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, analgesic, antibacterial and
docking studies of novel 8-piperazinylcaffeine
carboxylate ionic liquids†

Mohammad Navid Soltani Rad, *ab Somayeh Behrouz, *ab Parichehr Halaj Yazdi,a

Seyedeh-Sara Hashemi c and Marzieh Behrouz a

This paper presents a comprehensive evaluation of novel 8-piperazinylcaffeine carboxylate ionic liquids,

including their design, synthesis, characterization, analgesic and antibacterial properties, as well as

docking studies. These unique salts were produced by combining 8-piperazinyl caffeine (8-PC) with

various carboxylic acids, some of which are commonly used nonsteroidal anti-inflammatory drugs

(NSAIDs). Through in vivo experiments on female mice using the formalin test, the analgesic efficacy of

different 8-PC salts with various NSAIDs was assessed. Results demonstrated that a majority of these

salts exhibited significant analgesic activity when compared to NaIBP, a standard reference drug.

Particularly noteworthy was the enhanced analgesic effect of the 8-PC's NSAIDs salts (11a, 11c–e, and

11k) compared to their corresponding sodium salts, which was attributed to the presence of the 8-PC

cation (synergistic effect). Furthermore, all synthesized salts were subjected to in vitro testing against

Gram-positive Staphylococcus aureus (PTCC 1133), Gram-negative Pseudomonas aeruginosa (ATCC

27853), and Escherichia coli (PTCC 1330) bacteria. Among them, salt 11k displayed notable antibacterial

activity, especially against P. aeruginosa, a dangerous opportunistic pathogen. Additionally, docking

analysis revealed strong binding of the synthesized 8-PC and NSAID salts to the active site of the COX-2

enzyme.
1 Introduction

Undoubtedly, one of the most important discoveries in the
chemistry era that happened at the end of the 20th century is
the synthesis and application of ionic liquids.1 Ionic liquids
have garnered a lot of attention in the last ten years because of
their tunable and environmentally friendly physicochemical
characteristics.2 Ionic liquids are now categorized into three
groups based on their applications due to the eld's ongoing
development.3 Paul Walden discovered the rst-generation ILs
in 1914, and they have certain physical characteristics like low
melting point, low vapor pressure and, good thermal stability.4

The majority of rst-generation ionic liquids are not very
biodegradable, according to additional research.5 Second-
generation ILs are being developed for lubricants, metal ion
complexing agents, and energy-related functional materials.6
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The third generation of ionic liquids involves the development
of task-specic or functionalized ionic liquids in particular
active pharmaceutical ingredients ionic liquids (APIs-ILs).7 The
rst and second generations of ILs have been the subject of
a great deal of research; however, in recent years, the third
generation of ILs has demonstrated signicant promise for
biological action, including antibacterial, anticholinergic,
antifungal, deterrent, and so on.8 Designing the APIs-ILs is
a critical step in drug development. In this respect, the
conversion of a drug into its corresponding API-IL is greatly
fabulous since the pharmacokinetics of a drug candidate,
particularly the absorption or membrane-transfer process, can
be greatly impacted by the choice of salt ion.9 Consequently,
there may be a variation or modulation in the time course of its
pharmacodynamic and toxicological effects. This can be highly
helpful to formulators and chemists in many areas of drug
research and discovery.9

In general, the API-ILs can be classied into four categories.
The classication of API-ILs is shown in Fig. 1. Among the API-
ILs types, the API-ILs comprising two APIs are interesting since
the counter-ion can be chosen and tuned to synergistically
enhance the desired effects or to neutralize unwanted side
effects of the active entity. They involve similar biological active
ion-pairs (SBAIP) and dissimilar biological active ion-pairs
(DSBAIP). The counter-ion in DSBAIP can also be chosen to
RSC Adv., 2024, 14, 28669–28683 | 28669
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Fig. 1 The classification of API-ILs types with their corresponding examples.8,11
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pharmacologically act independently, but therapeutically in
a synergistic manner.10,11

The C8-modied caffeine derivatives have immense phar-
maceutical properties.12,13 We recently discussed and classied
C8-modied caffeine derivatives into C8–C, C8–O, C8–S, and
C8–N based on the type of atom linked to C8.14 Among these
derivatives, the C8–N analogues are particularly noteworthy for
their signicant biological activities, including anticancer,
antimicrobial, antiviral, and CNS stimulant properties.14 Fig. 2
illustrates the structures of certain C8–N derivatives 1–10 and
their respective biological activities.

Piperazine is a signicant molecule in medicinal chemistry
due to its diverse pharmacological properties.15 It is a heterocy-
clic organic compound that contains two nitrogen atoms in
a six-membered ring, which makes it an important building
block for designing drugs.16 This heterocyclic compound has
a high affinity for binding to enzyme or receptor active sites due
to the presence of two lone pairs oriented in opposite direc-
tions.17 Piperazine derivatives have been found to exhibit a wide
range of biological activities such as antipsychotic, antihista-
minic, anti-inammatory, antiviral, and anticancer effects.18

Moreover, piperazine has been utilized as a scaffold for devel-
oping drugs that target various diseases, including schizo-
phrenia, anxiety disorders, depression, and cancer. Due to its
versatile nature, piperazine has become an essential compo-
nent in the eld of medicinal chemistry, and its derivatives
continue to be investigated for their therapeutic potential.19

The linking of the piperazine moiety to the caffeinyl core in
caffeine C8–N derivatives is intriguing, particularly in light of
previous indications that coupling piperazinyl and/or 1,4-dia-
zepanyl cores to the C8 position of certain xanthines resulted in
a variety of biological effects, such as antidiabetic mellitus type I
and type II, anti-arthritis, anti-obesity, inhibition of allogra
28670 | RSC Adv., 2024, 14, 28669–28683
transplantation, and osteoporosis inhibition caused by calci-
tonin 20. The 8-piperazinyl caffeine (8-PC) is a useful compound
due to its exceptional properties like water solubility, remark-
able basic character (pH z 12.5 in 0.01 M aqueous solution at
25 °C) and nucleophilic nature that can be extensively utilized
in the synthesis of new drug candidates. Recently, we reported
8-(4-alkylpiperazinyl) caffeine (9) and 8-piperazinyl caffeinyl-
triazolylmethyl hybrid conjugates (10) exhibiting remarkable
leishmanicidal and anticancer properties, respectively.21,22

Pain relievers hold signicant importance in the realm of
healthcare and wellness. These medications play a crucial role in
alleviating discomfort, reducing inammation, and managing
chronic conditions. Whether it be a headache, muscle soreness,
or a more severe issue such as arthritis, pain relievers provide
relief and improve quality of life for countless individuals.23

Nonsteroidal anti-inammatory drugs (NSAIDs) are a class of
medications commonly used to reduce pain, inammation, and
fever.24 While NSAIDs offer effective relief for many people, they
are associated with several potential problems and risks. Several
important concerns with NSAIDs comprise stomach irritation,
ulcers, and bleeding in the digestive tract the kidney damage,
heart attack, stroke, and other cardiovascular events is
happened when NSAIDs are taken in high doses.25 One reason
for the risk associated with using high doses of NSAIDs may be
attributed to the drugs' poor pharmacokinetics, particularly
their lack of solubility.26 Therefore, converting NSAIDs to their
corresponding ILs can help to address these shortcomings.

Owing to the exceptional biological activity of 8-caffeinyl
derivatives and also the promising pharmaceutical proles of 8-
PC analogues in rational drug design for promoting drugs'
potencies, hereby we would like to report the synthesis, char-
acterization, analgesic, antibacterial and in silico assessment of
new 8-piperazinylcaffeine carboxylate ionic liquids (11). The
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The structure of some C8–N caffeine derivatives and their related biological activity.14
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general structure of these new API-ILs is shown in Fig. 3. As
shown in Fig. 3, the title compounds are carboxylate salts of 8-
piperazinylcaffeine in which some carboxylates are NSAIDs or
bioactive carboxylates.

2 Results and discussion
2.1. Chemistry

The general synthetic pathway for the synthesis of title salts 11
is illustrated in Scheme 1.

The synthesis was started by preparing 8-bromocaffeine (8-
BC). The aim was to brominate caffeine in order to increase the
positive charge density on C(8) for the subsequent SNAr-type
reaction. The standard procedure for synthesizing 8-BC
involved using NBS in a mixture of DCM and water at room
Fig. 3 The general structure of 8-piperazinylcaffeine carboxylate
ionic liquids (11).

© 2024 The Author(s). Published by the Royal Society of Chemistry
temperature.27 While other methods also exist for synthesizing
8-BC,28,29 none were as effective as using NBS. The NBS method
resulted in almost pure 8-BC in a quantitative yield (>99%).
Aer obtaining 8-BC, 8-piperazinyl caffeine (8-PC) was produced
through a SNAr-type coupling reaction of piperazine with the
electrophilic C(8) of 8-BC in DMF at 100 °C.21 As previously
mentioned, 8-PC, due to the presence of a piperazinyl moiety,
exhibits remarkable basic properties. Among the nitrogens
present in the piperazinyl moiety of 8-PC, the N-atom linked to
C(8) is a weak base because of the electron-withdrawing nature
of the caffeinyl residue. However, despite this, the N(4)-atom
demonstrates strong basic behavior, enabling it to react with
various organic acids and form the corresponding salts. To
achieve this, 8-PC was dissolved in anhydrous DCM or CHCl3,
and the desired acid was then added and stirred at room
temperature to obtain the corresponding salts, whose struc-
tures are illustrated in Fig. 4.

As shown in Fig. 4, various carboxylic acids can be utilized to
produce their respective salts. Specically, drugs containing
a carboxyl group can be employed to generate salts with 8-PC.
For example, a variety of NSAIDs such as aspirin, mefenamic
acid, ibuprofen, naproxen, and salicylic acid were used to
synthesize the corresponding salts 11a, 11c–e, and 11k with
good to excellent yields, respectively. Additionally, other
aliphatic or aromatic carboxylic acids yielded salts with 8-PC in
good to excellent yields as well.
RSC Adv., 2024, 14, 28669–28683 | 28671
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Scheme 1 General synthetic pathway for preparing novel 8-piperazinylcaffeine carboxylate ionic liquids 11.

Fig. 4 The structures of 8-piperazinylcaffeine carboxylate ionic liquids 11a–11l.
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2.2. The biological assessment

2.2.1. Formalin test. The formalin test is a widely used
chemical assessment method for inammatory pain caused by
injuries. It is considered a more reliable representation of
clinical pain and serves as an effective tool for evaluating new
compounds, as it covers variousmechanisms of pain perception
including inammation, nerve-related pain, and central
processes. One key benet of the formalin test compared to
other inammatory pain models is that by injecting a diluted
formalin solution into the hindpaw of a mouse or rat, it can
simulate both immediate and prolonged pain responses using
a single chemical within a relatively short timeframe.30 In this
research, the reaction of animals to pain induced by formalin
was evaluated.

The pain-relieving impact curves of the synthetic compound
ibuprofen (NaIBP), as well as the control and blank groups, were
graphed. Fig. 5A–D illustrates the pain scores over time for
synthetic compounds 11a, 11c–e, and 11k, respectively. In
Fig. 5, it is evident that synthetic compounds 11a, 11c–e, and
11k exhibit superior analgesic properties compared to NaIBP,
28672 | RSC Adv., 2024, 14, 28669–28683
the blank group, and the control, in particular within the initial
5 minutes of oral administration. Compound 11c (Fig. 5B)
demonstrated particularly potent activity, with a pain score of
0.63 at 5 minutes, surpassing NaIBP and others. Following
closely behind, compound 11k (Fig. 5E) exhibited slightly lower
pain relief at 5 minutes (0.65) but even stronger than 11c at 10
minutes. Compound 11k almost is weaker than 11c in effec-
tiveness at subsequent time intervals. When compound 11a
(Fig. 5A) was administered, the animals experienced pain relief
within 5 minutes, demonstrating a stronger analgesic effect
compared to NaIBP across various time intervals. Compound
11e (Fig. 5D) exhibited either stronger or nearly equal activity
compared to NaIBP at different time points. Compound 11d
(Fig. 5C), which also contains the ibuprofenate anion, demon-
strated increased efficacy over NaIBP, particularly between 10–
20 minutes; however, its effectiveness decreased at 25 minutes
in comparison to NaIBP.

As previously discussed, salt 11d demonstrates enhanced
activity compared to NaIBP, despite both compounds sharing
a common ibuprofenate structure. This raises important ques-
tions about the factors contributing to the increased analgesic
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Analgesic effect curves (A–E) of the synthetic compounds 11a, 11c–e, and 11k.
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efficacy of 11d relative to NaIBP. Additionally, does this trend
hold true for other salts when compared to their sodium
counterparts? What role does 8-PC play in this context? Does it
possess its own analgesic properties that could mimic the
effects of the corresponding salts?

To address these questions, we investigated and compared
the analgesic proles of salts 11a, 11c–e, and 11k with their
respective sodium salts, as well as with the hydrochloride salt of
8-PC (8-PC$HCl). Although 8-PC is sufficiently soluble in
distilled water, we opted to convert it to 8-PC$HCl prior to
testing to ensure consistent ionic conditions across all samples.
The results are presented in Fig. 6.

As indicated by the pain-relieving impact curves (A–B), the 8-
PC salt (8-PC$HCl) shows no signicant analgesic activity
compared to the other synthesized salts tested, particularly at
the 5–15 minutes mark. However, 8-PC$HCl does provide slight
pain relief, primarily observed at the 20-minutes measurement.
Notably, 8-PC$HCl exhibits analgesic activity similar to that of
sodium aspirinate (NaASP), sodium ibuprofenate (NaIBP), and
sodium naproxenate (NaNAP). Additionally, at the 20-minutes
mark, 8-PC$HCl demonstrates comparable analgesic effects to
compounds 11e and 11k.

We also assessed the effects of sodium salts of the NSAIDs
used in this study and compared them with the synthesized
© 2024 The Author(s). Published by the Royal Society of Chemistry
compounds. As shown in curves A–B (Fig. 6), the sodium salts of
the NSAIDs demonstrated weaker analgesic activity compared
to their corresponding synthesized salts, particularly at the 5–10
minutes interval, which is critical for acute pain relief. In curve
F, while NaASP exhibited slightly lower analgesic activity at 5
minutes, it showed diminished activity at other time points,
except at 25 minutes. Compounds 11c and 11k displayed
signicant differences in analgesic activity compared to their
related sodium salts. For 11d, a substantial difference in activity
was observed, especially at the 10–20 minutes interval, whereas
11e showed nearly equivalent activity during the same period.

Based on the ndings, it can be deduced that the 8-PC
counterion present in the salts under investigation plays
a pivotal role in amplifying the analgesic efficacy of the sodium
salts of NSAIDs, indicating a synergistic effect. This observation
aligns with existing literature that suggests certain compounds
or medications have the potential to augment the analgesic
properties of NSAIDs.31–33 Notably, combinations of caffeine
with widely recognized NSAIDs like ibuprofen, aspirin, and
acetaminophen are extensively utilized in contemporary medi-
cine. It is well-documented that caffeine notably enhances the
analgesic effects of NSAIDs.34–39

2.2.2. Toxicity studies. The animals were monitored for
a month following the administration of the synthesized
RSC Adv., 2024, 14, 28669–28683 | 28673
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Fig. 6 Analgesic effect curves (A–E) of salts 11a, 11c–e, and 11k.
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compounds 11a, 11c–e, and 11k, and the mortality rate was
documented. It was noted that there were no instances of
mortality attributed to the toxicity of the synthesized
compounds.

2.2.3. Antibacterial screening tests. The antibacterial
prole of title compounds 11a–11l was in vitro assessed in
diverse concentrations of 0.0062, 0.0125, 0.025 and 0.05 mg
mL−1 against Staphylococcus aureus (PTCC 1133) as a Gram-
positive bacterium, Pseudomonas aeruginosa (ATCC 27853),
and Escherichia coli (PTCC 1330) as Gram-negative bacteria.
Ethacridine lactate (Acrinol) was used as a reference drug. The
acrinol was selected as a reference drug since it has ionic
structure and can be ionized like title compounds. The “+” or
“−” notation is commonly used to show the presence or absence
of antibacterial activity. The “+” notation represented the anti-
bacterial activity or prevention of bacterial growth and “−”

notation represented that entry does not have antibacterial
behavior or unable to stop bacterial growth. The results are
depicted in Table 1.

As indicated in Table 1, compound 11a shows no impact on
the tested bacteria. Conversely, compounds 11b, 11i, and 11j
inhibit the growth of S. aureus and P. aeruginosa at a concen-
tration of 0.05 mg mL−1. Moreover, compounds 11c, 11d, 11h,
28674 | RSC Adv., 2024, 14, 28669–28683
and 11l affect bacterial growth at varying concentrations of
0.0125, 0.025, and 0.05 mg mL−1. Compounds 11e and 11g salts
are effective against E. coli at concentrations of 0.025 and/or
0.05 mg mL−1, while compound 11f demonstrates activity
against both tested Gram-negative bacteria. Notably, the salt of
compound 11k containing the salicylate anion exhibits the
highest potency against all tested bacteria across all concen-
trations. In contrast to acrinol, this salt is particularly effective
against P. aeruginosa, a notorious resistant and opportunist
bacterium responsible for hospital-acquired infections in
immunocompromised individuals such as those with neu-
tropenia, burn injuries, and cystic brosis.40 Thus, salt 11k can
be considered as an agent for ghting against both Gram-
positive and Gram-negative pathogenic bacteria.

As previously discussed, salt 11k emerged as the most
effective compound against all tested bacterial strains. This
raises an important question: which component of 11k is
responsible for its notable antibacterial properties? To investi-
gate this, we conducted in vitro antibacterial screenings of 8-
PC$HCl and sodium salicylate against the bacteria under study.
The results, presented in Table 1, suggest that the antibacterial
efficacy of salt 11k primarily stems from the salicylate anion,
known for its specic antibacterial properties.41,42 Additionally,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The in vitro antibacterial assessment of synthesized salts against some pathogenic bacteria

Compound

Antibacterial screening

S. aureus P. aeruginosa E. coli

0.0062a 0.0125 0.025 0.05 0.0062 0.0125 0.025 0.05 0.0062 0.0125 0.025 0.05

11a − − − − − − − − − − − −
11b − − − + − − − + − − − −
11c − − + + − − − + − − + +
11d − − − + − − − + − + + +
11e − − − − − − − − − − + +
11f − − − − − − − + − − + +
11g − − − − − − − − − − − +
11h − − − + − − − + − − − +
11i − − − + − − − + − − − −
11j − − − + − − − + − − − −
11k + + + + + + + + + + + +
11l − − − + − − − + − − + +
8-PC$HClb − − + + − − − − − − − +
NaSALc − + + + − − − + + + + +
Acrinold + + + + − − − − + + + +

a Concentration (mg mL−1). b 8-Piperazinyl caffeine hydrochloride. c Sodium salicylate. d Acrinol: ethacridine lactate.
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the antibacterial activity of 8-PC$HCl was limited, showing
effectiveness only at concentrations of 0.025 and 0.05 mg mL−1

against Staphylococcus aureus and 0.05 mg mL−1 against
Escherichia coli. These ndings indicate that, much like its
analgesic effects, 8-PC$HCl likely serves a synergistic role in
enhancing the antibiotic potency of salicylic acid.
2.3. Molecular docking study

Molecular docking studies are a widely-used and effective
method for analyzing potential interactions between drug
candidates and the binding sites of target receptors or enzymes.
To explore the binding mode and interactions of synthesized
ILs with strong analgesic properties, a molecular docking study
was conducted on the active site of the target enzyme. Speci-
cally, the docking analysis of ILs 11a, 11c, 11d, 11e, and 11k,
identied as the most potent compounds, was carried out using
Molegro Virtual Docker (MVD 6.0) soware with default
settings.43 Previous studies have indicated that the anti-
inammatory and analgesic effects of IBP result from the
inhibition of the COX-2 enzyme.44 Consequently, the crystal
structure of murine cyclooxygenase-2 (COX-2) complexed with
IBP (PDB code: 4PH9) was selected as a reference template. The
ligand-bound crystallographic structure of COX-2 (4PH9) with
a resolution of 1.81 Å was retrieved from the Protein Data Bank
(http://www.rcsb.org). The enzyme structure was modied by
assigning hydrogen positions based on default rules,
compensating for any missing hydrogens, and removing water
molecules, non-binding ligands, and introducing new ligands.
Following adjustments to the enzyme structure, correct atom
and bond types were dened. Subsequently, a docking study
consisting of 50 independent runs was conducted to analyze the
binding poses of the selected compounds with the COX-2
enzyme. The active site of the COX-2 enzyme was delineated
by amino acid residues within a 7 Å radius surrounding IBP,
© 2024 The Author(s). Published by the Royal Society of Chemistry
acetyl salicylate, mefenamate, ibuprofenate, naproxenate, and
salicylate anions, as well as the 8-PC cation. Geometry optimi-
zation of the selected compounds and IBP was carried out using
the PM6method with the Gaussian09 program package.45,46 The
docking setup validation was conducted by re-docking the co-
crystallized IBP at the active site of COX-2. Previous studies
have suggested that an RMSD value of less than 2 Å is sufficient
to conrm the accuracy of the docking setup.47 In this study, the
RMSD value between the docked and co-crystallized IBP was
found to be 1.15 Å, conrming the reliability of the docking
protocol. Subsequently, this validated protocol was utilized to
explore the interaction and binding modes of ILs 11a, 11c, 11d,
11e, and 11k with the active site of the COX-2 enzyme. A
comparison of the docked conformations of acetyl salicylate,
mefenamate, ibuprofenate, naproxenate, and salicylate anions,
along with the 8-PC cation and IBP, at the binding site of the
COX-2 enzyme is depicted in Fig. 7 (on the le). Interestingly,
similar to IBP, acetyl salicylate, mefenamate, ibuprofenate,
naproxenate, and salicylate anions were all observed at the
same binding site. However, the 8-PC cation was situated
outside the active site and interacted with amino acids in close
proximity to the active site. All synthesized compounds were
stabilized in the active site of the COX-2 enzyme through
various interactions, including hydrogen bonding, van der
Waals forces, hydrophobic interactions, and electrostatic
interactions.

IBP was found to be situated near the apex of the COX-2 active
site during its binding to the COX-2 enzyme.48 Among the various
amino acids near the entrance of the COX-2 enzyme's active site,
Arg121 and Tyr356 are vital for facilitating the interaction
between the enzyme and IBP.49 The guanidinium moiety of
Arg121 and the hydroxyl group of Tyr356 are involved in forming
hydrogen bonds with the carboxylate group of IBP. No electro-
static interaction was observed between IBP and the target
RSC Adv., 2024, 14, 28669–28683 | 28675
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Fig. 7 Overlay view of docked conformations of acetyl salicylate (violet), mefenamate (magenta), ibuprofenate (yellow), naproxenate (green),
and salicylate (cyan) anions as well as 8-PC cation (blue), re-docked IBP (dark green), and co-crystallized IBP (orange) (left); docked conformation
and interactions of re-docked IBP (right) in the active site of COX-2 enzyme.
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enzyme. Additionally, hydrophobic interactions between the
lipophilic portions of IBP and the amino acids present in the
substrate channel help stabilize IBP in the enzyme's active site.
Val350 and Ala528 contribute to p–s interactions with the benzyl
moiety of IBP. Moreover, Val350, Leu353, Val524, and Ala528
engage in van der Waals and hydrophobic interactions with the
benzyl moiety of IBP. Val117, Val350, Leu532, and Leu360
participate in hydrophobic interactions with a-Me group of IBP,
while Tyr356 is involved in a p–alkyl interaction with the same
group. Furthermore, several hydrophobic interactions were
identied between the isobutyl moiety of IBP and Leu353,
Leu385, Trp388, Phe519, Met523, Val524, Leu526, Gly527,
Ala528, and Ser531. The guanidinium residue of Arg121 forms
a salt bridge with the carboxyl group of IBP. The docked
conformation and interactions of IBP within the active site of the
COX-2 enzyme are illustrated in Fig. 7 (right).

The 8-PC cation was situated outside of the active site cavity,
engaging in van der Waals, carbon–hydrogen bond, and elec-
trostatic interactions as depicted in Fig. 8 (le). The piperazine
and caffeine components of the 8-PC cation formed carbon–
hydrogen bond interactions with Gln371 and Phe372, respec-
tively. van der Waals interactions were observed between the 8-
PC cation and Thr119, Ser122, Leu124, Leu125, Asp126, Ser127,
Fig. 8 Docked conformations and interactions of 8-PC cation (left) and

28676 | RSC Adv., 2024, 14, 28669–28683
Gln371, Phe372, and Gln373. Additionally, the oxygen and
nitrogen atoms of the 8-PC cation participated in electrostatic
interactions with adjacent amino acids near the active site.

The docked conformation of the acetyl salicylate anion in the
active site of the COX-2 enzyme is depicted in Fig. 8 (right). Both
carboxylate moieties engaged in three robust hydrogen bonds
with Arg121 and Tyr356. The phenyl ring of the acetyl salicylate
anion interacted with Val89 and Val117 through two p–alkyl
interactions. Furthermore, a p–cation interaction was observed
between Arg121 and the phenyl ring of the ligand. Electrostatic
interactions between acetyl salicylate and the target enzyme
were also identied. Additionally, the acetyl salicylate anion was
stabilized in the active site through van der Waals interactions
involving Thr85, Pro86, His90, Leu93, Tyr116, Val117, Ser120,
Phe358, Leu360, Val524, Ala528, and Leu532.

Likewise, the docked conformation and interactions of the
mefenamate anion in the active site of the COX-2 enzyme are
illustrated in Fig. 9 (le). Themefenamate anion was anchored in
the active site of the target enzyme through electrostatic inter-
actions, a single strong conventional hydrogen bond between
Arg121 and the carboxylate group of the mefenamate anion, as
well as several carbon–hydrogen bond interactions with the
enzyme's active site. The p–s and two p–alkyl interactions were
acetyl salicylate anion (right) in the active site of COX-2 enzyme.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Docked conformations and interactions of mefenamate (left) and ibuprofenate anions (right) in the active site of COX-2 enzyme.
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noted between the phenyl rings of the mefenamate anion and
Val89, Pro89, and Tyr356, respectively. Hydrophobic interactions
were observed with Leu93 and Val117. Arg121 and Glu525 resi-
dues facilitated p–cation and p–anion interactions with the
phenyl rings of the mefenamate anion. The mefenamate anion
was surrounded by the residues Lys83, Pro84, Thr85, Pro86,
His90, Leu93, Tyr116, Ser120, Leu124, Phe471, Leu473, Val524,
and Ala525, participating in van der Waals interactions.

In Fig. 9 (right), a salt bridge forms between the carboxylate
group of ibuprofenate and the guanidinium moiety of Arg514.
The p–cation and p–anion interactions occur between the
phenyl ring of the ibuprofenate anion and Arg121 and Glu525,
respectively. Val89 is involved in a p–s interaction with the
ligand. Additionally, hydrophobic interactions are facilitated by
Pro86 and Val117. The carboxylate group of ibuprofenate
engages in a strong conventional interaction with Tyr356 and
a carbon–hydrogen bond interaction with His90. An electro-
static interaction between the ibuprofenate anion and the COX-
2 enzyme is observed. van der Waals interactions between the
ibuprofenate anion and the COX-2 enzyme involve Pro84,
Thr85, Tyr91, Thr94, Ile113, Tyr116, Leu118, Ser120, Ser354,
Leu473, Glu521, Ala528, and Leu532.

The docked conformation and interactions of the nap-
roxenate anion in the active site of the target enzyme are
Fig. 10 Docked conformations and interactions of naproxenate (left) an

© 2024 The Author(s). Published by the Royal Society of Chemistry
illustrated in Fig. 10 (le). The carboxylate group of the nap-
roxenate anion engages in two conventional hydrogen bond
interactions with Arg121 and Tyr356. Additionally, a hydrogen
bond interaction was observed between Tyr116 and themethoxy
group of the ligand. The naproxenate anion is further stabilized
in the active site of the target enzyme through electrostatic
interactions. The p–s and p–alkyl interactions involve the
residue of Val89. Moreover, additional p–alkyl interactions
occur between the a-Me group of the naproxenate anion, His90,
and Tyr356. Furthermore, Val89 and Leu93 contribute to
hydrophobic interactions with the ligand. van der Waals inter-
actions also play a role in stabilizing the naproxenate anion in
the enzyme's active site through the residues of Lys83, Pro84,
Thr85, Pro86, Tyr91, Thr94, Val117, Ser120, Leu124, Ser354,
Glu521, Val524, and Ala528. Arg121 and Glu525 are involved in
p–cation and p–anion interactions, respectively, with the
naphthyl moiety of the naproxenate anion. The guanidinium
residue of Arg514 forms a salt bridge with the carboxylate group
of the ligand.

As depicted in Fig. 10 (right), Tyr365 contributed to two
hydrogen bond interactions with the carboxylate and phenolic
hydroxyl groups of the salicylate anion. Additionally, Arg121
engaged in a single hydrogen bond interaction with the
carboxylate group of the ligand. The phenyl moiety of the
d salicylate anions (right) in the active site of COX-2 enzyme.

RSC Adv., 2024, 14, 28669–28683 | 28677
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salicylate anion participated in p–cation and p–anion interac-
tions with Arg121 and Glu525, respectively, while electrostatic
interactions stabilized the salicylate anion within the active site
of the COX-2 enzyme. Val89 residue provided a p–sigma inter-
action with the phenyl ring of the salicylate anion. Furthermore,
residues Pro84, Thr85, Pro86, His90, Leu93, Tyr116, Val117,
Ser120, Ser354, Val524, and Ala528 contributed van der Waals
interactions to stabilize the ligand in the enzyme's active site.
The calculated DG values for IBP, 11a, 11c, 11d, 11e, and 11k
were found to be −85.67, −215.57, −239.23, −203.26, −208.12,
and −226.08 kcal mol−1, respectively. Analysis from molecular
docking studies indicates that IBP lacks electrostatic interac-
tions with the COX-2 enzyme's active site. However, the ILs
studied herein were stabilized in the enzyme's active site
through electrostatic interactions in addition to the interactions
mentioned above. It is also assumed that the presence of 8-PC
cation near the active site of the COX-2 enzyme enhances the
binding affinity of the tested NSAID anions, particularly ibu-
profenate, compared to IBP, based on their DG values. Notably,
the total hydrogen bond energies of the investigated ILs were at
least two-fold higher than that of IBP, suggesting that hydrogen
bonds and electrostatic interactions play a pivotal role in
stabilizing the ligand within the COX-2 enzyme's active site and
enhancing their analgesic activity.

3 Conclusion

In summary, the synthesis, analgesic, antibacterial, and docking
studies of novel 8-piperazinylcaffeine carboxylate ionic liquids
were studied. These salts are prepared by reacting 8-piperazinyl
caffeine (8-PC) with various carboxylic acids, including some well-
knownNSAIDs. The 8-PC salts with different NSAIDs were tested in
vivo for analgesic properties on female mice using the formalin
test. The test results showed that most of the 8-PC and NSAID salts
exhibited potent analgesic activity compared to NaIBP, a reference
drug. The improved pain-relieving properties of the 8-PC's NSAIDs
salt (11a, 11c–e, and 11k) were especially signicant when
compared to their sodium salt counterparts. This enhancement
was linked to the inclusion of the 8-PC cation, which contributed
to a synergistic effect. Additionally, all synthesized salts were tested
in vitro against Staphylococcus aureus (PTCC 1133) as a Gram-
positive bacterium, Pseudomonas aeruginosa (ATCC 27853), and
Escherichia coli (PTCC 1330) as Gram-negative bacteria. The results
showed that salt 11k exhibited signicant antibacterial activity
compared to acrinol, particularly against P. aeruginosa as an
opportunistic and dangerous bacterium. Furthermore, docking
analysis of all synthesized 8-PC andNSAID salts (11a, 11c, 11d, 11e,
and 11k) indicated strong binding of these salts to the active site of
the COX-2 enzyme.

4 Experimental
4.1. Analgesic assessment

The formalin tests were conducted on female mice (25–30 g, n=

21) obtained and housed at the Comparative and Experimental
Medicine Center of Shiraz University of Medical Sciences in
Shiraz, Iran. The selection, care, and euthanasia of animals, as
28678 | RSC Adv., 2024, 14, 28669–28683
well as the experimental protocols, followed the guidelines of
the Animal Care Committee of the Iran Veterinary Organization.
The mice were housed in a controlled environment with a 12-
hours light/dark cycle at a temperature of 25 ± 2 °C, and had
unrestricted access to food and water. The animals were
randomly assigned to three groups: control, positive control,
and treatment (sodium ibuprofenate). Prior to the start of the
experiment, the mice were acclimated to the testing environ-
ment for at least 60 minutes and placed in formalin testing
chambers for a minimum of 30 minutes for habituation. A
mirror was positioned underneath at a 45° angle to allow for
a clear observation of the paws. The 8-piperazinylcaffeine salts
of NSAIDs comprising 11a, 11c, 11d, 11e, 11k and sodium
ibuprofenate were dissolved in double distilled water and were
fed orally (gavaged) to mice 10 min before pain tests. A dose of 1
mL per gram of mouse was prepared for the synthesized
compounds, and each animal was then administered the dose
using a specialized needle. Formalin (1%, 20 mL; subcutaneous)
was injected into the right hind foot. The behaviors exhibited by
the animals were observed and recorded at various time points
(5, 10, 15, 20, 25, and 30 minutes) aer the formalin injection.
The total time (in seconds) taken for the animal to exhibit
behaviors such as holding, licking, and biting the foot where
formalin was injected was measured within the rst 5 minutes
for acute pain and up to 30 minutes for chronic pain. Any
compounds labeled 11a, 11c, 11d, 11e, 11k that can reduce this
time are considered to have a more effective analgesic effect.
The selection of these time intervals to assess acute and chronic
pain is based on previous studies. These studies have demon-
strated that the initial 5 minutes post-formalin injection,
characterized by severe painful behaviors, indicate acute pain,
followed by a subsequent phase of pain (chronic pain) where
severe behaviors are less pronounced. The motor response to
pain was recorded using a scoring system (0, 1, 2, and 3) based
on the Dubuisson and Dennis method.50,51 A score of zero
indicates that the animal was in a balanced state while walking,
distributing its weight evenly on both legs. A score of 1 indicates
that the animal could not bear weight on the foot injected with
formalin or experienced difficulty in walking. A score of 2
indicates that the animal lied the paw with the formalin
injection, keeping it off the chamber oor, and a score of 3
indicates that the animal licked or shook the formalin-injected
paw. The pain score over 60 minutes was calculated in 12 blocks
of 5 minutes each, with the average pain score for each block
determined using a specic equation.

Pain score ¼ T0 þ T1 þ T2 þ T3

20

In this equation, T0, T1, T2 and T3 represent the counts of
instances where the animal displayed zero, one, two, and three
behaviors within a ve-minute timeframe, each behavior lasting
for 15 seconds.

4.2. Antibacterial study

The microbial concentration was adjusted to match McFar-
land's 0.5 turbidity standard (OD600: 0.18-0.14).52 The
minimum inhibitory concentration (MIC) values for all tested
© 2024 The Author(s). Published by the Royal Society of Chemistry
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compounds were determined using a serial dilution assay and
the micro-plate dilution method. The synthesized compounds
were screened in vitro against Staphylococcus aureus (PTCC
1133) as a Gram-positive bacterium, Pseudomonas aeruginosa
(ATCC 27853), and Escherichia coli (PTCC 1330) as Gram-
negative bacteria. In a 96-well microplate, 45 microliters of
culture medium, 45 microliters of synthesized compounds or
ethacridine lactate (Acrinol) as a reference drug and 10 micro-
liters of incubated bacteria were added for eachmicroorganism.
The prepared 96-well plates were then incubated for 24 hours at
37 °C. Subsequently, the optical absorbance at 600 nm was
measured using an ELISA device (BioTek, Power Wave XS2). In
this procedure, LB Broth with microorganisms served as the
positive control, while LB Broth without microorganisms and
synthesized compounds acted as the negative control. This
experiment was conducted three times for validation.
4.3. Chemistry general

All chemicals were procured from Merck or other chemical
suppliers and utilized without additional purication steps. The
reactions were monitored using thin-layer chromatography
(TLC) on SILG/UV 254 silica-gel plates. Purications via short
column chromatography were carried out using silica gel 60
(0.063–0.200 mm, 70–230 mesh; ASTM). Melting points were
determined using the Electrothermal IA 9000 in open capillary
tubes and le uncorrected. Elemental analyses, GC/MS, and IR
spectra were obtained using the PerkinElmer 240-B micro-
analyzer, Shimadzu GC/MS-QP 1000-EX apparatus (m/z; rel.%),
and Shimadzu FT-IR-8300 spectrophotometer, respectively. 1H-
and 13C-NMR spectra were recorded on the Brüker Avance-DPX-
300 spectrometer operating at 300/75 MHz, respectively.
Chemical shis are reported in d relative to tetramethylsilane
(TMS) as an internal standard, and coupling constants (J) are
expressed in Hz. The abbreviations for 1H-NMR signals
include s = singlet, d = doublet, t = triplet, q = quartet, m =

multiplet, br = broad, and so on.
4.3.1. Synthesis of 8-bromo-1,3,7-trimethyl-1H-purine-

2,6(3H,7H)-dione (8-BC). Caffeine (19.4 g, 0.1 mol) and NBS
(35.2 g, 0.2 mol) were added to 300 mL of freshly distilled DCM
in a 500 mL round-bottom ask. Aer the solids dissolved,
100 mL of water was added. The mixture was shaken vigorously
for 5–7 days at room temperature. Subsequently, the solution
was transferred to a separator funnel, and a cold 2 M NaOH
solution (100 mL) was added to decolorize it. The organic layer
was separated, washed with water (2 × 200 mL), dried over
Na2SO4 (30 g), ltered, and evaporated to yield pure 8-BC (26 g,
approximately 100% yield).27

4.3.2. Synthesis of 8-piperazinyl-1,3,7-trimethyl-3,7-dihy-
dro-1H-purine-2,6-dione (8-PC). A mixture of anhydrous piper-
azine (5.2 g, 60 mmol) and 8-BC (5.5 g, 20 mmol) in dry DMF (20
mL) was placed in a 100 mL double-necked round bottom ask
with a condenser. The mixture was heated to 100 °C, and the
reaction progress was monitored using TLC. Aer 3 hours,
when TLC indicated the reaction was complete, the reaction was
stopped, and the solution was cooled to room temperature. The
resulting precipitates were ltered, washed with cold acetone
© 2024 The Author(s). Published by the Royal Society of Chemistry
(30 mL), and the obtained solid was either recrystallized in hot
CHCl3 or puried using short column chromatography on silica
gel eluting with MeOH to yield white pure crystals (2.0 g, 72%).21

4.3.3. Synthesis of 8-piperazinylcaffeine carboxylate ionic
liquids (11a–11l). In a 100 mL round-bottom ask, 8-PC (2.78 g,
10 mmol) and the desired carboxylic acid (10 mmol) were dis-
solved in freshly distilled anhydrous DCM or CHCl3 (30 mL).
The solution was stirred at room temperature for the specied
duration as shown in Fig. 4, and the progress of the reaction was
monitored using TLC. Once the TLC indicated the completion
of the reaction and/or no further progress, the solvent was
removed using a rotary evaporator. The resulting solid was then
washed with anhydrous n-hexane (3 × 10 mL). The pure solid
obtained was dried in a vacuum oven at 60 °C for 2 hours,
sealed, and stored in a desiccator at room temperature.

4.3.4. Data of the synthesized compounds
4.3.4.1 4-(1,3,7-Trimethyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-

purin-8-yl)piperazin-1-ium 2-acetoxybenzoate (11a). Washing the
precipitate with n-hexane afforded the pure product as white
solid (88%); m.p.: 195–197 °C, 1H NMR (DMSO-d6, 300 MHz):
dppm = 3.14 (s, 3H, CH3CO), 3.19 (s, 3H, N(1)–CH3), 3.30 (br s,
4H, 2NCH2), 3.36 (s, 3H, N(3)–CH3), 3.45 (br s, 4H, 2NCH2), 3.69
(s, 3H, N(7)–CH3), 6.67–6.71 (m, 2H, aryl), 7.20 (t, J= 5.1 Hz, 1H,
aryl), 7.71 (d, J= 5.1 Hz, 1H, aryl). 13C NMR (DMSO-d6, 75 MHz):
dppm = 22.23, 27.67, 29.75, 32.79, 44.70, 50.05, 107.51, 123.19,
127.05, 129.80, 130.72, 135.72, 147.13, 151.49, 154.25, 155.67,
157.52, 174.61, 176.79. IR (KBr): 3485, 3075, 2981, 1730, 1713,
1690, 1614, 1565, 1460, 1373, 1038 cm−1. MS (EI): m/z (%) = 459
(27.1) [M + H]+. Anal. calc. for C21H26N6O6: C, 55.01; H, 5.72; N,
18.33; found: C, 55.19; H, 5.93; N, 18.50.

4.3.4.2 4-(1,3,7-Trimethyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-
purin-8-yl)piperazin-1-ium nicotinate (11b). Washing the precip-
itate with n-hexane afforded the pure product as white solid
(92%); m.p.: 175–187 °C, 1H NMR (CDCl3, 400 MHz): dppm =

3.33 (br s, 4H, 2NCH2), 3.38 (s, 3H, N(1)–CH3), 3.51 (br s, 7H,
N(3)–CH3, 2NCH2), 3.76 (s, 3H, N(7)–CH3), 7.36–7.39 (m, 1H,
aryl), 8.32 (d, J = 7.6 Hz, 1H, aryl), 8.70 (d, J = 3.0 Hz, 1H, aryl),
9.18 (br s, 2H, NH2), 9.25 (s, 1H, aryl). 13C NMR (CDCl3, 100
MHz): dppm = 27.92, 29.86, 32.86, 44.30, 49.83, 106.34, 125.29,
132.13, 137.46, 146.14, 151.22, 153.41, 155.05, 156.15, 157.21,
178.13. IR (KBr): 3500, 3090, 2957, 1715, 1695, 1612, 1560, 1461,
1375, 1030 cm−1. MS (EI): m/z (%) = 402 (23.5) [M + H]+. Anal.
calc. for C18H23N7O4: C, 53.86; H, 5.78; N, 24.43; found: C, 53.70;
H, 5.89; N, 24.29.

4.3.4.3 4-(1,3,7-Trimethyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-
purin-8-yl)piperazin-1-ium 2-((2,3-dimethylphenyl)amin o)
benzoate (11c). Washing the precipitate with n-hexane afforded
the pure product as white solid (85%); m.p.: 195–197 °C, 1H
NMR (DMSO-d6, 300 MHz): dppm = 2.11 (s, 3H, PhCH3), 2.25 (s,
3H, PhCH3), 3.11 (br s, 4H, 2NCH2), 3.18 (s, 3H, N(1)–CH3), 3.34
(br s, 7H, N(3)–CH3, 2NCH2), 3.66 (s, 3H, N(7)–CH3), 5.76 (s, 1H,
NH), 6.59–6.64 (m, 1H, aryl), 6.79–6.88 (m, 2H, aryl), 7.01–7.06
(m, 1H, aryl), 7.12–7.18 (m, 2H, aryl), 7.89 (d, J = 7.5 Hz, 1H,
aryl). 13C NMR (DMSO-d6, 75 MHz): dppm = 13.63, 20.28, 27.34,
29.34, 32.22, 43.23, 48.09, 104.45, 112.84, 116.01, 119.63,
124.72, 125.69, 127.88, 128.86, 129.49, 131.83, 137.48, 139.67,
146.61, 147.40, 150.85, 153.88, 155.38, 177.70. IR (KBr): 3450,
RSC Adv., 2024, 14, 28669–28683 | 28679
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3052, 2964, 1713, 1694, 1615, 1567, 1473, 1370, 1035 cm−1. MS
(EI):m/z (%)= 520 (32.5) [M + H]+. Anal. calc. for C27H33N7O4: C,
62.41; H, 6.40; N, 18.87; found: C, 62.59; H, 6.56; N, 19.01.

4.3.4.4 4-(1,3,7-Trimethyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-
purin-8-yl)piperazin-1-ium 2-(4-isobutylphenyl)propan oate (11d).
Washing the precipitate with n-hexane afforded the pure
product as white solid (92%); m.p.: >200 °C (dec.), 1H NMR
(DMSO-d6, 300 MHz): dppm = 0.82 (d, J = 6.6 Hz, 6H, CH(CH3)2),
1.30 (d, J = 7.2 Hz, 3H, PhCHCH3), 1.71 (sept., J = 6.6 Hz, 6H,
CH(CH3)2), 2.37 (d, J = 7.2 Hz, 2H, PhCH2), 3.05 (br s, 4H,
2NCH2), 3.18 (s, 3H, N(1)–CH3), 3.29 (br s, 4H, 2NCH2), 3.35 (s,
3H, N(3)–CH3), 3.54 (q, J = 7.2 Hz, 1H, PhCHCH3), 3.66 (s, 3H,
N(7)–CH3), 7.06 (d, J = 7.8 Hz, 2H, aryl), 7.16 (d, J = 7.8 Hz, 2H,
aryl). 13C NMR (DMSO-d6, 75 MHz): dppm = 19.03, 23.45, 27.60,
29.71, 30.82, 32.75, 43.61, 45.24, 46.16, 49.41, 106.20, 129.05,
129.90, 134.38, 140.59, 147.12, 151.22, 155.09, 158.07, 178.91. IR
(KBr): 3456, 3075, 2946, 1715, 1698, 1616, 1564, 1453, 1370,
1041 cm−1. MS (EI):m/z (%)= 485 (35.4) [M + H]+. Anal. Calc. for
C25H36N6O4: C, 61.96; H, 7.49; N, 17.34; found: C, 62.10; H,
7.67; N, 17.52.

4.3.4.5 4-(1,3,7-Trimethyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-
purin-8-yl)piperazin-1-ium (R)-2-(6-methoxynaphthalen-2-yl)
propanoate (11e). Washing the precipitate with n-hexane affor-
ded the pure product as white solid (88%); m.p.: 180–182 °C, 1H
NMR (DMSO-d6, 300 MHz): dppm = 1.40 (d, J = 7.2 Hz, 3H,
CHCH3), 2.91 (br s, 4H, 2NCH2), 3.17 (br s, 7H, N(1)–CH3,
2NCH2), 3.33 (s, 3H, N(3)–CH3), 3.62 (s, 3H, N(7)–CH3), 3.69 (q, J
= 7.2 Hz, 1H, CHCH3), 3.84 (s, 3H, OCH3), 7.09–7.13 (m, 1H,
aryl), 7.25 (s, 1H, aryl), 7.39 (d, J = 8.4 Hz, 1H, aryl), 7.68–7.77
(m, 3H, aryl). 13C NMR (DMSO-d6, 75 MHz): dppm = 18.67, 27.31,
29.31, 32.28, 44.26, 45.21, 49.33, 55.09, 104.30, 105.59, 118.51,
125.40, 126.53, 126.62, 128.36, 129.00, 133.07, 137.04, 146.69,
150.84, 153.80, 155.84, 156.94, 175.96. IR (KBr): 3468, 3025,
2949, 1714, 1697, 1619, 1566, 1465, 1379, 1042 cm−1. MS (EI):m/
z (%) = 509 (32.7) [M + H]+. Anal. calc. for C26H32N6O5: C, 61.40;
H, 6.34; N, 16.52; found: C, 61.49; H, 6.51; N, 16.67.

4.3.4.6 4-(1,3,7-Trimethyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-
purin-8-yl)piperazin-1-ium 2-methylbenzoate (11f). Washing the
precipitate with n-hexane afforded the pure product as white
solid (90%); m.p.: 180–182 °C, 1H NMR (DMSO-d6, 400 MHz):
dppm = 2.43 (s, 3H, PhCH3), 2.72 (br s, 4H, 2NCH2), 3.29 (br s,
4H, 2NCH2), 3.37 (s, 3H, N(1)–CH3), 3.64 (s, 3H, N(3)–CH3), 3.81
(s, 3H, N(7)–CH3), 7.19 (br s, 4H, aryl). 13C NMR (DMSO-d6, 100
MHz): dppm = 18.87, 27.04, 29.02, 32.44, 43.98, 49.26, 105.81,
127.51, 128.92, 129.82, 135.26, 138.04, 140.27, 146.93, 151.02,
153.72, 157.09, 175.47. IR (KBr): 3500, 3064, 2970, 1711, 1693,
1618, 1571, 1480, 1372, 1040 cm−1. MS (EI):m/z (%)= 415 (27.3)
[M + H]+. Anal. calc. for C20H26N6O4: C, 57.96; H, 6.32; N, 20.28;
found: C, 58.19; H, 6.18; N, 20.41.

4.3.4.7 4-(1,3,7-Trimethyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-
purin-8-yl)piperazin-1-ium benzoate (11g). Washing the precipi-
tate with n-hexane afforded the pure product as white solid
(80%); m.p.: 161–163 °C, 1H NMR (DMSO-d6, 300 MHz): dppm =

3.08 (br s, 4H, 2NCH2), 3.15 (s, 3H, N(1)–CH3), 3.32 (br s, 7H,
N(3)–CH3, 2NCH2), 3.64 (s, 3H, N(7)–CH3), 7.38–7.48 (m, 3H,
aryl), 7.90 (d, J= 7.2 Hz, 2H, aryl). 13C NMR (DMSO-d6, 75 MHz):
dppm = 27.45, 29.48, 32.54, 44.34, 49.59, 107.35, 128.30, 129.38,
28680 | RSC Adv., 2024, 14, 28669–28683
135.81, 138.16, 147.23, 151.62, 155.06, 157.75, 176.31. IR (KBr):
3470, 3049, 2967, 1717, 1690, 1621, 1561, 1478, 1370,
1039 cm−1. MS (EI):m/z (%)= 401 (25.8) [M + H]+. Anal. calc. for
C19H24N6O4: C, 56.99; H, 6.04; N, 20.99; found: C, 56.78; H,
5.89; N, 20.80.

4.3.4.8 4-(1,3,7-Trimethyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-
purin-8-yl)piperazin-1-ium 3-cyclohexylpropanoate (11h).
Washing the precipitate with n-hexane afforded the pure
product as white solid (90%); m.p.: 102–104 °C, 1H NMR (CDCl3,
400 MHz): dppm = 1.10–1.20 (m, 4H, 2CH2), 1.46–1.52 (m, 2H,
CH2CH2CO2), 1.61–1.68 (m, 7H, 3CH2, CH), 2.25 (d, J = 7.6 Hz,
2H, CH2CO2), 3.20 (br s, 4H, 2NCH2), 3.37 (br s, 7H, N(1)–CH3,
2NCH2), 3.51 (s, 3H, N(3)–CH3), 3.74 (s, 3H, N(7)–CH3), 8.84 (s,
2H, NH2).

13C NMR (CDCl3, 100 MHz): dppm = 26.01, 27.92,
28.96, 29.93, 31.26, 32.80, 34.06, 34.76, 36.38, 43.89, 48.78,
107.46, 147.05, 151.96, 155.31, 157.56, 176.33. IR (KBr): 3480,
2969, 1712, 1690, 1618, 1558, 1371, 1037 cm−1. MS (EI): m/z m
(%) = 435 (28.7) [M + H]+. Anal. calc. for C21H34N6O4: C, 58.05;
H, 7.89; N, 19.34; found: C, 58.19; H, 8.06; N, 19.52.

4.3.4.9 4-(1,3,7-Trimethyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-
purin-8-yl)piperazin-1-ium 4-oxopentanoate (11i). Washing the
precipitate with n-hexane afforded the pure product as white
solid (85%); m.p.: 97–99 °C, 1H NMR (DMSO-d6, 400 MHz): dppm
= 2.09 (s, 3H, CH3CO), 2.33 (t, J = 6.4 Hz, 2H, CH2CO2), 2.61 (t, J
= 6.4 Hz, 2H, CH2CH2CO2), 2.87 (br s, 4H, 2NCH2), 3.17 (br s,
7H, N(1)–CH3, 2NCH2), 3.34 (s, 3H, N(3)–CH3), 3.64 (s, 3H, N(7)–
CH3).

13C NMR (DMSO-d6, 100 MHz): dppm= 27.62, 29.21, 30.31,
31.40, 32.91, 41.12, 43.69, 48.49, 107.40, 147.18, 151.30, 153.93,
156.01, 179.57, 189.23. IR (KBr): 3500, 2971, 1720, 1710, 1698,
1615, 1552, 1368, 1031 cm−1. MS (EI): m/z (%) = 395 (22.6) [M +
H]+. Anal. calc. for C17H26N6O5: C, 51.77; H, 6.64; N, 21.31;
found: C, 51.65; H, 6.79; N, 21.51.

4.3.4.10 4-(1,3,7-Trimethyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-
purin-8-yl)piperazin-1-ium picolinate (11j). Washing the precipi-
tate with n-hexane afforded the pure product as white solid
(80%); m.p.: 189–191 °C, 1H NMR (DMSO-d6, 300 MHz): dppm =

3.17 (s, 3H, N(1)–CH3), 3.29–3.34 (complex, 11H, N(3)–CH3,
4NCH2), 3.67 (s, 3H, N(7)–CH3), 6.71 (d, J = 9.0 Hz, 2H, aryl),
7.21–7.24 (m, 2H, aryl), 7.63 (s, 2H, NH2).

13C NMR (DMSO-d6,
75 MHz): dppm = 27.73, 29.71, 32.64, 43.97, 49.35, 105.61,
121.62, 128.68, 137.78, 147.78, 148.98, 151.74, 153.32, 155.45,
157.42, 175.92. IR (KBr): 3470, 3050, 2954, 1713, 1695, 1607,
1582, 1479, 1370, 1035 cm−1. MS (EI): m/z (%) = 402 (24.9) [M +
H]+. Anal. calc. for C18H23N7O4: C, 53.86; H, 5.78; N, 24.43;
found: C, 53.98; H, 5.67; N, 24.26.

4.3.4.11 4-(1,3,7-Trimethyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-
purin-8-yl)piperazin-1-ium 2-hydroxybenzoate (11k). Washing the
precipitate with n-hexane afforded the pure product as white
solid (92%); m.p.: 188–190 °C, 1H NMR (DMSO-d6, 300 MHz):
dppm = 3.16 (s, 3H, N(1)–CH3), 3.33 (br s, 7H, N(3)–CH3, 2NCH2),
3.45 (br s, 4H, 2NCH2), 3.67 (s, 3H, N(7)–CH3), 6.64–6.70 (m, 2H,
aryl), 7.18–7.23 (m, 1H, aryl), 7.69–7.27 (m, 1H, aryl), 9.82 (br s,
1H, OH). 13C NMR (DMSO-d6, 75 MHz): dppm = 27.14, 29.03,
32.01, 43.97, 49.19, 106.39, 118.15, 122.06, 124.34, 130.58,
135.69, 146.22, 151.23, 153.52, 156.47, 158.49, 176.92. IR (KBr):
3492, 3043, 2967, 1710, 1698, 1612, 1574, 1463, 1370,
1035 cm−1. MS (EI):m/z (%)= 417 (26.7) [M + H]+. Anal. calc. for
© 2024 The Author(s). Published by the Royal Society of Chemistry
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C19H24N6O5: C, 54.80; H, 5.81; N, 20.18; found: C, 54.92; H,
5.67; N, 20.02.

4.3.4.12 4-(1,3,7-Trimethyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-
purin-8-yl)piperazin-1-ium 6-chloronicotinate (11l). Washing the
precipitate with n-hexane afforded the pure product as white
solid (73%); m.p.: 149–151 °C, 1H NMR (DMSO-d6, 300 MHz):
dppm = 3.16 (s, 3H, N(1)–CH3), 3.27 (br s, 4H, 2NCH2), 3.33 (s,
3H, N(3)–CH3), 3.44 (br s, 4H, 2NCH2), 3.66 (s, 3H, N(7)–CH3),
7.52 (d, J= 8.1 Hz, 1H, aryl), 8.20 (d, J= 7.8 Hz, 1H, aryl), 8.82 (s,
1H, aryl). 13C NMR (DMSO-d6, 75 MHz): dppm = 27.21, 29.68,
32.09, 43.79, 48.76, 105.07, 125.30, 130.34, 140.18, 147.09,
150.83, 153.81, 154.85, 155.62, 157.68, 178.03. IR (KBr): 3475,
3073, 2961, 1710, 1696, 1612, 1578, 1446, 1370, 1032,
1019 cm−1. MS (EI):m/z (%)= 436 (21.8) [M + H]+. Anal. calc. for
C18H22ClN7O4: C, 49.60; H, 5.09; N, 22.49; found: C, 49.45; H,
5.22; N, 22.30.
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Z. Petrovski, Ionic liquids as active pharmaceutical
ingredients, ChemMedChem, 2011, 6, 975–985.

4 P. Walden, Molecular weights and electrical conductivity of
several fused salts, Bull. Acad. Sci. St. Petersbourg, 1914,
405–422.

5 M. Deetlefs, K. R. Seddon and M. Shara, Predicting physical
properties of ionic liquids, Phys. Chem. Chem. Phys., 2006, 8,
642–649.

6 D. M. Correia, L. C. Fernandes, M. M. Fernandes,
B. Hermenegildo, R. M. Meira, C. Ribeiro, S. Ribeiro,
J. Reguera and S. Lanceros-Méndez, Ionic Liquid-Based
Materials for Biomedical Applications, Nanomater., 2021,
11, 2401.

7 W. L. Hough, M. Smiglak, H. Rodŕıguez, R. P. Swatloski,
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38 J. R. M. López, A. M. Domı́nguez-Ramı́rez, H. J. Cook,
G. Bravo, Ma. I. D́ıaz-Reval, M. Déciga-Campos and
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