation potential.

RSC Adv., 2025, 15, 3607–3645 | 3641
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Fig. 20 Structure of caffeine-based triazoles as AChE and BChE inhibitors.
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(IC50 = 1.5 ± 0.2 mg mL−1). On the other hand, these derivatives
revealed IC50 values of 7.25 ± 1.5, 83.24 ± 2.2, and 20.05 ± 2.5
mg mL−1, respectively, which were much lower compared to that
of ascorbic acid (IC50 = 27.62 ± 3.5 mg mL−1) in the ABTS assay
(Fig. 19).80

4.6. Anti-Alzheimer activity

Sharma et al. synthesized three series of caffeine-based triazoles
starting from a 1,3-dimethyl-1H-purine-2,6-dione derivative.
These three series differed only in the linker substituted at N9 of
the purine ring: compounds with methylene are denoted as
191a–l, while those with alkylmethyl acetate are 192a–o and
compounds with N-(alkyl)acetamide are 193a–d. All the
synthesized derivatives were screened in vitro against AChE and
BChE at 10 mM and exhibited good to potent inhibitory activity.
Compounds with high inhibitory activity were further selected
for IC50 value determination. The results showed that the
purine derivative 192d showed promising activity with dual
potential against AChE and BChE, exhibiting IC50 values of 1.43
and 10.9 mM, respectively. Cryptolepine IC50 = 0.26 ± 0.13 mM
and rivastigmine IC50 = 40.57 ± 0.69 mM were used as positive
controls for AChE, while b-secretase inhibitor-IV was used as the
positive control for BChE (IC50 = 0.74 ± 0.19 mM) (Fig. 20).5

5. Conclusion

In drug development, purine is a promising lead molecule due
to its ability to interact with various essential biomolecules
involved in metabolic processes. Consequently, synthesizing
novel derivatives and structural modications of purine has
become a signicant area of research because it is considered
a building block of nucleic acids and implicated in cellular
energy transfer, and signaling pathways, many drug modica-
tions, modied nucleosides, etc. This review focuses on the
recently developed synthetic methods, chemical modications
of purine scaffolds, and some pharmacological activities,
3642 | RSC Adv., 2025, 15, 3607–3645
including their structure–activity relationships and modes of
action. It hopes to pave the way for researchers to develop
purine nuclei and explore the effect of different substituents in
many biological evaluations. Finally, this review is expected to
serve as a valuable reference for researchers involved in the
investigation of novel purine scaffolds.
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26, 3334.

60 S. Konduri, J. Prashanth, V. S. Krishna, D. Sriram,
J. N. Behera, D. Siegel and K. P. Rao, Bioorg. Med. Chem.
Lett., 2020, 30, 127512.

61 M. N. S. Rad, S. Behrouz, K. Shahbazkhani, M. Behrouz,
E. Zarenezhad and A. Ghanbariasad, RSC Adv., 2023, 13,
24656–24673.

62 A. Q. A. Nadaf, S. Dixit, M. Yaseen, S. Mantur, M. S. Najare,
S. Joshi, S. Vootla and I. A. M. Khazi, ChemistrySelect, 2020,
5, 8635–8643.

63 V. P. Krasnov, G. L. Levit, V. V. Musiyak, D. A. Gruzdev and
V. N. Charushin, Pure Appl. Chem., 2020, 92, 1277–1295.
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