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Abstract: Heterocyclic compounds are essential building blocks in pharmaceutical agents. 

Conventional methods of synthesizing nitrogenous heterocycles rely on hazardous solvents and high 

energy requirements, which result in a significant amount of waste. In recent years, sustainable 

chemistry approaches have provided safer and more effective alternatives. This article highlights the 

eco-friendly methods employed over the last decade for the synthesis of various heterocyclic 

compounds. Catalytic systems, including metal nanoparticles, amino acids, organocatalysts, and 

biocatalysts, along with green reaction media such as water, solvent-free reactions, ionic liquids, and 

eutectic mixtures, were discussed in this study. Modern activation techniques, including microwave 

irradiation, ultrasound, photochemistry, and electrochemistry, facilitate chemical reactions with 

reduced reaction times and enhanced yields. In addition, a comparative study and critical analysis of 

various green synthetic conditions is provided, highlighting their relative efficiencies, limitations, and 

environmental impact. This study shall be helpful for future research in the development of sustainable 

methods for heterocyclic synthesis. 

Keywords: thiazolidinone; pyrimidine; organocatalyst; nanocatalyst; solvent-free synthesis; green 

chemistry; sustainable methods. 
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1. Introduction 

Nitrogen-containing heterocycles are a vital class of organic compounds widely used 

in the pharmaceutical and chemical industries [1]. These structural motifs form the core of 

numerous drugs and agrochemicals, driving extensive research into more efficient synthetic 

methodologies [2]. Traditional methods for synthesizing heterocycles often involve harsh 

reaction conditions, toxic solvents, and energy-intensive processes [3]. These approaches 

generate substantial waste and raise significant environmental and safety concerns [4]. As a 

result, the pharmaceutical industry is under increasing pressure to minimize its ecological 

footprint while maintaining high standards of production efficiency and quality [5,6]. 
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Green chemistry principles provide a framework for developing more sustainable 

synthetic methods [7]. Sustainable chemistry emphasizes the use of safer reagents, renewable 

materials, and energy-efficient processes [8]. Useful green approaches are shown in Figure 1. 

This article reviews research from the past decade focused on eco-friendly methods for 

synthesizing heterocyclic scaffolds, particularly pyrimidine and thiazolidine derivatives. It 

highlights advances in nanocatalysis, organocatalysis, biocatalysis, solvent-free reactions, and 

techniques such as photochemical, microwave-assisted, and ultrasound-assisted synthesis. 

Representative reaction pathways of such reactions are also described [9]. The primary 

objective is to highlight current achievements in sustainable methods and identify opportunities 

for future development in this area of synthetic chemistry [10]. 

Incorporating green chemistry principles into the synthesis of nitrogen-containing 

heterocyclic compounds addresses environmental concerns and enhances reaction efficiency 

and selectivity [11]. By utilizing green catalysts in conjunction with sustainable reaction 

environments and renewable energy sources, research has made notable progress in terms of 

reaction time, yield, and ease of operation. This transition is particularly important in the large-

scale production of pharmaceutical intermediates, where reducing harmful by-products is vital 

[12]. Additionally, green catalytic systems offer broad substrate compatibility, enabling the 

synthesis of structurally diverse heterocycles with potential therapeutic applications. As 

demand for environmentally sustainable chemical processes grows, the development of 

innovative green methods for synthesizing nitrogen-containing heterocycles remains a key 

focus in modern organic chemistry [13,14]. 

 
Figure 1. Sustainable chemistry techniques. 

2. Ultrasonic Radiation Assisted 

Sonochemistry provides a green and efficient route to organic pharmaceuticals by 

utilizing high-frequency sound waves [15]. It generates acoustic cavitation, which accelerates 

reaction rates and enhances selectivity. This process minimizes waste and energy consumption, 

while also improving yield [16]. Some ultrasound-assisted reactions are mentioned in Table 1, 

and their pros and cons are given in Table 2.  

Table 1. Ultrasound-assisted synthesis. 

Catalyst Reaction conditions Yield Time References 

Alcoholic KOH Ultrasonic/ room temperature (RT) 75-85 10-15 min [17] 

Ultrasonic irradiation Biginelli reaction, sonification, 50°C 95% 90 min [18] 

NH2SO3H 
Bignelli reaction under ultrasonic 

irradiation 
98% 30 min [19] 

Sustainable 
Chemistry 
Techniques

Microwave 
assisted 

synthesis

Nano-
particles 
catalyzed 
synthesis

Ionic liquid 
supported 
synthesis

Solvent free 
synthesis

Organo-
catalyst 
based 

synthesis
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Catalyst Reaction conditions Yield Time References 

Nano-CdZr₄(PO₄)₆ + 

ultrasound 
60W ultrasonic irradiation 88% 25min [20] 

Ultrasonic irradiation enables the regioselective synthesis of 2-thio-5-hydroxy-5H-BPP 

(1) from thiourea and 3-formylchromone in alcoholic potassium hydroxide, as shown in Figure 

2, achieving 75–85% yield within 10–15 min. Compared to the conventional way, ultrasound 

reduces reaction time, improves yield, and offers a greener, more efficient approach [17]. 

 
Figure 2. Synthesis of BPPs using ultrasound radiation.  

One-pot method for the synthesis of 4, 6-diaryl DHPMs (Dihydropyrimidines) (2) was 

developed based on ultrasonic irradiation, and 95% product was achieved in 30 to 90 minutes, 

as shown in Figure 3 [18]. 

 
Figure 3. Ultrasound-assisted synthesis of 4, 6-diaryl DHPM.  

The NH2SO3H catalysed condensation of aldehydes, urea and β-keto esters in ethanol, 

for the synthesis of DHPMs derivatives. This was noted as a quick and easy method for the 

synthesis of DHPMs (3) using NH2SO3H as a catalyst under ultrasonic radiation. For this 

process, a 98% yield was obtained within 30 min at 20°C to 25°C, as shown in Figure 4 [19].  

 
Figure 4. Synthesis of DHPMs using NH2SO3H.  

Thiazolidinone (4) was prepared from aldehyde, TGA (Thioglycolic acid), and aniline 

with nano-CdZr₄(PO₄)₆ as a catalyst under 60W ultrasonic irradiation, as shown in Figure 5. 

This reaction was mediated through an imine intermediate, which further undergoes a sulphur 

attack and cyclization to give 1,3-thiazolidin-4-ones in 25 minutes with an 88% yield [20]. 

 
Figure 5. Synthesis of 1, 3-thiazolidin-4-ones by nano-CdZr4 (PO4)6.  

Table 2. Pros and cons of ultrasound-assisted chemical reactions.  

Aspects Pros Cons 

Reaction rate 
Drastically accelerates reaction 

kinetics via acoustic cavitation. 

It can generate localized overheating, leading 

to thermal decomposition. 
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Aspects Pros Cons 

Yield and selectivity 

Improves yield and selectivity by 

enhanced micro mixing and radical 

formation. 

High-intensity ultrasonic probes require 

substantial investment and high maintenance. 

Energy and solvent 

efficiency 

Enables solvent-free reactions, 

reducing the use of energy and 

hazardous waste. 

Scaling sonochemical reactors is challenging; 

uniform cavitation distribution in larger 

volumes is difficult. 

Catalyst and 

purification 

Simplifies purification by minimizing 

side products. 

Erosion can introduce metal contaminants and 

free radicals from tip corrosion. 

3. Microwave Irradiation  

Microwave-assisted synthesis is a green and efficient technique. It provides 

superheating, which results in reduced reaction times and energy consumption, often yielding 

higher yields with better selectivity. The method supports solvent-free and eco-friendly 

reactions [21]. Some reactions are mentioned in Table 3, and their pros and cons are listed in 

Table 4.  

Table 3. Microwave-assisted synthesis.  

Catalyst Reaction conditions Yield Time 
Referenc

es 

Apple juice Biginelli reaction MW, < 180W 77% 9 Min [22] 

Pomegranate juice 
Biginelli reaction (Microwave), 

180W 
72% 5 Min [21] 

HPA@HNTs-C (0.03 

g) 
Ultrasonic/ RT 80-95 

4-22 

Min 
[23] 

Apple juice, with a pH between 3.3 and 3.9, acts as a mild acidic catalyst in the reaction. 

Equimolar amounts of urea, ethyl acetoacetate, and an aromatic aldehyde are irradiated at 180 

W, with reaction times varying from 9 to 14 minutes and yields ranging from 33% to 77%. For 

example, the synthesis of ethyl-4-(4-chlorophenyl)-6-methyl-2-oxo-1,2,3,4-

tetrahydropyrimidine-5-carboxylate (5) achieved a 77% yield in 9 minutes and exhibited a 

melting point of 212°C –214°C (See Figure 6) [22].  

 
Figure 6. Green approach for synthesis of ethyl-4-(4-chlorophenyl)-6-methyl-2-oxo-1, 2, 3, 4-

tetrahydropyrimidine-5-carboxylate.  

Pomegranate juice serves as an eco-friendly catalyst for microwave-assisted Biginelli 

reactions with a mild pH of 2.93–3.2. Equimolar amounts of urea, ethyl acetoacetate, and 

substituted aromatic aldehydes were subjected to microwave irradiation at 180 W for 5 to 11 

minutes, with yields ranging from 63% to 72%. (Figure 7). Remarkably, the synthesis of ethyl-

4-(4-chlorophenyl)-6-methyl-2-oxo-1,2,3,4-tetrahydropyrimidine-5-carboxylate (6) has 

achieved the 72% yield within 5 minutes [21].  

 
Figure 7. (ethyl-4-(4-chlorophenyl)-6-methyl-2-oxo-1,2,3,4-tetrahydropyrimidine-5-carboxylate synthesis by 

using pomogranate juice.  
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A novel hybrid catalyst was designed by anchoring hetero-polyacid (HPA) on creatine-

functionalized halloysite nanotubes (HNTs), the green one-pot ultrasonic-assisted synthesis of 

BPPs, i.e, products (7) and (8) in aqueous media. The catalyst enabled two pathways: (a) 

reactions of aldehydes, urea/thiourea, and 4-hydroxycoumarin, and (b) condensation of 2-

hydroxybenzaldehydes, malononitrile, and amines, as shown in Figures 8 and 9. These 

reactions gave a higher yield of 75 to 95 % within 4 to 22 min, and the catalyst was recycled, 

avoiding HPA leaching [23].  

 
Figure 8. Synthesis of BPP by using HPA@HNTs-C.  

 
Figure 9. Synthesis of BPP using HPA@HNTs-C, water.  

Table 4. Pros and cons of microwave-assisted reactions. 

Aspect Pros Cons 

Reaction time Reduced due to rapid heating 
Overheating risk in sensitive 

reactions 

Energy 

efficiency 

Lower energy consumption 

compared to conventional 

heating 

Limited scalability for large-

scale reactions 

Solvent use 
Enables solvent-free or aqueous-

phase reactions 

Not all reactions are compatible 

with microwave conditions 

Yield and 

selectivity 

Improves product yield and 

purity 

Hot spots may affect uniformity 

in heterogeneous systems 

Waste 

reduction 

Minimizes by-products and 

chemical waste 
Specialized equipment is costly 

Safety 
A controlled and enclosed system 

enhances safety 

Pressurized systems require 

careful monitoring 

4. Organocatalyst 

Organocatalysts are small organic molecules that catalyze chemical reactions, typically 

non-toxic, biodegradable, and derived from renewable sources. Organocatalysis enables mild 

reaction conditions, reduces waste, and improves atom economy [24]. Some representative 

reactions are mentioned in Table 5 & their advantages and disadvantages are mentioned in 

Table 6. 

Table 5. An organocatalyst is employed in chemical reactions. 

Catalyst Reaction conditions Yield Time References 

Pineapple juice Biginelli reaction Stirring at RT 82% 3.5Hr [25] 

Lime juice Biginelli reaction, RT 80-95% 12Hr [26] 

Ver juice Knoevenagel, RT 80-96% 5-10 Min [27] 
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Catalyst Reaction conditions Yield Time References 

Tamarind juice Grinding H+ 80-95 30–40 Min [28] 

Lactic acid Biginelli reaction, reflux (180°C) 86-92% 2.5–4 Hr [29] 

Dragon fruit Biginelli reaction, 80˚C 72-92% 10-12Hr [30] 

Kelubi fruit Biginelli reaction, 50˚ C 67.7% 180 Min [31] 

Coconut husk ash Biginelli reaction 77-94% 14-36 Min [32] 

Mango fruit Biginelli  reaction, MW, 180W 60% 6-8 Min [33] 

Iron (III) fluoride Biginelli reaction, Reflux 80°C 90% 1 Hr [34] 

Citric acid 25oC 98% 15- 20 Min [35] 

4.1. Fruit juices.  

Pineapple juice is used as a catalyst in the single-step process of the DHPMs compound 

(9). The reaction is solvent-free, yielding 93% within 3.5 Hr with agitation at room 

temperature, as shown in Figure 10. The solvent-free process is allowed to some extent and 

does not require hazardous chemicals [36]. In other words, it has been evaluated as an 

environmentally friendly approach for this cyclocondensation reaction [25]. 

 
Figure 10. Synthesis of 3, 4-Dihydropyrimidin-2(1H)-ones by using pineapple juice.  

An eco-friendly, efficient, and green methodology for synthesizing various DHPM 

derivatives (10), including aromatic rings, at room temperature in a lime juice medium. It was 

noted that the Biginelli reaction involving electron-rich aromatic aldehyde needs a longer 

duration to complete than the reaction with electron-deficient aromatic aldehyde at room 

temperature for 12 Hrs in a lime juice medium, as shown in Figure 11. The yield of these 

reactions was recorded in the range of 80–95% [26]. 

 
Figure 11. Lime juice-assisted synthesis of 3, 4-Dihydropyrimidin-2(1H)-ones.  

Verjuice (fresh grape juice), a nature source of organic acids, was found to be an 

effective green catalyst in the synthesis of 5-arylmethylenepyrimidine-2,4,6-triones (11) 

(Figure 12), pyrimido[4,5-d]pyrimidinone derivatives (12) (Figure 13), and pyrano[2,3-

d]pyrimidinone derivatives (13) (Figure 14) by Knoevenagel condensation of barbituric or 

thiobarbituric acid with aldehydes. This environmentally friendly method offers several 

advantages: simple procedures, short reaction times (5–15 minutes), high yield (80–95%), and 

a straightforward work-up. It eliminates the need for expensive reagents and avoids the use of 

hazardous organic solvents, while utilizing a natural, low-cost, biodegradable, and reusable 

catalyst [27]. 
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Figure 12. Synthesis of 5-arylmethylenepyrimidine-2,4,6-triones by using ver juice.  

 
Figure 13. Synthesis of pyrimido [4,5-d]pyrimidinone derivatives by ver juice.  

 
Figure 14. Pyrano[2,3-d]pyrimidinone derivatives synthesis using ver juice.  

Tamarind (Tamarindus indica) juice was used as a natural catalyst to achieve BPPs 

(Biphenylpyrimidines) (14) in a green, one-pot synthesis. Under ambient grinding conditions, 

the reaction of 4-hydroxycoumarin, substituted benzaldehydes, and urea/thiourea, as shown in 

Figure 15, in water yielded BPPs (14) with 80–95% yield in 30–40 min, indicating an 

environmentally acceptable method [28].  

 
Figure 15. BPPs synthesis using tamarind juice.  

Recently, lactic acid was also used as an environmentally friendly organocatalyst for 

the synthesis of DHPMs (15). Compared to the traditional process, which involves a longer 

reaction time, the reaction time is drastically decreased to 2.5–4 hours, yielding 86%-92% of 

the product, as shown in Figure 16. Acetonitrile and other low-boiling solvents are not used; 

the reaction condition is moderate [29].  
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Figure 16. Synthesis of 3,4-Dihydropyrimidin-2(1H)-ones by using Lactic acid.  

A recent strategy to synthesize DHPs (Dihydropyridine) uses dragon fruit water extract 

(WED). It promotes reactions, gives a yield of 92% within 10-12 hrs at a temperature of 80°C 

(16). It encourages the synthesis of DHPM and its derivatives in solvent-free situations using 

this natural compound, shown in Figure 17 [30].  

 
Figure 17. Synthesis of DHPM using dragon fruit water extract.  

Recent studies highlight environmental concerns associated with synthetic Lewis acid 

catalysts derived from metals. This research presents an eco-friendly alternative using kelubi 

extract (Eleiodoxa conferta) as a natural catalyst for synthesizing DHPM derivatives (17), 

known for their medicinal and biochemical significance. The study focuses on developing a 

green catalytic method employing kelubi fruit extract to produce DHPM compounds 

sustainably [37]. The catalysts are prepared from aqueous extracts of kelubi fruit and added to 

an equimolar reaction mixture of benzaldehyde, urea, and ethyl acetoacetate for the synthesis 

of pyrimidine derivatives. Using hydrochloric acid as a benchmark acid catalyst at 50°C for 

180 minutes, the process yielded the highest percentage of 67.7%, as shown in Figure 18 [31].  

 
Figure 18. Kelubi fruit as a catalyst for the synthesis of 3,4-dihydropyrimidin-2 (1H)-ones.  

4.2. Fruit ash 

Coconut-husk ash (CHA), derived from waste coconut husks, provides a low-cost, 

green, and heterogeneous catalyst rich in alkaline oxides (e.g., K₂O), offering basic surface 
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sites that facilitate multicomponent reactions. When combined with ball-milling to produce 

CHA–twisted graphene nanocomposites, the material exhibits enhanced catalytic properties, 

enabling solvent-free Biginelli reactions to deliver DHPMs in good to excellent yields. 

Notably, the reaction proceeds under mild, solvent-free conditions, affording 3,4-

dihydropyrimidin-2-ones rapidly, with easy recovery and reuse of the catalyst and minimal 

toxicity (Figure 19). The catalysts generated show remarkable efficiency in the Biginelli 

reaction for producing DHPM (18) under solvent-free conditions [32].  

 
Figure 19. Coconut husk ash as a catalyst for the synthesis of 3, 4-dihydropyrimidin-2(1H)-ones.  

4.3. Fruit peel 

The WEMPA (Mango Fruit peels) has been successfully used for the synthesis of 

pyrazolophthalazine-5,10-dione (19) derivatives by employing aldehydes, malononitrile, and 

phthalhydrazide, and using microwave irradiation (180W) via condensation. This catalyst was 

obtained from agricultural waste, offering the advantages of being cost-efficient and readily 

available. Additionally, with reduced reaction time (6–8 min), excellent yield (83%–89%) was 

obtained at room temperature, as shown in Figure 20 [33]. 

 
Figure 20. Synthesis of 1H-Pyrazolo [1, 2-b] phthalazine-5, 10-dione using mango fruit peels.  

A simple and effective FeF3-catalyzed process for the synthesis of DHPMs (20) 

derivatives was developed. The protocol was cost-effective and eco-friendly with catalyst 

reusability (Figure 21). The FeF3 catalyst can be easily recycled and used up to five cycles [34].  

 
Figure 21. FeF3-catalyzed reaction for synthesis of 3, 4-Dihydropyrimidin-2(1H)-ones.  

For the synrhesis of Pyrano [2,3-e] pyrimidin amine citric acid has been employeed as 

a green catalyst. (21) and pyrano[2,3-d]pyrazol-amines (22). The process is environmentally 

safe, eco-compatible, and successfully tolerates a broad variety of functional groups shown in 

Figures 22 and 23. Additionally, it does not require chromatographic purification of 

compounds. By demonstrating the advantages of citric acid as an effective, rapid, eco-friendly 

catalyst, the current method aligns with the tenets of green chemistry [35]. 
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Figure 22. Pyrano [2, 3-d] pyrazol-amines synthesis using citric acid.  

 
Figure 23. Pyrano [2, 3-e]pyrimidin-amine synthesis using citric acid.  

Table 6. Pros and cons of organocatalysts. 

Aspect Pros Cons 

Metal-free catalysis 
Avoids toxic and expensive transition 

metals 

Limited catalytic activity compared to 

some metal catalysts 

Toxicity and safety Low toxicity; safer to handle and dispose 
Some organocatalysts (Proline 

derivatives) require careful handling 

Biodegradability 
Often biodegradable and derived from 

natural products 

Not all organocatalysts are fully 

environmentally benign 

Reaction conditions 
Operate under mild, solvent-free, or 

aqueous conditions 

May require long reaction times or 

higher catalyst loadings 

Selectivity 
High stereo-, chemo-, and 

enantioselectivity in many reactions 

Enantioselectivity can be substrate-

specific 

Environmental 

impact 

Reduces heavy metal contamination and 

aligns with green chemistry principles 

Large-scale applications still face 

limitations in cost and efficiency 

5. Biocatalyst 

Biocatalysts such as enzymes are highly efficient and selective catalysts used in green 

chemistry. The catalyst operates under mild conditions, reducing energy consumption and 

harmful emissions. Biocatalysts are biodegradable and non-toxic. They enhance reaction 

specificity, minimize byproducts, and align with principles of sustainable chemistry [38,39]. 

Reactions are listed in Table 7; their advantages & disadvantages are outlined in Table 8. 

Table 7. Biocatalyzed reactions. 

Catalyst Reaction conditions Yield Time References 

Cu (II)-tyrosinase 

(0.5 g) 

50 mM potassium phosphate buffer 

(pH 6.0) 
82-98 2-4 min [40] 

β-Cyclodextrin-

SO₃H 
Reflux 95% 3-4Hr [41] 

Benzopyran-linked pyrimidine (23) and pyrazole derivatives (24) were effectively 

produced via a green Biginelli reaction employing pyrimidine derivatives, substituted 

aldehydes, urea, and Cu(II)-tyrosinase (0.5 g), as shown in Figures 24 and 25. This technique 

circumvented the drawbacks of conventional CuCl2·2H2O catalysis and hazardous additives 

like HCl to produce high yield (82–98%) in 2-4 min. A copper-based biocatalyst, specifically 

mushroom tyrosinase, has demonstrated environmental advantages and adaptability, rendering 
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it a viable and efficient catalyst for the production of physiologically relevant heterocycles 

[40]. 

 
Figure 24. Synthesis of pyrimidine using mushroom tyrosinase.  

 
Figure 25. Synthesis of pyrazole using mushroom tyrosinase.  

One-pot, solvent-free synthesis of thiazolidinone derivatives (25) was performed using 

a biopolymer-based catalyst, β-cyclodextrin-SO₃H. The reaction mixture was refluxed for 3-4 

hours, yielding 95% as shown in Figure 26 [41]. 

 
Figure 26. Synthesis of thiazolidinone derivatives using β-cyclodextrin-SO₃H.  

Table 8. Pros and cons of biocatalysts.  

Aspect Pros Cons 

Environmental 

safety 

Biocatalysts are biodegradable, 

non-toxic, and eco-friendly. 

Sensitive to temperature, pH, and 

organic solvents. 

Reaction 

conditions 

Operate under mild conditions 

(ambient temperature, neutral pH, 

and aqueous media). 

May require precise optimization of 

reaction conditions. 

Selectivity 

Exhibit high chemo-, regio-, and 

enantioselectivity, reducing side 

products. 

Substrate scope can be narrow; it may 

not tolerate non-natural substrates. 

Renewability 

Derived from renewable 

biological sources (e.g., 

microbes, plants). 

Production and purification of 

enzymes can be costly. 

Waste 

reduction 

Minimize need for hazardous 

reagents and solvents; generate 

less waste. 

Limited shelf life and stability under 

industrial conditions. 

Energy 

efficiency 

Reduce energy input by 

functioning at low temperatures. 

Slower reaction rates compared to 

some chemical catalysts. 

6. Nano Catalysts 

Catalysts with nanoscale dimensions offer a high surface-to-volume ratio, thereby 

enhancing catalytic activity and efficiency. Nanocatalyst facilitates faster reactions under mild 

conditions. These catalysts are highly selective and reusable [42, 43]. Some nanocatalyst 

reactions are listed below in Table 9. The pros and cons are presented in Table 10. 
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Table 9. Nano-catalyzed methods for the synthesis of heterocyclic compounds.  

Catalyst Reaction conditions Yield Time 
Referenc

es 

Cu2O@Mont/EAS-IL 

(25mg) 
Reflux/60°C 60-98 15-100 min [44] 

ZrO2 NPs (10 mol%) Solvent-free/ 70⁰C 95% 60 min [45] 

Fe₃O₄\SiO₂\Salen\Mn 

MNP 
RT 82-96 50-70 [46] 

Fe3O4@SiO2@AE-SO3H H2O/EtOH (1:1) 50°C 90 40-60min [47] 

CuI NPs (10 mol %) Solvent-free, 700C 90-94 46-60 min [48] 

Nano ZnO@PEG EtOH, 25⁰C 96% 15 min [49] 

Nano CuO-Ag 
DBU/ Ethanol/ CH3COONH4 / 

HC(OEt)3 
75-92% 20-30 min [50] 

Camphor Coated Ferrite Biginelli reaction, solvent-free 92% 30 min [50] 

Nano-CdZr₄(PO₄)₆ 0.6 mol% catalyst 86% 80-90min [51,52] 

Nano-

CoFe₂O₄@SiO₂/PrNH₂ 
Solvent-free, RT 50-97% 30-60min [51,52] 

Cu₂O nanoparticles were immobilized on ionic liquid-functionalized Montmorillonite-

K10 to produce a new Cu₂O@Mont/EAS-IL catalyst. With a 60–98% yield in 15–100 min at 

60°C Figure 27, it effectively accelerated the mild one-pot synthesis of BPPs (26) in water. 

The catalyst provided a viable substitute for green synthesis due to its exceptional efficiency, 

recyclability (up to five cycles), and low copper leaching [44]. 

 
Figure 27. Synthesis of benzopyran-linked pyrimidine using Cu₂O@Mont/EAS-IL catalyst.  

An efficient synthesis of [2,3-d] hexahydropyridotrione pyrimidine derivatives (27) is 

achieved by simultaneously adding 4-aminouracil, methyl cyanoacetate, and Knoevenagel-

Michael of aromatic aldehydes as shown in Figure 28 in solvent-free conditions, while 10 

mol% of ZrO2NPs nanoparticles are present as a diverse catalyst. The technique is designed to 

produce high yield with a short response time and a friendly ecological specificity [45]. 

 
Figure 28. Synthesis of Pyrido [2,3-d] pyrimidine derivatives.  

Fe₃O₄\SiO₂\Salen\Mn, a magnetic nanoparticle-supported Mn salen complex, was 

created and employed as a catalyst for the solvent-free, room-temperature synthesis of 

benzopyran pyrimidines (28) from 2-hydroxybenzaldehyde, malononitrile, and amines given 

in Figure 29. In 50–70 min, a yield of 82–96% was obtained with a trace amount (0.8 mg) of 

catalyst. There was no significant reduction in catalytic efficiency after seven cycles [46]. 
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Figure 29. Synthesis of pyrimidines using magnetic nanoparticle-supported Mn.  

Sulfonic acid groups on aminoethanol-functionalized silica-coated magnetic 

nanoparticles were immobilized to create a highly effective Fe₃O₄@SiO₂@AE-SO₃H catalyst. 

In green aqueous conditions, the catalyst facilitated the one-pot synthesis of 

tetrahydrobenzo[b]pyran (29) and pyrano[2,3-d] pyrimidinone (30) derivatives, achieving 90% 

yield in 40–60 min at 50°C using ethanol-water as a solvent, as demonstrated in Figures 30 and 

31. The catalyst demonstrated excellent reusability (96% recovery) over five cycles [47]. 

 
Figure 30. Synthesis of tetrahydrobenzo[b]pyran by using Fe₃O₄@SiO₂@AE-SO₃H.  

 
Figure 31. Synthesis of pyrano[2,3-d] pyrimidinone by using Fe₃O₄@SiO₂@AE-SO₃H.  

Michael condensation and Knoevenagel reactions were used to create quinazolinones 

(31) and chromeno[d]pyrimidinones (32) without the need for solvents by employing reusable 

CuI nanoparticles (CuI NPs). In 45–60 min, a yield of 90–94% was obtained using 10 mol% 

CuI NPs at 70°C Figures 32 and 33. The procedure offers a simple, eco-friendly work-up under 

mild conditions [48]. 

 
Figure 32. Synthesis of quinazolinones using reusable CuI nanoparticles.  

 
Figure 33. Synthesis of chromeno[d]pyrimidinones using reusable CuI nanoparticles.  
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One-step synthesis with nano ZnO@PEG as a catalyst for producing pyrano[2,3-d] 

pyrimidine (33) derivatives by using substituted aldehydes, malononitrile/methyl cyanoacetate, 

and barbituric acid is given in Figure 34. This process is faster, generates improved yield (up 

to 93%), and the catalyst can be reused for five cycles with nearly identical catalytic activity. 

Overall, this technology represents a potential new approach to organic synthesis [49]. 

 
Figure 34. Synthesis of pyrano[2,3-d] pyrimidine using nano ZnO@PEG as a catalyst.  

Synthesis of pyrimidine derivatives (34) consists of two steps and uses a catalyst nano 

CuO-Ag as demonstrated in Figure 35. It is initially synthesized by mixing substituted 

malanonitrile, aldehydes, and resorcinol in the presence of 1,8-diazabicyclo [5.4.0]undec-7-

ene (DBU) and ethanol at 50°C. In the next phase, pyran derivatives are converted into 

pyrano[2,3-d] pyrimidine derivatives using triethyl orthoformate, ammonium acetate, and 4 

mol% nano CuO-Ag catalyst with a maximum yield of 92% [50,53]. 

 
Figure 35. Synthesis of pyrano[2,3-d] pyrimidine using nano CuO-Ag catalyst.  

A novel derivative of DHPMs (35) has been synthesized successfully when boehmite 

nanoparticles functionalised with silylpropyl sulfamic acid (BNPs@SiO2(CH2)3NHSO3H) are 

used as an eco-friendly and metal-free catalyst. This protocol's advantages include rapid 

reaction time, easy catalyst separation, low cost, and the absence of a neutral environment. It 

gives up to 98% yield of derivatives and is accomplished within 30 min. There is only a 7% 

yield drop when the catalyst is recycled at least five times, as shown in Figure 36 [50].  

 
Figure 36. BNPs@SiO2(CH2)3NHSO3H assisted synthesis of DHPM.  

A Fe3O4@camphor as a novel heterogeneous magnetic nanocatalyst, used in a one-pot 

condensation of a β-ketoester, aldehyde, and urea or thiourea to synthesize DHPMs (36) 

derivatives. The percentage yield was 92%, and the reaction was completed within 30 minutes 

at room temperature, as shown in Figure 37 [51].  

 
Figure 37. Synthesis of DHPMs by using Fe3O4@camphor.  
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Bis-thiazolidinones (37) were prepared from substituted benzaldehyde, 

ethylenediamine, and TGA with nano-CdZr₄(PO₄)₆, a recyclable catalyst, as given in Figure 

38. A 0.6 mol% catalyst loading provided high yield, with improved results for aromatic 

aldehydes with electron-withdrawing groups [52]. 

 
Figure 38. Synthesis of bis-thiazolidinones using nano-CdZr₄(PO₄)₆. 

Nano-CoFe₂O₄ SiO₂/PrNH₂ is an eco-friendly and recyclable catalyst for the synthesis 

of 1,3-thiazolidin-4-one. It (38) was synthesized by refluxing CoFe₂O₄ SiO₂ with APTES (3-

Aminopropyltriethoxysilane) in toluene, as shown in Figure 39. The catalyst was highly 

efficient and reusable in the MCR of aniline, chlorobenzaldehyde, and TGA in different 

solvents [54].  

 
Figure 39. 1,3-thiazolidin-4-one synthesis by using Nano-CoFe₂O₄ SiO₂/PrNH₂. 

Table 10. Pros and cons of nanocatalysts. 

Aspect Pros Cons 

Catalytic 

activity 

High surface area improves 

reaction rates and conversion 

efficiency. 

Aggregation of nanoparticles can 

reduce activity over time. 

Reaction 

conditions 

Enable reactions under mild 

temperature and pressure. 

Often require careful control of 

synthesis and stabilization. 

Selectivity 
Surface modification allows high 

chemo- and regioselectivity. 

Selectivity may be lost in complex 

and multicomponent systems. 

Reusability 
It can be easily recovered and 

reused, reducing waste. 

Recovery methods (e.g., filtration or 

magnetic separation) can be energy 

intensive. 

Scalability 
Increasing use in industrial and 

pharmaceutical green processes. 

The cost of synthesis and uniform 

scaling can be high. 

7. Solvent Free  

Solvent-free reactions help eliminate the use of toxic organic solvents, thereby reducing 

waste and pollution [55]. These reactions reduced purification steps and lowered environmental 

impacts (Table 11). Solvent-free processes enhance safety and sustainability by avoiding 

volatile organic compounds [56]. Its pros and cons are mentioned in Table 12. 

Table 11. Solvent-free reactions. 

Catalyst Reaction conditions Yield Time References 

Methylimidazole Solvent-free, RT 40-90% 
50-90 

min 
[57] 
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Catalyst Reaction conditions Yield Time References 

MTPPBr/ PHTH-DES Solvent-free 70°C 85-90% 
25-50 

min 
[58] 

LED Bulb CFL (22 W) irradiation 93% 20 min [59] 

N,N-diethyl-N-

sulfoethanaminium 

Biginelli reaction, solvent-free, 

70°C 
88% 40 min [60] 

Solvent- and catalyst-free At room temperature 88% 5Hr [61] 

FeNi₃-IL magnetic 

nanoparticles (MNPs) 
Solvent-free, 60°C 70-93% 

40-80 

min 
[62] 

Synthesis of compound (39) can be made in a simple and efficient one-pot technique 

by reacting potassium thiocyanate with 6-methyl-4-phenylamino-pyran-2-one and aroyl 

chlorides when catalytic quantities of N-methylimidazole are present, as shown in Figure 40. 

No solvents are needed, high yield (40–90%), rapid reaction durations, simple work-up, mild 

reaction conditions, and the lack of hazardous solvents [57]. 

 
Figure 40. Synthesis of Pyrano[4,3-d] Pyrimidine-5-one using N-methylimidazole.  

An eco-friendly method of synthesis of pyrimidines (40) by using urea, barbituric acid, 

and aldehydes was developed (Figure 41). This technique makes use of MTPPBr-PHTH-DES, 

a novel kind of deep eutectic Solvent (DES). Methyltriphenyl-phosphonium bromide 

(MTPPBr) and phthalic acid (PHTH) are combined to create this DES. Due to its low 

temperatures, fast reaction periods, and high yield of 85–90%, the process is effective [58]. 

 
Figure 41. Synthesis of pyrimido[4,5-d] pyrimidines by deep eutectic solvent.  

pyrano[3,2-c] chromes (41) are synthesized by a solvent-free approach using 4-

hydroxycoumarin, malononitrile, and aldehydes. The deep eutectic solvent (DES) catalyst is 

easy to recycle and separate, making it a sustainable and practical method, as shown in Figure 

42. It produces a high yield up to 85-97% [41,58]. 

 
Figure 42. Synthesis of pyrano[3,2-c] chromes using DES.  
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Novel approach for one-pot pyrano [2,3-d] pyrimidine (42) scaffold synthesis, in which 

visible light irradiation can be used as a green promoter without the need for a solvent or 

catalyst (Figure 43). Compact Fluorescent Lamp (CFL) irradiation is an inexpensive and eco-

friendly medium, with high yield, non-hazardous reaction conditions, catalyst and solvent-free 

reactions, and time-saving features [59].  

 
Figure 43. Catalyst and solvent-free synthesis of pyrano [2,3-d] pyrimidine.  

A N,N-diethyl-N-sulfoethanaminium hydrogen sulphate ([Et3N–SO3H]HSO4) is a 

SO3H-containing ionic liquid that has been synthesised. The Bronsted acidic ionic liquid's 

catalytic activity was investigated for the synthesis of DHPMs (43) through a solvent-free one-

pot multicomponent reaction. The reaction was accomplished within 40 min with 88% yield 

Figure 44 [60].  

 
Figure 44. Et3N–SO3H] HSO4 assisted synthesis for DHPMs.  

By using a catalyst-free and solvent-free Domino Ring Opening Cyclization (DROC) 

reaction, 2-iminothiazolidines (44) are prepared from aziridines and aroyl isothiocyanates 

through [3+2] cycloaddition reaction, given in Figure 45. It follows the SN2 mechanism. Aroyl 

isothiocyanates act as both nucleophiles and electrophiles. Thus, the reaction provided a high 

yield with electron-donating aziridines and electron-withdrawing isothiocyanates [61]. 

 
Figure 45. Synthesis of 2-iminiothiazolidine using domino ring-opening cyclization.  

Solvent-free, one-pot 1,3-thiazolidin-4-one (45) synthesis was performed with FeNi₃-

IL MNPs as a catalyst at 60°C with 70-93% yield in 40-80 min, as given in Figure 46. The 

process was eco-friendly and facilitated easy recovery and reuse of the catalyst using an 

external magnet [62].  

 
Figure 46. FeNi₃-IL MNPs catalysed the reaction for the synthesis of 1,3-thiazolidin-4-one.  
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Table 12. Pros and cons of a solvent-free catalyst. 

Aspect Pros Cons 

Cost 

efficiency 

Cuts down on solvent cost and waste 

disposal expenses. 

May require higher temperatures or 

energy input to compensate for the lack 

of solvent. 

Energy 

efficiency 

Often compatible with microwave or 

ultrasonic irradiation, enhancing energy 

savings. 

Mechanical grinding or heating might 

consume more energy for certain 

substrates. 

Scalability 
Easy scale-up for industrial applications 

without solvent recovery systems. 

Heat dissipation and uniform mixing 

become more difficult at a larger scale. 

Catalyst 

performance 

Compatible with solid recyclable 

catalysts (e.g., FeNi₃, MNPs, DES). 

Some catalysts may lose activity in the 

absence of a liquid phase or require 

special conditions. 

8. Recyclable Catalyst 

Reusable catalysts are the catalysts that can be used multiple times in chemical reactions 

without losing their activity [63]. These catalysts favour eco-friendly reactions with high 

efficiency. After the reaction is completed, they can be easily separated and reused, which saves 

costs, time, and energy [64]. Some representative reactions are listed in Table 13; their 

advantages and disadvantages are outlined in Table 14. 

Table 13. Reusable catalyst in organic reactions. 

Catalyst Reaction conditions Yield Time References 

Montmorillonite-KSF 
Biginelli reaction, solvent-free reflux 

80°C 
98% 1 hr [65] 

Zn L-Proline Biginelli reaction, MW, 180W 81-92% 
5-10 

min 
[66] 

L- Tyrosine 
Biginelli reaction, grinding method, 

RT 
87% 15 Min [67] 

BF₃·OEt₂ + TBAHS -30°C 97% 40min [68] 

Deep Eutectic Solvent choline chloride: glycerol (1:2), 65°C 80% 90min [69] 

For the synthesis (46) of DHPMs, HPA-Montmorillonite-KSF was used as a reusable 

and heterogeneous catalyst. The catalytic efficiency was significantly improved up to 5 cycles. 

Key highlights of this process include easy work-up, excellent purity, and yield under mild 

reaction conditions [65] (Depicted in Figure 47).  

 
Figure 47. HPA-Montmorillonite-KSF assisted synthesis of 3, 4-Dihydropyrimidin-2(1H)-ones.  

A new environment-friendly method was utilized for the synthesis of DHPM (47) 

derivatives employing bis[(L)prolina to-N, O]Zn as an affordable, effective, and mild Lewis 

acid catalyst in water. Utilizing this catalyst through the Biginelli reaction results in a yield of 

(81 to 92%) within 5-10 min, and it is active for up to five cycles, as shown in Figure 48 [66].  
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Figure 48. Synthesis of 3,4-Dihydropyrimidin-2(1H)-ones.  

L-tyrosine is used as a catalyst to synthesize physiologically active 3, 4-

dihydropyrimidin-2-(1H)-ones (DHPMs) (48) using a one-step grinding method at room 

temperature without the use of solvents. The reaction was accomplished within 15 min with 

87% yield, as shown in Figure 49. The efficiency of L-tyrosine as a viable catalyst for the 

Biginelli reaction has been demonstrated by DFT calculations [67].  

 
Figure 49. Green approach for the synthesis of DHPMs using L-tyrosine.  

Stereoselective synthesis of 2-iminothiazolidines (49) was obtained with the use of 

Lewis Acid Catalyst BF₃·OEt₂ and tetrabutylammonium hydrogen sulphate (TBAHS) as 

catalyst at a temperature of -30°C, yielding 97% in 40 min as shown in Figure 50 [68]. 

 
Figure 50. Synthesis of 2-iminothiazolidine using Acid Catalyst BF₃·OEt₂ and tetrabutylammonium 

hydrogen sulphate (TBAHS).  

Synthesis of 1,3-thiazolidin-4-ones (50) using aniline, benzaldehyde, and thioglycolic 

acid (TGA) in choline chloride: glycerol (1:2) as a DES. DES acted as a green, stable, and 

reusable catalyst, enabling imine formation, addition, and cyclization, as shown in Figure 51. 

It was recycled five times without losing efficiency, ensuring sustainability [69]. 

 
Figure 51. Synthesis of 1, 3-thiazolidine-4-one using deep Eutectic solvents.  

Table 14. Pros and cons of a recyclable catalyst. 

Aspect Pros Cons 

Environmental 

impact 

Minimize waste and pollution. 

Reduces catalyst disposal and 

environmental load. 

Some catalysts require toxic 

reagents or solvents for 

regeneration. 

Catalyst 

recovery 

Easy separation from reaction medium 

(e.g., magnetic, heterogeneous 

catalysts). 

Repeated recovery may reduce 

activity or selectivity over time. 
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Aspect Pros Cons 

Product purity 
Less contamination of the product due to 

the easy separation of the catalyst. 

Leaching of metal or active species 

may still occur, affecting purity. 

Stability and 

longevity 

Can retain activity over multiple cycles 

(commonly 4–6 times). 

Activity may degrade after several 

uses, requiring reactivation or 

replacement. 

9. Ionic Liquid (IL) Catalysed Reactions 

Ionic liquid catalysts are special salts that are liquid at room temperature. They are 

made of positive and negative ions and have unique properties such as high thermal stability 

and low vapour pressure [70]. These catalysts have the ability to dissolve many compounds 

and often work without toxic solvents. After the reactions, they can be reused up to several 

cycles without wasting activity, which makes them eco-friendly [71,72]. Representative 

reactions are given below (Table 15) its advantages and disadvantages are given in Table 16. 

Table 15. Ionic liquid-catalyzed reactions. 

Catalyst Reaction conditions Yield Time References 

Ionic Liquids 

(ILs) 
Reflux 90% 12 Hr [73,74] 

[Et₃NH] [HSO₄] 
One-pot, MCR, 80°C, 25 mol% 

catalyst 
80% 1 Hr [74] 

Isothiocyanate, 2-substituted-2-aminobenzimidazole, and triethylamine reacted 

together using ethylene dichloride as a solvent, producing 2-imino-1,3-thiazolidines (51) and 

2-imino-1,3-thiazolines, as given in Figure 52. The reaction involved ionic liquid (IL) anchored 

2-aminobenzimidazole, which first formed isothiourea and then reacted within and between 

molecules with 1,2-dichloroethene [73]. 

 
Figure 52. 2-imino-1,3-thiazolidines and 2-imino-1,3-thiazolinessynthesis using ionic liquid.  

MCR was conducted using [Et₃NH] [HSO₄] as an ionic liquid-assisted catalyst at 80°C 

to synthesize 1, 3-thiazolidin-4-ones compound (52), given in Figure 53. It gives 80% yield in 

1 hr and allows catalyst recyclability [73,74]. 

 
Figure 53. Sustainable synthesis of thiazolidinone derivative using [Et₃NH] [HSO₄] as an ionic liquid.  

Table 16. Pros and cons of ionic liquid catalyst. 

Aspect Pros Cons 

Application in 

heterocycles 

Effective in the synthesis of pyrimidines, 

thiazolidinones, pyrazoles, etc., under mild 

conditions. 

Product isolation sometimes requires extra 

purification steps due to strong IL-product 

interaction. 
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Aspect Pros Cons 

Catalytic 

efficiency 

Promotes efficient multicomponent and one-

pot reactions. 

Reaction optimization is often needed; 

some ILs inhibit desired transformations. 

Green 

chemistry 

compliance 

Non-volatile, non-flammable, and low vapor 

pressure—reduces atmospheric pollution. 

Some ILs are toxic or non-biodegradable, 

raising concerns about long-term 

environmental fate. 

Thermal and 

chemical 

stability 

Stable at high temperatures and under a wide 

pH range. 

May degrade under very high thermal 

conditions or prolonged microwave 

exposure. 

10. Miscellaneous 

Synthesis of pyrimidinedione derivatives (53) using Ceric Ammonium Nitrate (CAN) 

catalyst involves barbituric acid, urea or thiourea, and substituted aldehyde (Figure 54). This 

method was considered cost-effective, environmentally friendly, and non-toxic, with an overall 

yield of approximately 90-98% [75]. Representative reactions are given in Table 17. 

 
Figure 54. Synthesis of pyrimidinedione derivatives using Ammonium Nitrate (CAN).  

Pyrano[2,3-d] pyrimidine (54) scaffolds were synthesized using TFE as a catalyst from 

barbituric acid, malononitrile, 1,3-dimethylbarbituric acid, and aryl aldehydes, as shown in 

Figure 55. This process has utilized (2,2,2-trifluoroethanol) TFE, a polyfluorinated alcohol, as 

it is safe and reusable up to five times without requiring significant modifications [76,83]. 

 
Figure 55. Synthesis of Pyrano[2,3-d] pyrimidine using (2,2,2-trifluoroethanol) TFE.  

One-pot synthesis of BPP derivatives (55) was carried out using 5% TiO₂-SiO₂ 

heterogeneous catalyst from substituted salicylaldehyde, malononitrile, and secondary amines 

at 80°C under solvent-free medium Figure 56. Under mild conditions, this process resulted in 

an improved yield (85–92%) within 15 minutes, and the catalyst was recyclable up to three 

cycles [77]. 

 
Figure 56. Synthesis of benzopyrano [2,3-d] pyrimidine using TiO₂-SiO₂. 
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Pyrimidine (56) and pyrimidine-5-yl-(2-hydroxyphenyl) methanone (57) derivatives 

were synthesized from guanylhydrazones and 3-formylchromone as shown in Figure 57 in the 

presence of ethanol [78].  

 
Figure 57. Synthesis of a pyrimidine derivative using ethanol.  

Multicomponent condensation of hydrazine hydrate, ethyl acetoacetate, aromatic 

aldehydes, and barbituric/ thiobarbituric acid for the synthesis of pyranopyrimidines (58) in 

aqueous ethanol without the use of a catalyst is given in Figure 58. This is an eco-friendly 

reaction that achieved a good yield (79-93%) in a shorter reaction time [79]. 
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Figure 58. Pyrano[2,3-d] pyrimidines synthesis using ethanol and water.  

Effective synthesis of thioxochromenopyrimidin-5-ones and chromenopyrimidine-2,5-

diones (59) was achieved using recyclable, homogenous Keggin-type heteropoly acid catalyst, 

H₅BW₁₂O₄₀ (BWA), Figure 59. The multicomponent reaction of 4-hydroxycoumarin, 

urea/thiourea, and substituted benzaldehydes with a catalytic quantity of BWA (5 mg) under 

reflux yielded yields of 80-97% within 15-30 minutes. The BWA was readily recovered and 

reused three times with minimal activity loss [80].  

 
Figure 59. Synthesis of chromenopyrimidine-2, 5-diones using BWA.  

Biologically relevant fused pyrimidine-2,5-dione/thione (60) derivatives can be 

synthesized in an eco-friendly and effective manner at room temperature using water as a 

solvent in the presence of sodium lauryl sulfate (SLS). Synthesis of pyrimidine derivatives was 

achieved within 4-5 hrs from 4-hydroxycoumarin, aromatic aldehydes, and urea/thiourea. This 

yields up to 80–95% of fused pyrimidines using 10 mol% SLS Figure 60 [81]. 
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Figure 60. Synthesis of pyrimidine-2, 5-dione/thione using SLS.  

A novel synthesis technique for DHPMs (61) derivatives has been developed, utilizing 

tetrabutylammonium bromide (TBAB) as an eco-friendly, green catalyst. By replacing β-

dicarbonyl with urea or thiourea and aromatic aldehydes at 80°C without the use of solvents 

and with the catalyst TBAB present, novel DHPM derivatives were synthesized. The reaction 

is accomplished within 30 minutes, yielding 95% of the product, as shown in Figure 61 [82]. 

 
Figure 61. Tetrabutylammonium bromide catalyzed the synthesis of DHPM.  

Table 17. Reaction conditions for sustainable methods in organic synthesis. 

Catalyst Reaction conditions Yield (%) Time References 

Ceric ammonium nitrate 

(CAN) 
Reflux 90-98 

10- 20 

min 
[75] 

Polyfluorinated alcohol (TFE) Reflux 91 180 min [76] 

TiO2 - SiO2 Neat, 80°C 85-92 15 min [77] 

EtOH Reflux / 60°C 11-94 3-8 Hr [78] 

Ethanol/H2O (1:1 v/v) 80°C 96 20-30 min [79] 

H5BW12O40 H2O, Reflux 80-97 15-30 min [80] 

Sodium lauryl sulfate (SLS), 

10 mol%  
H2O, RT 80-95 4.5 Hr [81] 

TBAB 
Biginelli reaction, solvent-free, 

reflux 80°C 
97 30 min [82] 

11. Discussion and Critical Analysis 

Nitrogen-containing heterocycles are essential in pharmaceuticals and agrochemicals. 

Traditional synthesis involves toxic reagents, high temperature, and long reaction times, 

contributing to environmental harm. Green chemistry offers sustainable solutions through 

various approaches. Organocatalysts, such as fruit extract, fruit peel, and ash, enable metal-free 

synthesis under mild conditions; however, they often require high catalyst loading and have 

limited substrate scope. Biocatalysis enables enzymes to exhibit high selectivity in complex 

organic reactions. Nanocatalysts offer high efficiency and recyclability, although metal 

leaching and the high cost of metals pose significant challenges in their use. Solvent-free 

methods of synthesis reduce waste and increase the yield of reactions. Energy-efficient 

techniques, such as photochemistry, sonochemistry, and microwave, significantly reduce 

reaction times and improve selectivity. Additionally, green, non-toxic solvents, ionic liquids, 

deep eutectic mixtures, and biodegradable media facilitate the design of eco-friendly reaction 
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schemes. Green methodologies have high potential, but they still face challenges such as high 

costs, scalability issues, and the need for comprehensive environmental safety studies. 

12. Conclusion  

This review highlights recent advancements in sustainable methods for the synthesis of 

nitrogen-containing heterocycles that reinforce a wide spectrum of therapeutic activities, 

including anticancer, antiviral, cardiovascular, and antibacterial effects. Conventional synthetic 

approaches often suffer from inherent limitations, including the use of hazardous reagents, 

toxic organic solvents, prolonged reaction times, and high energy demands, which collectively 

hinder eco-friendly drug development. 

Over the past decade, the emergence of green synthetic strategies, encompassing 

solvent-free protocols, microwave- and ultrasound-assisted reactions, recyclable and 

heterogeneous catalytic systems, as well as bio-derived and safer solvents, has transformed 

heterocyclic chemistry. These eco-innovative methodologies not only minimize environmental 

burden but also offer significant improvements in reaction efficiency, yield, and product purity, 

thereby facilitating cost-effective and sustainable drug discovery. Continued exploration of 

environmentally benign synthetic routes is poised to play a pivotal role in advancing next-

generation pharmaceutical agents. Adoption of such alternative, sustainable processes will 

form the cornerstone of a greener chemical industry, fostering innovation and long-term 

progress in medicinal chemistry. Hopefully, this article will serve as a valuable resource for 

researchers seeking to design efficient and environmentally friendly synthetic strategies for 

heterocyclic drug development. 

13. Future Perspectives 

Heterocyclic synthesis can be effectively accomplished using continuous-flow 

chemistry, biocatalysis, deep eutectic solvents (DES), nanocatalysts, organocatalysts, and 

solvent-free processes. Intricate nitrogenous heterocycles can be easily and selectively 

constructed with less energy and solvent if multicomponent and one-pot processes are 

developed. Currently, there is a need to develop even more economic methods for the synthesis 

of pharmaceutical agents using green principles. Future research can focus on improving yield 

and reducing the time required for multistep reactions. In the future, these methods will ensure 

a steady supply of bioactive nitrogenous heterocycles while reducing environmental impact. 

The utilization of recyclable catalysts, such as metal-free and biocatalysts, as well as various 

green solvents and ionic liquids, will also help drive sustainable synthesis processes.  
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The following abbreviations are used in this manuscript: 

Abbreviation Definition 

Hr Hours 

RT Room Temperature 

Min Minutes 

HPA Hetero-Polyacid 

HNTs Halloysite Nanotubes 

DBU 1,8-Diazabicyclo[5.4.0]undec-7-ene 

PHTH Phthalic Acid 

MTPPBr Methyltriphenyl-Phosphonium Bromide 

DES. Deep Eutectic Solvent 

CuI NPs CuI Nanoparticles 

Mn Magnetic Nanoparticle 

CAN Ceric Ammonium Nitrate 

TFE Trifluoroethanol 

BWA H₅BW₁₂O₄₀ 

DHPMs 3,4-Dihydropyrimidin-2(1H)-ones 

MCRs Multicomponent Reactions 

WED Water Extract Dragon Fruit 

WEMPA Mango Fruit Peels 

DFT Density Functional Theory 

TBAB Tetrabutylammonium Bromide 

TBAHS Tetrabutylammonium Hydrogen Sulphate 
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Abbreviation Definition 

TGA Thioglycolic Acid 

IL Ionic Liquid 

DROC Domino Ring Opening Cyclization 

APTES Aminopropyltriethoxysilane 

BPP Benzopyranopyrimidine 
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