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, anticancer and in silico
assessment of 8-piperazinyl caffeinyl-
triazolylmethyl hybrid conjugates†
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and Ali Ghanbariasadd

In this paper, we have assessed the design, synthesis, characterization, anticancer properties, toxicity, and in

silico study of 8-piperazinyl caffeinyl-triazolylmethyl derivatives as new caffeine hybrid conjugates. These

compounds consist of four moieties comprising 8-caffeinyl, piperazinyl, 1,2,3-triazolyl, and alkyl

substituents. The synthesis of these compounds was started by bromination of caffeine to attain 8-BC,

SNAr reaction with piperazine to acquire 8-PC, N-propargylation of 8-PC and finally click Huisgen

cycloaddition with diverse alkyl azides. These compounds were in vitro tested against two significant

cancer cell lines comprising breast cancer MCF-7 (ATCC HTB-22) and melanoma cancer A-375 (ATCC

CRL-1619) cell lines and activities compared with methotrexate (MTX) as a reference drug. Anticancer

assessments indicated 12j (IC50 = 323 ± 2.6) and 12k (IC50 = 175 ± 3.2) were the most potent

compounds against A-375 and MCF-7 cell growth, respectively and their activities were even stronger

than MTX (IC50 = 418 ± 2 for A375 and IC50 = 343 ± 3.6 for MCF-7). Toxicities were determined by

screening compounds against normal cell line HEK-293 (ATCC CRL-11268) and indicated that except 12i

(IC50 = 371 ± 2.3), 12j (IC50 = 418 ± 2.4), and MTX (IC50 = 199 ± 2.4), all compounds are non-toxic.

Docking was conducted for 12j and 12k and determined the strong binding affinities to B-RAF kinase and

hDHFR enzymes, respectively. In silico pharmacokinetic and physiochemical profiles of tested

compounds were investigated which indicated that most compounds obeyed Lipinski's rule of five (RO5).

The DFT study on M06-2X/6-311G (d,p) was used to indicate HOMO, LUMO, MEP, and other parameters

for a better understanding of 12j and 12k reactivity. Owing to anticancer properties, toxicity, and in silico

data, 12j and 12k can be proposed for further research in the future.
1 Introduction

Cancer is a multifactorial disease that is inuenced by various
factors such as lifestyle, population, genetics, and surround-
ings.1 Based on statistics, cancer is one of the leading causes of
mortality worldwide. The occurrence rate of cancer varies across
140 countries, and more than eleven million people are diag-
nosed with cancer every year.2 It is estimated that there will be
16 million new cases of cancer annually before 2020. Amongst
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cancer types, breast cancer is one of the deadliest and the most
common cancers in women that affect and threaten the lives of
women over the age of 50. About 2.3 million women in 2020
were diagnosed with breast cancer and 685 000 deaths world-
wide.3 There were 7.8 million women alive who were diagnosed
with breast cancer in 2015–2020, making it the world's most
prevalent cancer. Breast cancer occurs in many women of any
race or nationality worldwide, poor or rich, and causes huge
costs for individuals, societies, and governments.4 Melanoma is
a type of skin cancer that can spread to other areas of the body.
The main cause of melanoma is UV light, which comes from the
sun and is used in sunbeds. Getting melanoma is widely
dependent on factors such as age and having pale skin, a large
number of moles, and a family history of skin cancer. At least
132 000 malignant melanomas occur globally each year. There
has been a signicant increase in the incidence of skin cancers
since the 1970s. A changing lifestyle and sun-seeking behavior
are responsible for an extensive increment in skin cancers. Also,
the depletion of the ozone layer, which provides a protective
lter against UV radiation, aggravates the problem.5 Despite the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The structures of xanthine and its natural methylated derivatives.
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development of chemotherapeutic agents in the remedy of all
types of cancer, these compounds have been envisaged many
shortcomings and problems like lack of selectivity and severe
toxicity against normal cells, low efficacy, high prices, incon-
stancy, and so on. Hence, ongoing and restless efforts are
underway to nd potent drugs with minimal toxicity, high
efficacy, and cheap expense of production.6

Over the years, naturally occurring compounds have aroused
special attention from the pharmaceutical point of view, mainly
because of their notable therapeutic properties.7 Among natu-
rally occurring compounds methylxanthines comprising
caffeine, theophylline, theobromine and paraxanthine (Fig. 1)
are unique scaffolds with immense biological activities.8 They
are ubiquitously found in many plants, seeds of coffee, cacao,
and tea leaves.9 In particular, among methylxanthines, caffeine
Fig. 2 The resulting biological properties by the C8 modification of caff

© 2023 The Author(s). Published by the Royal Society of Chemistry
is one of the most well-known and widely used molecules and
extensively exploited in the history life of human beings.10

Caffeine has gained particular attention in recent decades
owing to its magnicent chemotherapeutic properties such as
diuretic, vasodilator, analgesic, and so on.11 Unlike the most N-
methyl xanthines, the caffeine can be solely modied through
its C8 site with a few electrophiles or active species.12–15

It is worth mentioning that the functionalization of caffeine
C8 position creates remarkable biological proles with
numerous medicinal properties, which are summarized in
Fig. 2.

Recently, we have reviewed and categorized the C8-modied
caffeine derivatives to C8–C, C8–O, C8–S, and C8–N on the basis
of the atom's type linked to C8.16 Among C8-modied caffeine
derivatives, the C8–N analogues are fabulous as they show
eine.

RSC Adv., 2023, 13, 24656–24673 | 24657
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Fig. 3 The structure of some C8–N caffeine derivatives and their corresponding biological activity.
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considerable biological activities comprising anticancer, anti-
microbial, antiviral and CNS stimulants.12,16–22 The structures of
some C8–N derivatives 1–9 and their corresponding biological
activities are demonstrated in Fig. 3.

Piperazine is an important heterocyclic core in medicinal
chemistry because it is a versatile building block that can be
used to synthesize a wide range of bioactive molecules.23

Perhaps, it is no exaggeration to claim that plenty of approved
drugs involve piperazinyl moieties in their molecular frame-
works.24 Parental piperazine is used as an anthelmintic or anti-
parasitic drug through antagonizing of the parasite worm's
GABA receptors that cause the paralysis of the worm muscles
and subsequent excretion from the patient's intestines.25 One of
the key reasons for its importance is its ability to act as a scaf-
fold for the development of drugs that target many enzymes
and/or receptors. Piperazine derivatives have been shown to
exhibit a range of pharmacological activities including anxio-
lytic, sedative, antipsychotic, and antidepressant effects. These
compounds work by interacting with various neurotransmitter
systems in the brain including the dopamine, serotonin, and
GABA systems. In addition to its use in CNS drugs, piperazine is
also an important building block for the development of other
types of drugs including anticancer, antihistamines, antivirals,
and antibiotics. For example, ciprooxacin, a uoroquinolone
antibiotic widely used to treat several bacterial infections,
contains a piperazine ring in its structure. Overall, the unique
properties and versatility of piperazine make it an important
heterocyclic core in medicinal chemistry and drug discovery. Its
ability to act as a scaffold for the development of drugs with
a wide range of pharmacological activities makes it an essential
tool for the design and synthesis of new therapeutics.26

1,2,3-Triazoles are versatile heterocyclic compounds that can
be easily synthesized and modied, hence they have found
24658 | RSC Adv., 2023, 13, 24656–24673
particular attention in medicinal chemistry.27 Since 1,2,3-tri-
azoles are well recognized by target proteins like enzymes or
receptors, they have been shown to exhibit a range of biological
activities including antimicrobial, antifungal, antitumor, anti-
viral, and anti-inammatory properties.28 One of the key
reasons for their importance is their ability to act as non-
hydrolyzable bioisosteres of an amide bonds. For example,
1,2,3-triazoles can be used as surrogates for the amide bond in
peptides, which can improve their stability and bioavailability.29

In addition, the ease and selectivity of 1,2,3-triazoles synthesis
through ‘Click’ Huisgen azide–alkyne cycloaddition method
provides an efficient tool to conjugate two or more pharmaco-
phores in a target molecule. This has led to their widespread use
in drug discovery and development, as well as in the synthesis of
other bioactive molecules.

Hybrid molecules are important in medicinal chemistry
because they can combine the benecial properties of two or
more different pharmacophores into a single compound.30 This
can lead to improved therapeutic efficacy, reduced toxicity, and/
or enhanced selectivity for a specic target. The design of hybrid
molecules with a dual mode of action is an important technique
extensively applied in drug discovery. For example, a hybrid
molecule could be designed to combine an antimicrobial agent
with an anti-inammatory agent, leading to a compound that
can kill bacteria and reduce inammation, simultaneously. In
addition, hybrid molecules can also be used to overcome drug
resistance, which is a major challenge in the development of
new therapeutics.31 Overall, the ability to combine the benecial
properties of different pharmacophores into a single hybrid
molecule has the potential to signicantly improve the efficacy
and safety of drugs and to accelerate the development of drug
discovery for a wide range of diseases.32
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The structure of new 8-piperazinyl caffeinyl-triazolylmethyl hybrid conjugates 12 and comparing its structure with previously synthesized
compounds 10 and 11.
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Recently, we reported the synthesis and biological assess-
ments of 8-(4-alkylpiperazinyl) caffeine 10 and 8-caffeinyl-
triazolylmethyl hybrid conjugates 11 (Fig. 4) exhibiting
remarkable leishmanicidal and anticancer properties.16,22 In
pursuit of our ongoing research on novel 8-caffeinyl derivatives
and also inspired by the structure of compounds 10 and 11,
hereby we have disclosed the synthesis, characterization, anti-
cancer, and in silico investigation of new 8-piperazinyl caffeinyl-
triazolylmethyl hybrid conjugates 12.
2 Results and discussion
2.1. Chemistry

The synthesis of 8-piperazinyl caffeinyl-triazolylmethyl hybrid
conjugates 12 was performed due to Scheme 1.

Due to Scheme 1, this synthesis was initiated by 8-bromo-
caffeine (8-BC) preparation. The bromination of caffeine should
be achieved to enhance the positive charge density on C(8) for
the subsequent SNAr-type reaction. The 8-BC was synthesized
due to standard procedure using NBS in a mixture of DCM and
water at room temperature.33 Also, 8-BC can be synthesized
using other methods;34,35 however, none of them were efficient
Scheme 1 General synthetic pathway for preparing novel 8-piperazinyl

© 2023 The Author(s). Published by the Royal Society of Chemistry
in comparison with NBS. Applying the NBS method almost
yielded the pure 8-BC, quantitatively. Having prepared 8-BC, the
8-piperazinyl caffeine (8-PC) was then acquired by a SNAr-type
coupling reaction of piperazine with electrophilic C(8) of 8-BC
in DMF at 100 °C.22 8-PC is an odorless white solid (m.p. = 165–
167 °C) with apparent basic properties (pH z 12.5 in 0.01 M
aqueous solution at 25 °C). 8-PC is freely soluble in water, but it
partially dissolves in solvents like DMF, DCM, or CHCl3. To
afford alkyne 13, 8-PC was used for N-propargylation reaction
with propargyl tosylate which was previously prepared by the
reaction of TsCl and propargyl alcohol through the well-
established method.36 The use of propargyl tosylate is prefer-
able to propargyl bromide since propargyl tosylate is a safe and
cheap analogue of expensive propargyl bromide. To this end,
TsCl was used to react with an excess amount of propargyl
alcohol in diethyl ether and an aqueous NaOH mixture at room
temperature. This procedure almost affords a quantitative yield
of propargyl tosylate (z100%) as a yellow oil. Alkyne 13 was
prepared as a pale yellow solid (m.p. = 140–142 °C) by coupling
of 8-PC with propargyl tosylate using K2CO3 as a base in anhy-
drous DMF at ambient temperature for 24 h. To achieve the
nal products, the alkyl azides were prepared by reaction of
caffeinyl-triazolylmethyl hybrid conjugates 12.

RSC Adv., 2023, 13, 24656–24673 | 24659
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Fig. 5 The structures of 8-piperazinyl caffeinyl-triazolylmethyl hybrid conjugates 12a–12o.
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diverse alkyl halides with NaN3 in acetone-water solution at
reux condition. Ultimately, the cuprous catalyzed ‘Click’
Huisgen cycloaddition reaction of alkyl azides with alkyne 13 in
THF-H2O (2 : 1) media at ambient temperature achieved nal
products 12a–12o in good yields which structures are depicted
in Fig. 5. As can be seen in Fig. 5, the target compounds merely
vary in alkyl residues. They are involved in aryl-alkyl residues
(12a, 12c–12f), alkyl-esters (12b and 12g), normal alkyls (12h–
12k), and alkyl-imides (12l–12o).
2.2. In vitro anticancer and cytotoxic activity

A-375 cell line is a known human melanoma cell line that was
isolated from a tumor from a 54 years old woman with malig-
nant melanoma. This cell line is very useful for pharmacology,
immuno-oncology, and toxicology research.37 MCF-7 cell line is
one of the most popular human breast cancer cell lines in the
world, which was derived from a 69 years old woman with breast
Table 1 The IC50 values (mM) of 12a–12o and MTX against A-375,
MCF7 and HEK-293 cell lines

Compound A-375 MCF-7 HEK-293

12a >500 >500 >500
12b >500 >500 >500
12c >500 >500 >500
12d >500 >500 >500
12e >500 >500 >500
12f >500 >500 >500
12g >500 >500 >500
12h 498 � 2 306 � 1.8 >500
12i 371 � 2.5 260 � 2.2 371 � 2.3
12j 323 � 2.6 245 � 2.3 418 � 2.4
12k 367 � 3.4 175 � 3.2 >500
12l >500 >500 >500
12m >500 >500 >500
12n >500 >500 >500
12o >500 >500 >500
MTX 418 � 2 343 � 3.6 199 � 2.4

24660 | RSC Adv., 2023, 13, 24656–24673
adenocarcinoma in 1973. Researchers are interested in the
MCF-7 cell line since this cell maintains several characteristics
similar to the breast epithelium. This cell line is oen used for
in vitro study models of breast cancer biology. Regarding
various available variants, this cell line has a wide range of
applications in the development of chemotherapeutic drugs
and also understanding the drug resistance.38 HEK-293 is
known as a normal cell line that is derived from human
embryonic kidney cells in 1973. This cell line is commonly
applied for basic medical research and also pharmacology.39

The IC50 values related to toxicity tests for all synthetic products
are summarized in Table 1. According to the results obtained
from the MTT assay, it was determined that 12j (IC50 = 323 ±

2.6) is the most potent compound; moreover, 12i (IC50 = 371 ±

2.5), and 12k (IC50 = 367± 3.4) exhibited remarkable inhibition
effects on A-375 cell line growth and their toxicities are even
stronger thanMTX as a reference drug. Additionally, 12h (IC50=

498 ± 2) also demonstrated marginal toxicity in comparison
with MTX for inhibition of A-375 cell line growth. In the case of
the MCF-7 cell line, 12k (IC50 = 175 ± 3.2) was the most potent
agent and other compounds encompassing 12h (IC50 = 306 ±

1.8), 12i (IC50 = 260 ± 2.2), and 12j (IC50 = 245 ± 2) displayed
more toxicities than MTX. Amongst tested compounds effective
on both A-375 andMCF-7, 12k (IC50= 175± 3.2) displayedmore
selectivity owing to its non-toxicity against HEK-293 (IC50 > 500).
Apart from 12i, 12j, and MTX, all other compounds have no
toxicity effect on HEK-293.

The viability percentages for examined cell lines at different
concentrations (15.62, 31.25, 62.5, 125, 250, and 500, mM) of
12a–12o and MTX are shown in Fig. 6A–C. A p-value less than
0.05 (typically #0.05) is statistically signicant that shown with
stars in Fig. 6A–C. As it is indicated in Fig. 6A, for A375, the
lowest viability values and hence the highest toxicity are related
to 12j compared to all synthesized compounds. Also, 12i and
12k demonstrated lower viability and higher toxicity against A-
375 compared to MTX as a reference drug. It is worth
mentioning that 12f demonstrated a considerable decrease in
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (A) The viability assessment for 12a–12o and MTX against A-375. (B) The viability assessment for 12a–12o and MTX against MCF-7. (C) The
viability assessment for 12a–12o and MTX against HEK-293.
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viability at different concentrations while 12f displayed non-
toxicity against the A375 cell line. In the case of MCF-7, the
highest toxicity with the lowest viability are related to 12h, 12i,
12j, and 12k compared to all tested compounds (Fig. 1B). In
general, all compounds showed lowest viability on MCF-7
cancer cells than A-375.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Fig. 6C showed the viability percentage for normal cell line
HEK-293. As it is displayed, for HEK-293, the highest toxicity
with the lowest viability was related to MTX at all examined
concentrations. Two potent 12i and 12j involved the viability
higher than MTX, in particular at higher concentrations that
indicates the notable selectivity of 12i and 12j against HEK-293.
RSC Adv., 2023, 13, 24656–24673 | 24661
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2.3. Structural activity relationship (SAR) analysis

As shown in Fig. 5, all title compounds are common in caffeinyl,
piperazinyl, and 1,2,3-triazolyl methyl moieties, and their differ-
ences in the anticancer activity must be attributed to the substit-
uents linked to the N1 atom of 1,2,3-triazolyl residue. In this
context, compounds 12a–12o can be categorized into four groups.
The rst group involves simple aryl-alkyl substituents comprising
12a and 12c–12f in which due to Table 1, none of them displayed
toxicity against both tested cell lines contrary to our expectations.
12b and 12g are the second group that includes alkyl-ester
moieties without toxicity against cancer cell lines. The third
group (12l–12o) consisting alkyl-imide moieties in which imides
like phthalimide and saccharine are linked to u-carbon of
different alkyl chains. As indicated, none of them displayed
toxicity against both cell lines. The fourth group contains normal
alkyl chain substituents. Surprisingly, 12h–12k are the most
potent compounds against both cancer cell lines. They only vary in
the length of carbon chains. While 12j with octyl moiety is the
most potent compound against A375; however, 12k with decanyl
residue is the most potent agent against MCF-7. Hence, the
presence of substituents particularly normal alkyl is critically
essential to exhibit anticancer activity. Eventually, it can be
determined that lipophilicity (log P) and molecular topology are
two main potential parameters that affect the anticancer trend in
title compounds.
2.4. Plausible mechanism of anticancer activity

Folic acid or folacin is an aqueous vitamin so-called vitamin B9
which plays a crucial role in the biosynthesis of DNA, the modi-
cation of DNA and RNA, the synthesis ofmethionine, and diverse
Fig. 7 The possible anticancer mechanism of 8-caffeinyl-triazolylmethy

24662 | RSC Adv., 2023, 13, 24656–24673
chemical reactions that happened in cellular metabolism. In fact,
folic acid is a precursor for the biosynthesis of tetrahydrofolate
(coenzyme F) through the catalytic action of dihydrofolate reduc-
tase (DHFR).40 By a one-carbon transfer metabolism, and the
enzymatic role of thymidylate synthase (TS), coenzyme F transfers
its methyl to deoxyuridine monophosphate (dUMP) and converts
it to deoxythymidine monophosphate (dTMP). The dTMP is crit-
ically essential for DNA synthesis and cell replication.41 In this
regard, the inhibition of DHFR prevents coenzyme F synthesis and
hence blocks DNA synthesis and all biochemical events that per-
tained to DNA. Methotrexate (MTX) and aminopterin have a very
close structural feature to folic acid (Fig. 7). Same as folic acid,
MTX and aminopterin have been composed of three molecular
fragments consisting of pteridine, p-aminobenzoic acid (PABA),
and glutamic acid. They merely vary in pteridine core and this
difference is responsible for the inhibition of DHFR.42 The key
pharmacophoric site in folic acid, MTX, and aminopterin is the
pteridine core which closely resembles xanthine alkaloids. As can
be seen in Fig. 7, the compounds have conceptual similarities to
folic acid, MTX, and aminopterin in which caffeinyl can be
considered as a successor of pteridine, piperazinyl as amino-
benzene, 1,2,3-triazolyl as a isostere of amide that can mimic the
PABA-amide part and nally the alkyl substituents as a glutamic
acid residue. Thus, owing to structural similarities of title
compounds with MTX and aminopterin, it is proposed they
potentially inhibit DHFR enzyme and conne the biosynthesis of
DNA (Fig. 7).

2.5. In silico studies

2.5.1. Docking study. The potent anticancer properties of
12j against the melanoma A375 cell line prompted us to study
l hybrid conjugates.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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their potential interaction with the active site of B-RAF kinase as
a target enzyme. Among different mutations of B-RAF kinase, B-
RAF V600E in which Val600 is substituted with Glu is the most
frequent oncogenic mutation of B-RAF.43 Therefore, our inves-
tigation was conducted on the possible interactions and
binding mode of 12j in the active site of B-RAF V600E using the
Molegro Virtual Docker (MVD 6.0) with its default settings.44 In
this regard, the three-dimensional (3D) crystal structure of B-
RAF V600E (PDB code: 3OG7) in complex with vemurafenib
(PLX4032) was obtained from protein data bank (RSCB) and the
obtained docking results were analyzed using Discovery Studio
2021 soware. The validation of the docking process was ach-
ieved via the re-docking of vemurafenib in the active site of an
enzyme. The root-mean-square deviation (RMSD) value between
the co-crystallized and the docked vemurafenib was 1.29 Å. As it
was previously reported, the RMSD value less than 2 Å is reliable
to validate the docking protocol.45 Hence, the current protocol
was adequate to apply for docking studies of 12j in the active
site of an enzyme.

The signicant interactions for stabilization of vemurafenib
in the active site of B-RAF V600E kinase enzyme include p–alkyl,
p–p*, van der Waals, hydrophobic, and hydrogen bond inter-
actions.46 A p–p* stacking interaction was created between the
heterocyclic ring of vemurafenib and Trp531. Four conventional
hydrogen bonds were observed between vemurafenib and the
residues of Cys532, Asp594, Phe595, and Gly596. Several
carbon–hydrogen bonds were detected between vemurafenib
and the residues of Cys532, Ser535, and Asp594. Additionally,
the side chain of Ala481, Lys483, Leu514, Cys532, and Phe595
participated in p–alkyl interaction with the vemurafenib. The
hydrophobic and van der Waals interactions of vemurafenib
were detected with the side chains of Ile463, Thr470, Val471,
Leu515, Phe516, Ile527, Gln530, Cys532, Gly534, Ser536,
His539, Phe583, Ile592, and Gly593. The docked conformation
of vemurafenib and the overlay view of conformations of co-
crystallized vemurafenib, re-docked vemurafenib, and 12j in
Fig. 8 The 2D docked conformation of vemurafenib [left] and the 3D ove
docked vemurafenib (cyan), and 12j (red)[right] in active site of B-RAF V6

© 2023 The Author(s). Published by the Royal Society of Chemistry
the active site of an enzyme is depicted in Fig. 8. Delightfully,
12j binds to the identical site similar to vemurafenib and
exhibits robust interaction with the B-RAF V600E enzyme as
illustrated in Fig. 8.

For 12j, the analysis of the docking protocol revealed that
Phe583 is participated in both p–sigma and p–p interactions
with piperazinyl residue and a ve-membered ring of caffeine
core, respectively. A conventional hydrogen bond was detected
between Ser536 and O(6) of caffeine residue. In addition, three
carbon–hydrogen bonds were observed between the 8-PC
moiety of 12j and the residues of Cys532, Gly534, and Ser535.
The residues of Ala481, Leu514, Trp531, Phe583, and Phe595
were involved in p–alkyl interactions with 12j. The hydrophobic
and van der Waals interactions of 12j are similar to those
observed for vemurafenib since both compounds were in the
same binding pocket. The two-dimensional (2D) docked
conformation of 12j and its three-dimensional (3D) docked
conformation including hydrogen bonds are presented in Fig. 9.
The DG values for vemurafenib and 12j were also calculated
which are equal to −187.29 and −163.51 kcal mol−1, respec-
tively. The total hydrogen bond energies for vemurafenib and
12j were −8.91 and −10.52 (kcal mol−1), respectively. These
results indicated that hydrogen bonding interactions play
a signicant role in the stabilization of 12j in the binding site of
the B-RAF V600E kinase enzyme.

Dihydrofolate reductase (DHFR) plays a crucial role in the
metabolism of folic acid and the biosynthesis of purines, thy-
midylate, and glycine.47 DHFR enzyme proves to be an impor-
tant target to treat cancer. In this connection, the interactions,
affinity, binding mode, and orientation of 12k were studied in
the active site of human DHFR using MVD 6.0 soware. The 3D
structure of human DHFR (hDHFR) in complex with metho-
trexate (MTX) and nicotinamide adenine dinucleotide phos-
phate (NADPH) was received from RSCB (PDB code: 1U72). The
analysis of the results was achieved using Discovery Studio 2021
soware. The docking protocol was validated via re-docking of
rlay view of conformations of co-crystallized vemurafenib (yellow), re-
00E kinase.
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Fig. 9 The 2D- [left] and 3D- [right] docked conformations of 12j in the active site of B-RAF V600E kinase.
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MTX in the active site of hDHFR. The RMSD value was equal to
0.71 Å which is desirable to continue the docking process. The
analysis of the docking results revealed that H-bond interac-
tions play a key role in the stabilization of MTX in the active site
of hDHFR. Accordingly, seven strong hydrogen bonds were
detected between MTX and the residues of Ile7, Glu30, Phe31,
Asn64, Arg70, Val115, and Tyr121. The residue of Ser59 was
involved in a carbon–hydrogen bond with the N–Me residue of
MTX. Ile7 and Ala9 participated in p–alkyl interaction with the
pteridine core of MTX. In addition, a p–alkyl interaction was
formed between the residue of Ile60 and the aryl ring of MTX.
The hydrophobic and van der Waals interactions of MTX were
detected in a hydrophobic pocket consisting of the side chains
of Ile7, Val8, Leu22, Phe31, Tyr33, Phe34, Gln35, Thr56, Ser59,
pro61, Leu67, Lys68, Val115, and Gly116. The docked confor-
mation of MTX and the overlay view of conformations of co-
crystallized MTX, re-docked MTX, and 12k in the active site of
an enzyme are depicted in Fig. 10. Delightfully, 12k and MTX
bind to the same binding site and display potent interactions
with the hDHFR enzyme as shown in Fig. 10.

In the case of 12k, the O(2) of caffeine core was involved in
a conventional hydrogen bond interaction with Gln30. Two
Fig. 10 The 2D docked conformation of MTX [left] and the 3D overlay v
(blue), 12k (red), and NADPH (violet)[right] in active site of hDHFR.

24664 | RSC Adv., 2023, 13, 24656–24673
carbon–hydrogen bonds were detected between the N(3)–Me
and N(7)–Me of caffeine core with Glu30 and Val115, respec-
tively. In addition, four p–alkyl interactions were observed
between 12k and the residues of Ala9, Leu22, Ile60, and Pro61.
The van der Waals and hydrophobic interactions of 12k and
MTX were similar as they were located in identical binding site.
The 2D and 3D conformations of 12k are displayed in Fig. 11.
The DG values for MTX and 12k were also calculated which are
equal to −234.59 and −200.49 kcal mol−1, respectively. The
total hydrogen bond energies for MTX and 12k were −7.15 and
−3.61 (kcal mol−1), respectively. According to the results of the
docking study, the stabilization of MTX and 12k in the binding
site of the hDHFR enzyme could be facilitated by the strong
hydrogen bond interactions.

2.5.2. In silico physiochemical and pharmacokinetic
prole studies. The designation of physiochemical parameters
of a drug candidate based on Lipinski's rule of ve (RO5),
pharmacokinetics, and drug-likeness is a famous tool for
hypothetical estimations of its physiochemical properties and
prediction of its chance to be considered as a drug.48,49 A drug
candidate should adapt to RO5 and require (1) molecular weight
# 500 Dalton, (2) rotatable bonds #10, (3) hydrogen bond
iew of conformations of co-crystallized MTX (yellow), re-docked MTX

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 The 2D- [left] and 3D- [right] docked conformations of 12k in the active site of hDHFR.
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donor #5, (4) hydrogen bond acceptor #10, and (5) octanol–
water partition coefficient (log P) value # 5. The in silico phar-
macokinetic and physiochemical proles of 12a–12o and MTX
were evaluated using the preADMET online server,50 OSIRIS
Property Explorer,51 and SwissADME online soware.52 The
outcomes of these assessments are presented in Tables 2 and 3.

As depicted in Table 2, themolecular weights of MTX and the
synthesized compounds except that of 12b, 12c, and 12l–12o are
less than 500 Dalton. According to the obtained results, the
number of rotatable bonds (nRB) for MTX and the synthesized
compounds except that of 12k is between 5–10. In addition,
MTX and 12a–12o as both hydrogen bond acceptors (nHBA) and
hydrogen bond donors (nHBD) are obeyed from RO5. In RO5,
the lipophilicity factor is a noteworthy property of a molecule
that is specied by cLogP. The cLogP for MTX and 12a–12o are
less than 5 which conforms to RO5. The total polar surface area
(TPSA) is an adequate factor to determine the drug transport
character. TPSA is calculated by the summation of surfaces of
polar atoms in a molecule which is usually less than 140 Å2 for
Table 2 Physicochemical properties of 12a–12o and methotrexate

Compd Mwa nRBb nHBDc nHBAd

12a 449.51 5 0 6
12b 507.54 8 0 8
12c 525.60 6 0 6
12d 477.56 7 0 6
12e 463.54 6 0 6
12f 463.54 5 0 6
12g 473.53 9 0 8
12h 457.57 9 0 6
12i 443.55 8 0 6
12j 471.60 10 0 6
12k 499.65 12 0 6
12l 574.63 9 0 8
12m 596.66 8 0 9
12n 582.63 7 0 9
12o 610.69 9 0 9
MTXg 454.44 10 5 9

a Molecular weight. b Number of rotatable bonds. c Number of hydrogen
octanol–water partition coefficient (log P). f Topological polar surface area

© 2023 The Author(s). Published by the Royal Society of Chemistry
approved drugs. The TPSA contents of MTX and 12m–12o are
higher than 140 Å2. Therefore, the synthesized compounds
except that of 12m–12o might have suitable membrane
permeability or oral absorption. The drug likenesses of
synthesized derivatives were computed with OSIRIS Property
Explorer soware which found the negative values for 12b and
12g–12l as same as MTX. Based on the aforementioned factors,
the soware could predict another parameter known as the
drug score. According to the obtained results, the maximum
and minimum drug score values of title compounds belonged
to 12a and 12l, respectively, which are higher than that of MTX
in all cases. Overall, compounds 12j and 12k could be consid-
ered promising for extra research.

The pharmacokinetic prole of 12a–12o and MTX including
absorption, distribution, metabolism, and toxicity properties
were also measured (Table 3). The analyses were focused on the
assessment of P-glycoprotein (P-gp) substrate and/or inhibitor,
human intestinal absorption (HIA), aqueous solubility (log S),
and skin permeability (log Kp) to predict the absorption prole
c log P e TPSAf Drug-likeness Drug score

0.51 95.63 2.80 0.78
−0.02 121.90 −10.72 0.36
2.30 95.63 3.00 0.44
1.30 95.63 1.95 0.70
0.85 95.63 3.10 0.76
0.85 95.63 1.57 0.71

−0.13 121.90 −11.69 0.39
1.68 95.63 −12.12 0.38
1.22 95.63 −6.98 0.40
2.13 95.63 −14.99 0.37
3.04 95.63 −14.99 0.33
1.19 133.00 −10.66 0.30
0.53 158.40 2.49 0.58
0.07 158.40 3.63 0.61
0.98 158.40 0.61 0.48
1.23 210.54 −7.09 0.22

bond donors. d Number of hydrogen bond acceptors. e Logarithm of
(Å2). g Methotrexate.
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Table 3 Pharmacokinetic profile of 12a–12o and methotrexate

Compd log S HIAa log Kp
b P-gpc BBBd CYP2D6 CYP3A4 Carcino.e hERG inhibitionf

a −3.21 99.63 −4.41 I/S 0.10 NI/WS NI/S NC Medium
b −2.86 98.88 −4.43 I/S 0.07 NI/WS NI/S NC Medium
c −4.14 98.29 −3.55 I/S 0.21 NI/NS I/S NC Medium
d −3.06 99.55 −4.26 I/S 0.12 NI/WS NI/S NC Medium
e −2.69 99.61 −4.35 I/S 0.11 NI/WS NI/S NC Medium
f −2.76 99.61 −4.44 I/S 0.11 NI/WS NI/S NC Medium
g −1.78 95.54 −4.72 I/S 0.06 NI/WS NI/S NC Medium
h −3.62 99.28 −4.48 I/S 0.07 NI/WS NI/WS NC Medium
i −3.08 99.06 −4.54 I/S 0.08 NI/WS NI/WS NC Medium
j −3.97 99.44 −4.42 I/NS 0.07 NI/WS NI/WS NC Medium
k −4.68 99.62 −4.26 I/NS 0.04 NI/WS NI/WS NC Medium
l −3.26 99.88 −4.70 I/S 0.08 NI/WS NI/S NC Medium
m −3.10 98.10 −3.88 NI/S 0.05 NI/WS NI/S NC Medium
n −2.73 97.69 −4.05 NI/S 0.05 NI/WS NI/S NC Medium
o −3.47 98.47 −3.71 I/S 0.06 NI/WS I/S NC Medium
MTXg −1.19 36.61 −4.63 NI/S 0.04 NI/NS I/WS NC High

a Human intestinal absorption (%). b Skin permeability (log Kp, cm h−1). c P-glycoprotein. d Blood–brain barrier permeability (C. brain/C. blood).
e Carcinogenicity (mouse). f Human ether-a-go-go related gene channel. g Methotrexate. S = substrate. WS = weak-substrate. NS = non-
substrate. I = inhibitor. NI = non-inhibitor. NC = non-carcinogenic.
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of the compounds. log S is >–4 for most of the traded drugs. As it
was calculated, MTX and all compounds except 12c and 12k are
soluble in water. The moderate water solubility was predicted
for 12c and 12k. The HIA factor was calculated to be more than
95% for 12a–12o, while it is 36.61% for MTX. Thus, the intes-
tinal absorption of 12a–12o would be ideal. Transdermal
delivery is a signicant issue in drug delivery. It is also famous
for skin permeability which describes the importance of drug
absorption through the skin. The computed data revealed that
the transdermal delivery of 12a–12o and MTX are similar. The
drug transporter P-glycoprotein (P-gp) is an essential carrier for
excreting the substrates from the cells. While the substrates of
P-gp could diminish the drug's bioavailability but the P-gp
inhibitors could increase its bioavailability. Among
compounds, 12j and 12K are non-substrates of P-gp that may
have desirable bioavailability. While MTX, 12m, and 12n are P-
gp non-inhibitors; however, other derivatives are inhibitors of P-
gp which may exhibit appropriate bioavailability. The distribu-
tion of a drug between the brain (the most lipophilic) and the
blood (themost hydrophilic) tissues is identied by a parameter
which is known as blood–brain barrier (BBB) permeability. The
data in Table 3 revealed that 12a–12o and MTX have low BBB
permeability. Thus, these compounds may not cause neuro-
toxicity since they could not cross the blood–brain barrier.
Among cytochrome P450 enzymes, CYP2D6 and CYP3A4
enzymes are remarkably important for themetabolism of drugs.
All compounds are non-inhibitors of CYP2D6. Except MTX, all
entries are substrates for CYP2D6. MTX and 12a–12o are
substrates of CYP3A4 enzyme. All compounds except 12c and
12o are non-inhibitors of the CYP3A4. Therefore, the metabo-
lism of the synthesized derivatives could be achieved in the
liver. According to the computed data shown in Table 3, 12a–
12o and MTX are non-carcinogenic in mice. Human ether-a-go-
go related gene channel (hERG) inhibitors are potential factors
that initiate lengthening the QT and cardiac side effects. It is
24666 | RSC Adv., 2023, 13, 24656–24673
predicted that MTX could display a high risk of hERG inhibition
while 12a–12o showed the medium risk of hERG inhibitory
activity. Given the predicted data shown in Tables 2 and 3 and
also the biological assay results, 12j and 12k could be consid-
ered as drug candidates for further studies.

2.5.3. DFT study. Studies have demonstrated that the M06-
2X (DFT functional) is effective in organic molecules and bio-
logical systems.53 Experimental data has been used to compare
its performance, and it has been determined that it provides
precise results for different properties such as reaction energies,
bond lengths, and vibrational frequencies. Therefore, the M06-
2X functional with the 6-311G(d,p) basis set was selected for
geometry optimization. Also, frequency calculations were done
to ensure the absence of imaginary frequencies and the accu-
racy of optimization. Thermodynamic and reactivity descriptors
were analyzed via frontier orbitals for the optimized
compounds 12j and 12k.

The frontier molecular orbitals (LUMO and HOMO) of 12j
and 12k with the isovalue of 0.03 are shown in Fig. 12 and 13,
respectively. The HOMO and LUMO energy levels of 12j are
−6.866 and 0.352 ev, and those of 12k are −6.867 and 0.351 ev,
respectively. On both molecules, HOMO and LUMO oen
distribute on the caffeine core. While the molecular orbitals lie
on both carbonyl groups of caffeinyl residue in LUMO; however,
one of its carbonyl groups is involved in HOMO. Also, the
piperazinyl ring exhibits a signicant contribution in LUMO
compared to HOMO. As can be seen in Fig. 12 and 13, the tri-
azole ring and alkyl chain have no contribution to HOMO or
LUMO.

For both 12j and 12k, the total energy (Etot), enthalpy (H),
Gibbs free energy (G), and molecular entropy (S) were calculated
(Table 4). The Etot, H, and G were corrected by considering the
zero-point energy (ZPE) calculation. The reactivity descriptors
are based on the frontier orbitals and the electrical gap (E-gap)
which are about 7.21 ev for 12j and 12k. The DFT analysis
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 The HOMO (left) and LUMO (right) of 12j with the isovalue of 0.03.

Fig. 13 The HOMO (left) and LUMO (right) of 12k with the isovalue of 0.03.

Table 4 DFT calculated thermodynamic and reactivity descriptors
(in eV except for S and s which are in kJ mol−1 and eV−1, respectively)

Descriptor 12j 12k

ZPE 16.81 18.37
Etot −41935.62 −44073.06
H −41934.67 −44072.04
G −41937.54 −44075.09
S 926.76 988.94
E-gap 7.219 7.219
s 0.277 0.277
h 3.609 3.610
A −0.352 −0.351
I 6.866 6.867
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computed the reactivity characteristics such as soness (s),
hardness (h), electron affinity (A), and ionization energy (I). As
depicted in Table 4, the reactivity descriptors for 12j and 12k
have similar values which could be ascribed to the slight
difference in their alkyl-chain length.

The molecular electrostatic potential (MEP) is a notable
parameter to determine which regions of a molecule are
susceptible to nucleophilic or electrophilic interaction with the
surface of receptors or enzymes.54 In this regard, MEP of 12j and
12k were obtained using the DFT method at M06-2X/6-
311G(d,p) level of theory (Fig. 14). The MEP is mapped on the
total density surfaces of 12j and 12k with an isosurface value of
Fig. 14 MEP mapped on the total density of 12j (left) and 12k (right) wit

© 2023 The Author(s). Published by the Royal Society of Chemistry
0.02. In Fig. 14, the regions with the positive electrostatic
potentials are illustrated in blue and the atoms carrying the
negative electrostatic potentials are presented in red.
3 Conclusion

In conclusion, it was explained the design, synthesis, and
characterization of the new 8-caffeinyl-triazolylmethyl hybrid
conjugates. These compounds were in vitro tested against two
signicant cancer cell lines comprising breast cancer MCF-7
(ATCC HTB-22) and melanoma cancer A-375 (ATCC CRL-1619)
and their anticancer activity was compared with methotrexate
(MTX) as a reference drug. Results have determined that 12i
(IC50 = 371 ± 2.5), 12j (IC50 = 323 ± 2.6) and 12k (IC50 = 367 ±

3.4) displayed apparent inhibition effects on A-375 cell line
growth and their toxicities are even stronger than MTX (IC50 =

418 ± 2). In the same circumstances, 12h (IC50 = 306 ± 1.8), 12i
(IC50 = 260 ± 2.2), 12j (IC50 = 245 ± 2), and 12k (IC50 = 175 ±

3.2) demonstrated potent activity against MCF-7 cell growth and
their activity are even stronger than MTX (IC50 = 343 ± 3.6). To
recognize the toxicity, compounds were screened against
normal cell line HEK-293 (ATCC CRL-11268) in which specied
that except 12i (IC50 = 371 ± 2.3), 12j (IC50 = 418 ± 2.4), and
MTX (IC50 = 199 ± 2.4), all compounds are non-toxic. The
viability assessments have indicated that the lowest viability
values were related to 12i–12k (for A375), 12h–12k (for MCF7),
and MTX (for HEK-293) at various concentrations. Docking
h the isodensity of 0.02.
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results have determined that 12j and 12k have strong binding
affinities to B-RAF kinase and hDHFR enzymes, respectively.
The in silico pharmacokinetic and physiochemical proles of
tested compounds were assessed using preADMET online
server, OSIRIS Property Explorer, and SwissADME online so-
ware which indicated that most compounds obeyed Lipinski's
rule of ve (RO5). The DFT study on M06-2X/6-311G (d,p)
determined that HOMO and LUMO oen distribute on the
caffeine core of 12j and 12k and like pteridine moiety in MTX is
the main residue for interaction with the active site of the
enzyme. Ultimately, regarding anticancer and in silico data, 12j
and 12k can be considered as future drug candidates.

4 Experimental
4.1. Materials and cell lines

Cancer cell lines including breast cancer line MCF-7 (ATCC
HTB-22), melanoma cell line A-375 (ATCC CRL-1619), and
normal cell line HEK-293 (ATCC CRL-11268) supplied from
Pasteur Institute of Iran. Fetal bovine serum (FBS) was
purchased from Gibco (USA). Phosphate-buffered saline (PBS)
tablets, tetrazolium salt and 3-(4,5-dimethyl-thiazol-2-yl)-2,5-
diphenyltetrazo-lium bromide (MTT) were obtained from
Sigma-Aldrich (USA). Dimethyl sulfoxide (DMSO), trypsin,
penicillin or streptomycin, and Dulbecco's Modied Eagle's
Media (DMEM) cell culture medium were supplied from Shell-
max (China).

4.2. Evaluation of anticancer activity

MTT assay was used for evaluating the anticancer activity of title
compounds and MTX.55 All compounds were dissolved in PBS
solution containing 0.5% DMSO; required dilution was
prepared using the same solvent.

The cell lines containing (MCF-7, A-375, and HEK-293) were
cultured in culture asks in DMEM complete medium (con-
taining FBS 10% and penicillin-streptomycin 1%) and incu-
bated at 37 °C under CO2 (5%) and air (95%), separately. Trypsin
was applied for separation of various cell lines; then, they were
seeded in 96-well plates and incubated for 48 h. The culture
media was discarded, and a 75 mL complete fresh medium was
added to each well. Aer adding the sample's desired amount,
concentrations were set at 15.62, 31.25, 62.5, 125, 250, and 500
mM. Aer incubation (48 h, 37 °C, air 95%, CO2 5%), the plates'
content was discarded, and washed with 100 mL PBS. Then, 100
mL MTT solution (0.5 mg.mL−1) was added to each well and was
incubated for another 4 h. Next, 100 mL per well DMSO was
added to dissolve formed formazan crystals. In each plate, six
wells were considered the control group in each plate, lled
with PBS solution containing 0.5% DMSO (25 mL) and DMEM
containing the cells (75 mL). Finally, the absorbance (A) of each
well was measured at 570 nm using a plate reader (ELISA Plate
Reader). The cell viability at each concentration was calculated
by eqn (1).

Cell viability ð%Þ ¼ Mean A sample

Mean A control
� 100 (1)
24668 | RSC Adv., 2023, 13, 24656–24673
4.2.1. Statistical analyses. Three replicates were carried out
for all testes, and nal values were reported as mean ± SD. The
nal values for all samples were compared with SPSS soware
using one-way ANOVA with a condence interval of 95%.

4.3. Molecular docking studies procedure

The molecular docking study was performed using Molegro
Virtual Docker (MVD 6.0) soware with its default parameters.44

To do the molecular docking study, the crystal structures of B-
RAF V600E in complex with vemurafenib (PDB code: 3OG7)
and human DHFR in complex with MTX and NADPH (PDB
code: 1U72) were selected and obtained from the RCSB (http://
www.rcsb.org). The structure of the enzyme was modied by
eliminating all water molecules and ligands, compensating
the missing hydrogen atoms, and dening the correct bond
and atom types. In the case of B-RAF V600E, chain B was
removed and the docking study was continued with importing
of chain A to the soware. In the case of hDHFR, the docking
study was achieved in the presence of NADPH. Subsequently,
the docking study was carried out based on 40 independent
runs. The active site of the target enzyme was considered to
include the residues of amino acids in a 7 Å radius around the
inhibitor ligand. The structures of vemurafenib, methotrexate,
12j, and 12kwere optimized using the DFTmethod atM06-2X/6-
311G(d,p) level of theory with Gaussian 09 program package.56

Firstly, the docking process was endorsed via re-docking of
vemurafenib and methotrexate in the active site of B-RAF V600E
and XXX, respectively. Then, the study was extended by
importing the optimized structure of the related ligands 12j and
12k to the soware. All interactions were visualized and evalu-
ated on the basis of the docking results using the Discovery
Studio 2021 visualizer.

4.4. Chemistry general

All chemicals were purchased from Merck and/or other chem-
ical vendors and straightforwardly applied without further
purications. The reactions were monitored by TLC using SILG/
UV 254 silica-gel plates. The purications by a short column
chromatography were done on the silica gel 60 (0.063–0.200
mm, 70–230 mesh; ASTM). The melting points are measured on
the Electrothermal IA 9000 in open capillary tubes and they are
uncorrected. The PerkinElmer 240-B micro-analyzer, Shimadzu
GC/MS-QP 1000-EX apparatus (m/z; rel.%), and the Shimadzu
FT-IR-8300 spectrophotometer were used to obtain the
elemental analyses, GC/MS, and IR spectra, respectively. 1H-
and 13C-NMR spectrum was recorded on the Brüker Avance-
DPX-300 spectrometer operating at 300/75 MHz, respectively.
Chemical shis are given in d relative to tetramethylsilane
(TMS) as an internal standard and coupling constants J are
given in Hz. The abbreviations used for 1H-NMR signals are s =
singlet, d= doublet, t= triplet, q= quartet, m=multiplet, br=
broad and etc.

4.4.1. Synthesis of 8-bromo-1,3,7-trimethyl-1H-purine-
2,6(3H,7H)-dione (8-BC). To a round-bottom ask (500 mL)
containing freshly distilled DCM (300mL), it was added caffeine
(19.4 g, 0.1 mol) and NBS (35.2 g, 0.2 mol). When the solids had
© 2023 The Author(s). Published by the Royal Society of Chemistry
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dissolved in the solvent, water (100 mL) was added and the
container was closed and shaken vigorously for 5–7 days (TLC
check) at room temperature. Then, the solution was transferred
into a separator funnel and a solution of cold NaOH (100 mL, 2
M) was added and shaken to decolorize the mixture. The
organic layer was separated, washed with water (2 × 200 mL),
dried over Na2SO4 (30 g), ltered, and evaporated to provide
pure 8-BC (26 g, ca.100%).33

4.4.2. Synthesis of 8-piperazinyl-1,3,7-trimethyl-3,7-dihy-
dro-1H-purine-2,6-dione (8-PC). A 100 mL double-necked round
bottom ask equipped with a condenser was charged with
a mixture of anhydrous piperazine (5.2 g, 60 mmol) and 8-BC
(5.5 g, 20 mmol) in dry DMF (20 mL). The mixture was heated to
100 °C and the progress of the reaction was monitored by TLC.
When TLC monitoring indicated the completion of the reaction
(3 h), the reaction was stopped and the solution was cooled to
ambient temperature. Aerward, the acquired precipitates were
ltered and washed with cold acetone (30 mL). The obtained
solid was recrystallized in hot CHCl3 or alternatively can be
puried by short column chromatography on silica gel eluting
with MeOH to attain the white crystals (2.0 g, 72%).22

4.4.3. Preparation of propargyl tosylate. In a round-
bottomed ask (100 mL) equipped with a mechanical stirrer
was added propargyl alcohol (0.56 g, 0.01 mol), tosyl chloride
(3.8 g, 0.02 mol), and diethyl ether (25 mL). The resulting
reaction mixture was cooled in an ice bath, and NaOH (2 g, 0.05
mol) pellets were added to the solution in portions at 0 °C under
vigorous stirring. Aerward of the reaction completion (48 h,
TLC control) and the evaporation of the organic solvent, the
residue was dissolved in CHCl3 (100 mL) and washed with H2O
(3 × 100 mL). The organic layer was dried (Na2SO4, 10 g) and
concentrated to afford the crude product, which was pure
enough to use for the subsequent reaction without requiring
further purication.36

4.4.4. General procedure for preparation of alkyl azides. A
mixture consisting of desired alkyl halides (0.02 mol), NaN3

(2.6 g, 0.04 mol), and acetone/H2O 2 : 1 (30 mL) in a round
bottom ask (100 mL) was reuxed for 3 h (TLC control).
Aerward, acetone was evaporated at reduced pressure, and
then, the crude product was dissolved in CHCl3 (150 mL) and
washed with H2O (2 × 150 mL). The organic layer was dried
(Na2SO4, 10 g) and concentrated to afford the crude product
which was puried by column chromatography eluting with
EtOAc-n-hexane.57

4.4.5. Preparation of 1,3,7-trimethyl-8-(4-(prop-2-ynyl)
piperazin-1-yl)-1H-purine-2,6(3H,7H)-dione (13). In a round
bottom ask (100 mL), a mixture of 8-PC (13.9 g, 50 mmol) and
K2CO3 (6.9 g, 50 mmol) in anhydrous DMF (40 mL) was heated,
and stirred for 20 min to dissolve 8-PC. Aerward, propargyl
tosylate (12.0 g, 57.1 mmol) was added, and the reactionmixture
was stirred at r.t. for 24 hours. Aer the completion of the
reaction (TLC check), then the reaction mixture was diluted in
distilled water (300 mL), and the organic phase was extracted by
CHCl3 (3 × 100 mL). Subsequently, the organic phase was
evaporated in vacuo to obtain the crude product. The crude
product was recrystallized from hot EtOAc to attain a pale-
yellow precipitate (10.28 g, 65%), m.p.: 165–167 °C, Rf (EtOAc/
© 2023 The Author(s). Published by the Royal Society of Chemistry
MeOH, 4 : 1): 0.15, 1H NMR (CDCl3, 400 MHz): dppm = 2.58–
2.61 (m, 4H, 2NCH2), 2.89 (s, 1H, CH), 3.38 (s, 3H, N(1)–CH3),
3.50–3.52 (complex, 7H, 2NCH2, N(3)–CH3), 3.57 (s, 2H, NCH2),
3.72 (s, 3H, N(7)–CH3).

13C NMR (CDCl3, 100 MHz): dppm =

28.19, 29.90, 32.41, 44.74, 50.07, 52.60, 76.09, 79.11, 107.10,
149.70, 152.29, 155.42, 166.52. IR (KBr): 3215, 2948, 2190, 1697,
1601, 1518 cm−1. MS (EI): m/z (%) = 316 (18.4) [M+]. Anal. calc.
for C15H20N6O2: C, 56.95; H, 6.37; N, 26.56; found: C, 56.80; H,
6.49; N, 26.73.

4.4.6. General procedure for the synthesis of 8-piperazinyl
caffeinyl-triazolylmethyl hybrid conjugates (12a–12o). In
a double-necked round bottom ask (100 mL), equipped with
a condenser, it was added a mixture of alkyne 13 (3.16 g, 10
mmol), CuI (0.05 g, 0.26 mmol), and the desired alkyl azide (12
mmol) in H2O/THF (1 : 2 V/V, 30 mL). The reaction mixture was
stirred at room temperature till TLC indicated no further
progress of the reaction (Fig. 5). Aerward, the solvent was
evaporated and the remaining was dissolved in CHCl3 (200 mL)
and washed with water (2 × 100 mL). The organic layer was
dried on Na2SO4 (10 g) and evaporated in vacuo. The product
was puried by recrystallization and/or short column chroma-
tography on silica gel eluting with proper solvents as described
below.

4.4.7. Data of synthesized compounds
4.4.7.1 8-(4-((1-Benzyl-1H-1,2,3-triazol-4-yl)methyl)piperazin-

1-yl)-1,3,7-trimethyl-3,7-dihydro-1H-purine-2,6-dione (12a).
Recrystallization with EtOAc/MeOH (1 : 3) afforded the pure
product as white solid (4.17 g, 93%); m.p.: 150–152 °C, Rf

(EtOAc/MeOH, 4 : 1): 0.53, 1H NMR (CDCl3, 400 MHz): dppm =

2.64 (t, J = 4.4 Hz, 4H, 2NCH2), 3.26 (t, J = 4.4 Hz, 4H, 2NCH2),
3.36 (s, 3H, N(1)–CH3), 3.49 (s, 3H, N(3)–CH3), 3.71 (complex,
5H, N(7)–CH3, NCH2C]C), 5.52 (s, 2H, NCH2Ph), 7.26–7.28 (m,
3H, aryl), 7.36–7.37 (m, 2H, aryl), 7.42 (s, 1H, C(5)–H of triazole).
13C NMR (CDCl3, 100 MHz): dppm = 27.73, 29.68, 32.57, 49.47,
52.25, 53.26, 54.17, 105.34, 122.58, 128.08, 128.78, 129.13,
134.59, 144.48, 147.41, 151.72, 154.90, 156.24. IR (KBr): 3056,
2983, 2851, 1697, 1658, 1610, 1523, 1468, 1146 cm−1. MS (EI):m/
z (%) = 449 (23.7) [M+]. Anal. calc. for C22H27N9O2: C, 58.78; H,
6.05; N, 28.04; found: C, 58.97; H, 6.23; N, 28.19.

4.4.7.2 Benzyl 2-(4-((4-(1,3,7-trimethyl-2,6-dioxo-2,3,6,7-tetra-
hydro-1H-purin-8-yl)piperazin-1-yl)methyl)-1H-1,2,3-triazol-1-yl)
acetate (12b). Recrystallization with EtOAc afforded the pure
product as white solid (4.56 g, 90%); m.p.: 183–185 °C, Rf

(EtOAc/MeOH, 4 : 1): 0.54, 1H NMR (CDCl3, 400 MHz): dppm =

2.67 (br s, 4H, 2NCH2), 3.29 (br s, 4H, 2NCH2), 3.39 (s, 3H, N(1)–
CH3), 3.53 (s, 3H, N(3)–CH3), 3.73 (s, 3H, N(7)–CH3), 3.79 (s, 2H,
NCH2C]C), 5.23 (s, 2H, NCH2CO2), 5.24 (s, 2H, CH2Ph), 7.34–
7.38 (m, 5H, aryl), 7.65 (s, 1H, C(5)–H of triazole). 13C NMR
(CDCl3, 100 MHz): dppm = 27.75, 29.70, 32.59, 49.53, 50.84,
52.19, 53.19, 68.08, 105.37, 124.11, 128.59, 128.77, 128.90,
134.44, 144.64, 147.45, 151.76, 154.95, 156.28, 166.19. IR (KBr):
3070, 2989, 2846, 1715, 1698, 1663, 1607, 1527, 1454,
1142 cm−1. MS (EI): m/z (%) = 527 (25.9) [M+]. Anal. calc. for
C24H29N9O4: C, 56.79; H, 5.76; N, 24.84; found: C, 56.60; H,
5.98; N, 25.01.

4.4.7.3 8-(4-((1-Benzhydryl-1H-1,2,3-triazol-4-yl)methyl)piper-
azin-1-yl)-1,3,7-trimethyl-3,7-dihydro-1H-purine-2,6-dione (12c).
RSC Adv., 2023, 13, 24656–24673 | 24669
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Column chromatography on silica gel eluted with EtOAc affor-
ded the pure product as pale yellow foam (4.51 g, 86%), Rf

(EtOAc/MeOH, 4 : 1): 0.77, 1H NMR (DMSO-d6, 400MHz): dppm=

2.56 (br s, 4H, 2NCH2), 3.14 (s, 3H, N(1)–CH3), 3.21 (s, 4H,
2NCH2), 3.29 (s, 3H, N(3)–CH3), 3.39 (s, 2H, NCH2C]C), 3.59 (s,
3H, N(7)–CH3), 3.66 (s, 1H, NCH), 7.22–7.41 (m, 10H, aryl), 8.04
(s, 1H, C(5)–H of triazole). 13C NMR (DMSO-d6, 100 MHz): dppm
= 27.25, 29.24, 32.30, 48.93, 51.60, 52.28, 66.61, 104.15, 124.09,
127.95, 128.12, 128.68, 138.85, 142.90, 146.58, 150.72, 153.64,
155.63. IR (KBr): 3028, 2991, 2838, 1695, 1650, 1608, 1520, 1475,
1127 cm−1. MS (EI): m/z (%) = 525 (29.1) [M+]. Anal. calc. for
C28H31N9O2: C, 63.98; H, 5.94; N, 23.98; found: C, 64.12; H,
6.09; N, 23.80.

4.4.7.4 1,3,7-Trimethyl-8-(4-((1-(3-phenylpropyl)-1H-1,2,3-tri-
azol-4-yl)methyl)piperazin-1-yl)-3,7-dihydro-1H-purine-2,6-dione
(12d). Column chromatography on silica gel eluted with EtOAc
afforded the pure product as white foam (3.57 g, 75%), Rf

(EtOAc/MeOH, 4 : 1): 0.48, 1H NMR (CDCl3, 400 MHz): dppm =

2.19 (quint, J = 7.2 Hz, 2H, NCH2CH2), 2.56–2.60 (complex, 6H,
2NCH2, CH2Ph), 3.22 (br s, 4H, 2NCH2), 3.29 (s, 3H, N(1)–CH3),
3.43 (s, 3H, N(3)–CH3), 3.64–3.68 (complex, 5H, N(7)–CH3,
NCH2C]C), 4.29 (t, J = 7.2 Hz, 2H, NCH2CH2), 7.08–7.24 (m,
5H, aryl), 7.42 (s, 1H, C(5)–H of triazole). 13C NMR (CDCl3, 100
MHz): dppm = 14.19, 27.74, 29.69, 31.67, 32.52, 32.57, 49.48,
52.21, 53.22, 105.36, 126.39, 128.16, 128.39, 128.63, 128.72,
140.07, 147.42, 151.73, 154.92, 156.24. IR (KBr): 3064, 2953,
2870, 1690, 1647, 1612, 1519, 1462, 1136 cm−1. MS (EI): m/z (%)
= 477 (27.3) [M+]. Anal. calc. for C24H31N9O2: C, 60.36; H,
6.54; N, 26.40; found: C, 60.51; H, 6.72; N, 26.61.

4.4.7.5 1,3,7-Trimethyl-8-(4-((1-phenethyl-1H-1,2,3-triazol-4-
yl)methyl)piperazin-1-yl)-3,7-dihydro-1H-purine-2,6-dione (12e).
Column chromatography on silica gel eluted with n-hexane/
EtOAc (1 : 1) afforded the pure product as orange foam (3.56 g,
77%), Rf (EtOAc/MeOH, 4 : 1): 0.47, 1H NMR (CDCl3, 400 MHz):
dppm = 2.17 (br s, 2H, CH2Ph), 2.66 (br s, 4H, 2NCH2), 3.28 (br s,
4H, 2NCH2), 3.38 (s, 3H, N(1)–CH3), 3.51 (s, 3H, N(3)–CH3),
3.72–3.80 (complex, 5H, NCH2C]C, N(7)–CH3), 5.49 (br s, 2H,
NCH2CH2), 7.18 (br s, 5H, aryl), 7.41 (br s, 1H, C(5)–H of tri-
azole). 13C NMR (CDCl3, 100 MHz): dppm = 13.07, 21.17, 27.75,
29.70, 30.96, 32.59, 49.50, 52.27, 105.36, 125.69, 128.19, 129.79,
131.50, 132.98, 138.78, 147.43, 151.75, 154.93, 156.28. IR (KBr):
3100, 2948, 2859, 1695, 1647, 1604, 1532, 1458, 1130 cm−1. MS
(EI): m/z (%) = 463 (24.7) [M+]. Anal. calc. for C23H29N9O2: C,
59.60; H, 6.31; N, 27.20; found: C, 59.46; H, 6.12; N, 27.04.

4.4.7.6 1,3,7-Trimethyl-8-(4-((1-(4-methylbenzyl)-1H-1,2,3-tri-
azol-4-yl)methyl)piperazin-1-yl)-3,7-dihydro-1H-purine-2,6-dione
(12f). Recrystallization with EtOAc afforded the pure product as
pale orange solid (4.21 g, 91%), m.p.: 172–174 °C, Rf (EtOAc/
MeOH, 4 : 1): 0.55, 1H NMR (CDCl3, 400 MHz): dppm = 2.17 (s,
3H, CH3Ph), 2.61 (br s, 4H, 2NCH2), 3.21–3.27 (m, 4H, 2NCH2),
3.38 (s, 3H, N(1)–CH3), 3.52 (s, 3H, N(3)–CH3), 3.70–3.73
(complex, 5H, NCH2C]C, N(7)–CH3), 4.61 (s, 2H, NCH2Ph),
7.08 (d, J = 6.8 Hz, 2H, aryl), 7.23–7.29 (complex, 3H, aryl, C(5)–
H of triazole). 13C NMR (CDCl3, 100 MHz): dppm = 21.65, 27.75,
29.71, 30.95, 32.60, 36.70, 49.53, 52.10, 105.37, 127.07, 128.71,
128.78, 131.06, 132.73, 137.05, 147.44, 151.75, 154.94, 156.29. IR
(KBr): 3039, 2961, 2874, 1696, 1664, 1612, 1540, 1449,
24670 | RSC Adv., 2023, 13, 24656–24673
1132 cm−1. MS (EI): m/z (%) = 463 (22.6) [M+]. Anal. calc. for
C23H29N9O2: C, 59.60; H, 6.31; N, 27.20; found: C, 59.78; H,
6.50; N, 27.06.

4.4.7.7 Ethyl 4-(4-((4-(1,3,7-trimethyl-2,6-dioxo-2,3,6,7-tetra-
hydro-1H-purin-8-yl)piperazin-1-yl)methyl)-1H-1,2,3-triazol-1-yl)
butanoate (12g). Column chromatography on silica gel eluted
with n-hexane/EtOAc (1 : 5) afforded the pure product as orange
foam (3.40 g, 72%), Rf (EtOAc/MeOH, 4 : 1): 0.46, 1H NMR
(CDCl3, 400 MHz): dppm = 1.14 (t, J = 6.0 Hz, 3H, OCH2CH3),
2.17 (q, J = 6.8 Hz, 2H, CH2CH2CO2), 2.28 (t, J = 7.2 Hz, 2H,
CH2CO2), 2.61 (br s, 4H, 2NCH2), 3.22 (br s, 7H, 2NCH2, N(1)–
CH3), 3.38 (s, 3H, N(3)–CH3), 3.63 (s, 3H, N(7)–CH3), 3.67 (s, 2H,
NCH2C]C), 4.02 (q, J = 6.0 Hz, 2H, OCH2), 4.38 (t, J = 6.8 Hz,
2H, NCH2CH2), 7.56 (s, 1H, C(5)–H of triazole). 13C NMR (CDCl3,
100 MHz): dppm = 14.05, 25.30, 27.49, 29.45, 30.56, 32.40, 49.07,
49.21, 51.98, 52.93, 60.48, 104.98, 122.96, 143.65, 147.12,
151.38, 154.49, 155.99, 172.08. IR (KBr): 3050, 2945, 2831, 1718,
1699, 1653, 1605, 1530, 1455, 1127 cm−1. MS (EI): m/z (%) = 473
(21.3) [M+]. Anal. calc. for C21H31N9O4: C, 53.26; H, 6.60; N,
26.62; found: C, 53.50; H, 6.81; N, 26.80.

4.4.7.8 8-(4-((1-Heptyl-1H-1,2,3-triazol-4-yl)methyl)piperazin-
1-yl)-1,3,7-trimethyl-3,7-dihydro-1H-purine-2,6-dione (12h).
Column chromatography on silica gel eluted with n-hexane/
EtOAc (1 : 4) afforded the pure product as orange foam (3.97 g,
87%), Rf (EtOAc/MeOH, 4 : 1)= 0.40, 1H NMR (CDCl3, 400 MHz):
dppm = 0.78 (t, J = 7.2 Hz, 3H, CH2CH3), 1.14–1.24 (m, 10H,
5CH2), 2.61 (br s, 4H, 2NCH2), 3.23–3.26 (complex, 7H, 2NCH2,
N(1)–CH3), 3.40 (s, 3H, N(3)–CH3), 3.64–3.67 (complex, 5H,
NCH2C]C, N(7)–CH3), 4.28 (t, J = 7.2 Hz, 2H, NCH2CH2), 7.48
(s, 1H, C(5)–H of triazole). 13C NMR (CDCl3, 100 MHz): dppm =

13.90, 14.08, 22.36, 26.31, 27.56, 28.50, 29.52, 30.15, 31.42,
32.45, 49.39, 52.12, 60.21, 105.13, 122.51, 147.26, 151.53,
154.67, 156.14, 170.91. IR (KBr): 3085, 2970, 2848, 1694, 1650,
1603, 1520, 1475, 1142 cm−1. MS (EI): m/z (%) = 457 (27.1) [M+].
Anal. calc. for C22H35N9O2: C, 57.75; H, 7.71; N, 27.55; found: C,
57.60; H, 7.93; N, 27.71.

4.4.7.9 8-(4-((1-Hexyl-1H-1,2,3-triazol-4-yl)methyl)piperazin-
1-yl)-1,3,7-trimethyl-3,7-dihydro-1H-purine-2,6-dione (12i).
Column chromatography on silica gel eluted with n-hexane/
EtOAc (1 : 2) afforded the pure product as orange foam (3.67 g,
83%), Rf (EtOAc/MeOH, 4 : 1): 0.60, 1H NMR (CDCl3, 400 MHz):
dppm = 0.78 (t, J = 6.8 Hz, 3H, CH2CH3), 1.15–1.20 (m, 8H,
4CH2), 2.61 (br s, 4H, 2NCH2), 3.23–3.26 (complex, 7H, 2NCH2,
N(1)–CH3), 3.41 (s, 3H, N(3)–CH3), 3.64–3.71 (complex, 5H,
NCH2C]C, N(7)–CH3), 4.28 (t, J = 7.2 Hz, 2H, NCH2CH2), 7.48
(s, 1H, C(5)–H of triazole). 13C NMR (CDCl3, 100 MHz): dppm =

14.09, 22.46, 26.37, 27.58, 28.81, 28.92, 29.53, 30.17, 31.56,
32.46, 49.35, 52.11, 105.16, 122.53, 147.27, 151.55, 154.69,
156.12, 170.94. IR (KBr): 3074, 2935, 2840, 1696, 1651, 1610,
1528, 1457, 1150 cm−1. MS (EI): m/z (%) = 443 (21.6) [M+]. Anal.
calc. for C21H33N9O2: C, 56.87; H, 7.50; N, 28.42; found: C, 57.03;
H, 7.69; N, 28.62.

4.4.7.10 1,3,7-Trimethyl-8-(4-((1-octyl-1H-1,2,3-triazol-4-yl)
methyl)piperazin-1-yl)-3,7-dihydro-1H-purine-2,6-dione (12j).
Column chromatography on silica gel eluted with n-hexane/
EtOAc (1 : 6) afforded the pure product as orange foam (3.81 g,
81%), Rf (EtOAc/MeOH, 4 : 1): 0.38, 1H NMR (CDCl3, 400 MHz):
© 2023 The Author(s). Published by the Royal Society of Chemistry
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dppm = 0.79 (t, J = 7.2 Hz, 3H, CH2CH3), 1.17–1.24 (m, 12H,
6CH2), 2.61 (s, 4H, 2NCH2), 3.23–3.29 (complex, 7H, 2NCH2,
N(1)–CH3), 3.43 (s, 3H, N(3)–CH3), 3.65–3.69 (complex, 5H,
NCH2C]C, N(7)–CH3), 4.28 (t, J = 7.2 Hz, 2H, NCH2CH2), 7.45
(s, 1H, C(5)–H of triazole). 13C NMR (CDCl3, 100 MHz): dppm =

14.04, 22.55, 26.45, 27.70, 28.89, 29.00, 29.65, 30.24, 31.63,
32.55, 49.43, 50.36, 52.20, 53.22, 105.29, 122.44, 147.38, 151.68,
154.84, 156.21, 163.08. IR (KBr): 3040, 2980, 2829, 1698, 1647,
1612, 1518, 1438, 1156 cm−1. MS (EI): m/z (%) = 471 (25.7) [M+].
Anal. calc. for C23H37N9O2: C, 58.58; H, 7.91; N, 26.73; found: C,
58.39; H, 7.70; N, 26.56.

4.4.7.11 8-(4-((1-Decyl-1H-1,2,3-triazol-4-yl)methyl)piperazin-
1-yl)-1,3,7-trimethyl-3,7-dihydro-1H-purine-2,6-dione (12k).
Column chromatography on silica gel eluted with n-hexane/
EtOAc (1 : 6) afforded the pure product as orange foam (3.99 g,
80%), Rf (EtOAc/MeOH, 4 : 1): 0.40, 1H NMR (CDCl3, 400 MHz):
dppm = 0.80 (t, J = 7.2 Hz, 3H, CH2CH3), 1.17–1.24 (m, 16H,
8CH2), 2.63 (br s, 4H, 2NCH2), 3.25–3.30 (complex, 7H, 2NCH2,
N(1)–CH3), 3.44 (s, 3H, N(3)–CH3), 3.66–3.72 (complex, 5H,
NCH2C]C, N(7)–CH3), 4.29 (br s, 2H, NCH2CH2), 7.46 (s, 1H,
C(5)–H of triazole). 13C NMR (CDCl3, 100 MHz): dppm = 14.10,
14.19, 21.06, 22.64, 26.51, 27.74, 28.96, 29.24, 29.37, 29.44,
29.69, 31.83, 32.58, 60.39, 105.37, 124.29, 147.41, 151.74,
154.92, 156.23, 170.88. IR (KBr): 3068, 2971, 2850, 1699, 1642,
1607, 1531, 1472, 1159 cm−1. MS (EI): m/z (%) = 499 (26.7) [M+].
Anal. calc. for C25H41N9O2: C, 60.10; H, 8.27; N, 25.23; found: C,
60.28; H, 8.46; N, 25.42.

4.4.7.12 8-(4-((1-(5-(1,3-Dioxoisoindolin-2-yl)pentyl)-1H-1,2,3-
triazol-4-yl)methyl)piperazin-1-yl)-1,3,7-trimethyl-3,7-dihydro-1H-
purine-2,6-dione (12l). Column chromatography on silica gel
eluted with n-hexane/EtOAc (1 : 6) afforded the pure product as
yellow foam (4.47 g, 78%), Rf (EtOAc/MeOH, 4 : 1): 0.35, 1H NMR
(CDCl3, 400 MHz): dppm = 1.18–1.23 (m, 6H, 3CH2), 1.83 (t, J =
6.8 Hz, 2H, CONCH2), 2.65 (br s, 4H, 2NCH2), 3.26–3.28
(complex, 7H, 2NCH2, N(1)–CH3), 3.40 (s, 3H, N(3)–CH3), 3.63–
3.67 (complex, 5H, NCH2C]C, N(7)–CH3), 4.27 (t, J = 6.8 Hz,
2H, NCH2CH2), 7.47 (s, 1H, C(5)–H of triazole), 7.78 (br s, 4H,
aryl). 13C NMR (CDCl3, 100 MHz): dppm = 20.65, 23.97, 27.34,
28.91, 30.97, 33.02, 41.24, 49.13, 51.70, 53.26, 54.47, 106.38,
123.46, 127.35, 130.58, 132.91, 143.75, 149.41, 151.62, 155.96,
164.39, 168.54. IR (KBr): 3100, 2960, 2847, 1750, 1693, 1652,
1609, 1535, 1460, 1149 cm−1. MS (EI): m/z (%) = 574 (29.4) [M+].
Anal. calc. for C28H34N10O4: C, 58.52; H, 5.96; N, 24.37; found: C,
58.75; H, 6.15; N, 24.52.

4.4.7.13 8-(4-((1-(4-(1,1-Dioxido-3-oxobenzo[d]isothiazol-
2(3H)-yl)butyl)-1H-1,2,3-triazol-4-yl)methyl)piperazin-1-yl)-1,3,7-
trimethyl-3,7-dihydro-1H-purine-2,6-dione (12m). Column chro-
matography on silica gel eluted with n-hexane/EtOAc (1 : 6)
afforded the pure product as yellow foam (4.06 g, 82%), Rf
(EtOAc/MeOH, 4 : 1): 0.30, 1H NMR (CDCl3, 400 MHz): dppm =

1.31–1.41 (m, 2H, CH2), 1.53–1.60 (m, 2H, CH2), 1.87 (t, J =

7.6 Hz, 2H, SO2NCH2), 2.63 (br s, 4H, 2NCH2), 3.20–3.28
(complex, 7H, 2NCH2, N(1)–CH3), 3.43 (s, 3H, N(3)–CH3), 3.65–
3.70 (complex, 5H, NCH2C]C, N(7)–CH3), 4.30 (t, J = 6.8 Hz,
2H, NCH2CH2), 7.49 (s, 1H, C(5)–H of triazole), 7.77–7.85 (m,
2H, aryl), 7.97–7.99 (m, 2H, aryl). 13C NMR (CDCl3, 100 MHz):
dppm = 21.65, 24.12, 26.65, 29.70, 33.16, 43.56, 49.53, 52.19,
© 2023 The Author(s). Published by the Royal Society of Chemistry
53.45, 56.01, 106.02, 123.32, 126.32, 127.54, 128.77, 131.49,
133.38, 140.49, 143.75, 149.76, 151.10, 156.28, 163.91, 169.07. IR
(KBr): 3045, 2996, 2857, 1740, 1695, 1652, 1609, 1520, 1470,
1367, 1152 cm−1. MS (EI): m/z (%) = 596 (27.9) [M+]. Anal. calc.
for C26H32N10O5S: C, 52.34; H, 5.41; N, 23.48; found: C, 52.18; H,
5.19; N, 23.33.

4.4.7.14 8-(4-((1-(3-(1,1-Dioxido-3-oxobenzo[d]isothiazol-
2(3H)-yl)propyl)-1H-1,2,3-triazol-4-yl)methyl)piperazin-1-yl)-1,3,7-
trimethyl-3,7-dihydro-1H-purine-2,6-dione (12n). Column chro-
matography on silica gel eluted with n-hexane/EtOAc (1 : 6)
afforded the pure product as orange foam (4.88 g, 84%), Rf

(EtOAc/MeOH, 4 : 1): 0.39, 1H NMR (CDCl3, 400 MHz): dppm =

1.16–1.19 (m, 2H, NCH2CH2), 2.44 (t, J = 6.4 Hz, 2H, SO2NCH2),
2.63 (br s, 4H, 2NCH2), 3.25–2.29 (complex, 7H, 2NCH2, N(1)–
CH3), 3.43 (s, 3H, N(3)–CH3), 3.64–3.65 (complex, 5H, N(7)–CH3,
NCH2C]C), 4.44 (t, J= 6.4 Hz, 2H, NCH2CH2), 7.65 (s, 1H, C(5)–
H of triazole), 7.81–8.01 (m, 4H, aryl). 13C NMR (CDCl3, 100
MHz): dppm = 21.24, 25.58, 27.43, 31.67, 41.36, 48.24, 50.12,
52.21, 55.17, 106.43, 122.67, 126.73, 127.55, 128.39, 131.23,
132.60, 140.78, 144.39, 150.40, 152.46, 156.85, 164.61, 169.79. IR
(KBr): 3038, 2990, 2851, 1743, 1699, 1656, 1610, 1528, 1462,
1364, 1159 cm−1. MS (EI): m/z (%) = 582 (26.3) [M+]. Anal. calc.
for C25H30N10O5S: C, 51.54; H, 5.19; N, 24.04; found: C, 51.75; H,
5.38; N, 24.23.

4.4.7.15 8-(4-((1-(5-(1,1-Dioxido-3-oxobenzo[d]isothiazol-
2(3H)-yl)pentyl)-1H-1,2,3-triazol-4-yl)methyl)piperazin-1-yl)-1,3,7-
trimethyl-3,7-dihydro-1H-purine-2,6-dione (12o). Column chro-
matography on silica gel eluted with n-hexane/EtOAc (1 : 6)
afforded the pure product as orange foam (4.81 g, 79%), Rf

(EtOAc/MeOH, 4 : 1): 0.33, 1H NMR (CDCl3, 400 MHz): dppm =

1.15–1.18 (m, 2H, CH2), 1.32–1.37 (m, 2H, CH2), 1.51–1.58 (m,
2H, NCH2C]C), 1.85–1.92 (m, 2H, SO2NCH2), 2.63 (br s, 4H,
2NCH2), 3.18–3.26 (complex, 7H, 2NCH2, N(1)–CH3), 3.41 (s, 3H,
N(3)–CH3), 3.64–3.70 (complex, 5H, NCH2C]C, N(7)–CH3), 4.31
(t, J = 6.4 Hz, 2H, NCH2CH2), 7.31 (s, 1H, C(5)–H of triazole),
7.80–7.88 (m, 4H, aryl). 13C NMR (CDCl3, 100 MHz): dppm =

19.35, 22.91, 25.19, 28.46, 29.71, 32.95, 45.71, 49.53, 50.96,
52.71, 55.27, 106.81, 123.54, 126.64, 127.78, 129.04, 132.84,
134.21, 140.74, 144.19, 149.12, 151.75, 153.95, 163.37, 168.76. IR
(KBr): 3050, 2986, 2844, 1741, 1697, 1648, 1611, 1529, 1459,
1364, 1150 cm−1. MS (EI): m/z (%) = 610 (29.7) [M+]. Anal. calc.
for C27H34N10O5S: C, 53.10; H, 5.61; N, 22.94; found: C, 52.92; H,
5.42; N, 22.76.
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