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Abstract:

Background: Nitrogen-containing heterocycles represent indispensable scaffolds in numerous pharmaceuticals,
agrochemicals, dyes, and functional materials. Traditional synthetic approaches for N-heterocycles frequently
involve volatile organic solvents, corrosive reagents, or non-reusable catalysts, leading to environmental
concerns and limited sustainability. In response, the adoption of greener reaction media and catalytic systems
has become major focus of contemporary synthetic chemistry. lonic liquids (ILs) owing to their negligible vapor
pressure, high thermal stability, tunable physicochemical properties, and ability to act as solvents and/or
catalysts, have emerged as attractive alternatives for the sustainable synthesis of nitrogen heterocycles.
Materials and Methods: Various classes of ionic liquids, including imidazolinium-, pyridinium-, and
ammonium-based ILs, were utilized as reaction media and catalytic promoters for the synthesis of diverse N-
heterocyclic frameworks from readily available starting materials. The reactions were conducted under
relatively mild conditions, where ionic liquids facilitated key bond-forming steps through enhanced solvation,
hydrogen bonding, and ionic interactions. After completion, products were recovered and reused in subsequent
cycles. Product structures and purity were confirmed using standard spectroscopic and analytical methods.
Results: The use of ionic liquids enabled efficient synthesis of a wide range of nitrogen heterocycles such as
imidazoles, pyrimidines, quinazolines, indoles, pyrazoles, triazoles, quinolines, pyrazines, and pyrazolo-
phthalazines, affording good to excellent yields with reduced reactions times. The ionic liquids demonstrated
high stability and retained their activity over multiple reuse cycles without significant loss of efficiency.
Enhanced selectivity, and cleaner reaction profiles were also observed compared to conventional solvent
systems.

Conclusion: lonic liquids serve as versatile, environmentally benign, and recyclable media for the synthesis of
nitrogen heterocyclic compounds. Their dual role as solvents and catalysts, combined with operational
simplicity and reusability, highlights their significant potential in green and sustainable heterocyclic synthesis
scalable organic transformations.
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I. Introduction
Nitrogen-containing heterocyclic compounds represent one of the most important classes of organic
molecules due to their extensive presence in natural products, pharmaceuticals, agrochemicals, paints, dyes and
polymeric materials. Statistical analyses reveal that more than half of all FDA-approved small-molecule drugs
contain at least one nitrogen heterocycle, underscoring their indispensable role in the medicinal chemistry.'3
Structural motifs such as imidazoles, pyrimidines, quinazolines, pyrazoles, pyrazines, triazoles, indoles and
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phthalazines are frequently associated with diverse biological activities including anticancer, antimicrobial,
antiviral and anti-inflammatory properties.*® Beyond drug discovery, nitrogen heterocycles also serve as key
components in dyes, ligands, catalysts and organic electronic materials.”®

Traditional synthetic methodologies for N-heterocycles often suffer from significant drawbacks
including the use of volatile organic solvents, toxic reagents, prolonged reaction times and non-recycled
homogeneous catalysts. These processes typically generate large quantities of waste and rise serious
environmental and safety concerns, conflicting with the fundamental principles of green and sustainable
chemistry.®!! Consequently, the development of environmentally benign, efficient and reusable reaction systems
has become a central objective in contemporary heterocyclic synthesis.

In recent years, ionic liquids (ILs) have emerged as promising alternatives to conventional solvents and
catalysts. Ionic liquids are salts composed of entirely of ions that exist in the liquid state at or near room
temperature. Their unique physicochemical properties-such as negligible vapor pressure, high thermal stability,
wide electrochemical window and excellent solvating ability-make them attractive for sustainable chemical
transformations.'?'* importantly, the tunability of ionic liquids through rational selection of cations and anions
enables the design of task-specific ILs for targeted reactions. '’

The application of ILs in organic synthesis has expanded rapidly, particularly in heterocyclic
chemistry. lonic liquids can function simultaneously as solvents and catalysts, facilitating bond-forming
reactions via hydrogen binding, electrostatic interactions and stabilization of charged intermediate.!5!7 these
features often result in enhanced reaction rates, improved selectivity and higher product yields compared to
traditional solvent systems.'® Moreover, the ability of ILs to dissolve both organic substrates and inorganic
catalysts enables their use in multicomponent and one-pot reactions, which are highly desirable from a green
chemistry perspective.®

Another significant advantage of ILs is their recyclability. Due to their low volatility and thermal
robustness, ILs can be recovered and reused multiple times with minimal loss of catalytic activity, thereby
reducing waste generation and operational costs.?’ Numerous studies have demonstrated the successful synthesis
of a wide variety of nitrogen heterocycles-including imidazoles, pyrimidines, quinazolines, pyrazoles, pyrazines,
triazoles, indoles and phthalazines- using ILs under mild and sustainable conditions.?!** These attributes
position ILs as versatile and powerful tools for advancing green synthetic methodologies in heterocyclic
chemistry.

II. Synthesis of ionic liquids (ILs)

Ionic liquids are generally synthesized through straightforward and versatile procedures that allow
precise control over their structural and physicochemical properties. Most ionic liquids are prepared via a two-
step process involving the formation of an organic cation followed by anion exchange. In the first step,
quaternization reactions are carried out by alkylating nitrogen-, phosphorous-, or sulfur-containing heterocycles
or amines, such as imidazoles, pyridines or ammonium salts, using appropriate alkyl halides to generate the
desired cationic framework. The resulting halide-based ionic liquids are then subjected to metathesis or acid-
base neutralization reactions to replace the halide anion with more weakly coordinating or functional anions,
including tetrafluoroborate, hexafluorophosphate, bis(trifluoromethylsulfonyl)imide or organic anions. These
transformations are typically conducted under mild conditions and often proceed in high yields with minimal
byproduct formation. Advances in synthetic strategies have also enabled one-pot solvent-free and microwave-
assisted approaches, further improved the efficiency and sustainability of ionic liquid synthesis while allowed
fine-tuning of properties such as polarity, viscosity and thermal stability for targeted applications.

I11. Applications of ionic liquids in the synthesis of N-heterocycles
Wang et. al.® have described a synthesis of N-substituted-2,5-dimethylpyrrole with an aid of 1-butyl-3-
methylimidazolium iodide [BMIM]I (Scheme 1). The reaction between 2,5-hexandione with substituted amines
easily afforded desired pyrrole derivatives. The reaction was carried out at room temperature and the yields of
the products obtained were about 95%. Simple product isolation, short reaction time, high yields are few key

features of this method.
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Yolacan and his research?® group reported acidic ionic liquid [Hmim}HSO4 mediated synthesis of N-
substituted pyrrole from 2,5-dimethoxytetrahydrofuran and substituted amines under microwave irradiation

(Scheme 2).
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Scheme 2

Naemi and research group?’ explored a microwave assisted synthesis of 2,4,5-trisubstituted imidazoles
from a three component one pot cyclocondensation of substituted aldehydes, benzil and ammonium acetate
under solvent free conditions (Scheme 3). In this method, an immobilized HMTA-based IL functionalized with
silica coated magnetite magnetic nanocatalyst viz. Fe;04@Si10,-HMTA-SO3H which was recycled for 6 times.
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Naura et.al.?® used nano gelatoric ionic liquids [NGIM]3Cit in the synthesis of pyrazole derivatives
from a reaction between phenyl hydrazine, malononitrile and substituted aldehydes under solvent-free
conditions (Scheme 4). The reaction proceeded within 10 minutes yielding 93% pyrazole.
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Scheme 4
G. D. Shirole and coworkers® have reported the synthesis of imidazole derivatives via a
multicomponent condensation reaction between 1,2-dione, aromatic amines, pyrazole aldehydes and ammonium
acetate using 1-butyl-3-methyl-1-imidazolium tetrafluoroborate [BMIM][BF4] ionic liquid (Scheme 5). The
reaction was carried out under microwave irradiation and conventional heating.
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P. Kharade et. al.** reported a synthesis of N-amino-3-cyano-2-pyridone derivatives using a basic ionic
liquid (Scheme 6). The reaction of substituted aromatic/heteroaromatic aldehydes with malononitrile followed
by subsequent condensation with cyanoacetohydrazide easily afforded the products in 30-45 minutes with 95-
98% yield under ultrasound irradiation. This approach offered numerous advantages such as an ecofriendly and
robust catalyst, mild reaction conditions, avoidance of corrosive, toxic, expensive catalysts and solvents, easy
workup method, high yields of products in short reaction time.
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Scheme 6

P. Kharade and his coworkers’! have synthesized tetrahydropyridines derivatives using sulfonic acid
functionalized Bronsted acidic ionic liquid (Scheme 7). The reaction between two moles of aldehydes, two
moles of aromatic amines and one mole of ethyl acetoacetate in ethanol-water (1:1) solvent easily afforded the
products with 89-95% yield. This protocol possesses several advantages such as operational simplicity, easy
workup, high yield of product, less reaction times.
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IV. Conclusion

The present study highlights the effectiveness of ionic liquids as green and sustainable alternatives to
conventional solvents and catalysts in the synthesis of nitrogen-containing heterocycles. By virtue of their
unique physicochemical properties, ionic liquids enable efficient bond-forming processes under mild reaction
conditions, leading to improved reaction rates, high product yields, and enhanced selectivity. Their ability to
function simultaneously as reaction media and catalytic promoters, coupled with excellent thermal stability and
recyclability, significantly reduces waste generation and environmental impact. The successful synthesis of a
broad spectrum of biologically and industrially relevant N-heterocyclic frameworks demonstrates the versatility
and robustness of ionic liquid-based systems. Overall, these findings underscore the considerable potential of
ionic liquids in advancing environmentally benign and scalable synthetic methodologies, thereby contributing
meaningfully to the development of sustainable heterocyclic chemistry and green organic synthesis.
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