


Review Article
A brief overview on multi-component synthesis of tri- and tetra-substituted imidazoles

Abstarct
Imidazole ring is a five-membered aromatic heterocycle which is widely present in natural products to synthetic molecules. The imidazoles are a group of heterocyclic molecules have diverse significance in the modern world due to its exploration potential and various pharmacological applications. They are relevanat in the production of commercial drugs and the treatments of various disease conditions. The imidazole nucleus is present in many natural compounds and widely distributed in essential amino acids also. Their derivatives exhibit powerful pharmacological properties and they readily bind with a variety of enzymes and receptors in biological systems through diverse weak interactions, thereby exhibiting broad bioactivities.  In this review, we evolved the historical timeline and development of synthetic pathways for tri- and tetra-substituted imidazoles using various kinds of catalysts. Furthermore, we explore various biological and pharmacological applications documented in the literature useful for imidazole-based drug discovery. Tri or tetra substituted imidazole derivatives show strong potential for new synthesis methods and this work systematically gives a comprehensive review in recent developments of tri- and tetra- substituted imidazole-based compounds in the whole range of pharmacological application. It is hoped that this review will be helpful for new thoughts in the quest for rational designs of more active imidazole-based medicinal drugs, as well as more effective diagnostic agents and pathologic probes.
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Introduction
       Physically imidazole is colourless liquid with boiling point around 2560C and chemically imidazole is a planar five-member ring system with 3C and 2N atom in 1 and 3 positions and the simplest member of the imidazole family is unsubstituted imidazole itself with molecular formula C3H4N2 which is soluble in water and also in other polar solvents and exists in two equivalent tautomeric forms (Figure 1).[1] Imidazole is a highly polar compound having dipole moment ≈ 4.8 D in dioxane is entirely soluble in water but their substituted derivatives are not soluble in water due to the presence of hydrophobic groups.[2] Imidazole is aromatic and it is amphoteric in nature; as an acid, the pKa of imidazole is around 14.5, and as a base imidazole is approximately 60 times more basic than pyridine-the basic site is N-3 and the acidic site is N-1. (Figure 1) [3] Imidazoles were prepared in 1858 from glyoxal and ammonia and several approaches are available in literature for synthesis of imidazoles as Radiszewski synthesis, dehydrogenation of imidazolines, from alpha halo ketones, Wallach synthesis, from aminonitrile and aldehyde and Marckwald synthesis.[4]. Imidazole moiety is incorporated into many important biological molecules especially in the form of histidine and histidine is present in many proteins and enzymes and plays a vital part in the structure and binding functions of hemoglobin.[5] Histidine can be decarboxylated to histamine, which is also a common biological compound. Imidazole has become an important part of many pharmaceuticals and synthetic imidazoles are present in many bioactive compounds as fungicides, antifungal, antiprotozoal, and antihypertensive medications.[6] In nature, Imidazoles are found in tea leaves and coffee beans, which stimulates the central nervous system and apart from the pharmaceutical uses imidazole has been used extensively as a corrosion inhibitor on certain transition metals, such as copper, preventing copper corrosion is important, especially in aqueous systems, where the conductivity of the copper decreases due to corrosion.[7] 


Figure 1: Imidazole and tautomeric form
The proton and other electrophilic reagent will attack the unshared electron pair on N-3, but not that on the ‘pyrrole’ nitrogen since the lone pair is a part of the aromatic sextet. Imidazole ring is susceptible to electrophilic attack on an annular carbon and it is mostly reluctant to nucleophilic substitution reaction unless there is a strongly electron withdrawing substituents elsewhere in the ring.[8] Naturally the position C-2 is most prone to nucleophilic attack and the fused benzene ring in benzimidazoles provides sufficient electron withdrawing effect to allow a variety of nucleophilic substitution reaction at C-2.[9] The overall reactivity of imidazoles is referred from a sets of resonance structure (Figure 2) in which the dipolar contributors have finite importance which predict electrophilic attack in imidazole at N-3 or any ring carbon atom, nucleophilic attack at C-2 or C-1 and also the amphoteric nature of the molecule can be explained with the forms of resonating structures.[10] This review mainly enlights the literature study of synthesis and pharmaceutical importance of the imidazole moieties.


Figure 2: Resonating structures of Imidazole
Biological and pharmacological activities  
       Imidazole is a planar five-membered heterocycle and heterocyclic structures play a crucial role in organic chemistry research and development, with millions of them having been discovered, each possessing unique characteristics and biological importance.[11-13] Imidazoles show interesting biomedical activity and ability to form complexes with certain dyes and they form synthesized metal complexes for Pd(II) and Pt(IV) ions with an imidazole core for antioxidant and therapeutic applications.[14-18] Literature study demonstrated that imidazoles have anticancer activity in complexes form against breast cancer receptors and have significant importance of imidazole metal complexes in the pharmacological field. [19]. 
       It is conceivable that isomeric versions of imidazole and the position of the imino hydrogen, which can be attached to either one of the two positively charged nitrogen atoms or both depending on the shape of the tautomer, varies [20]. Imidazole has emerged as a key component in the development of novel pharmaceutical medications. Imidazole derivatives have a wide range of pharmacological activity e.g. antifunagal, [22-28] anti-inflammatory activity [29-35], cardiovascular activity [36-38], anti-neoplastic activity [39-40], anti-fungal activity [41-42], enzyme inhibition activity [43-46], anti-anthelmintic activity [47-48], anti-viral activity[49]. antibacterial properties [50] anticonvulsant[51-52] antitumor [53], antidiabetic [54], antiviral [55], antioxidant [56], antimalarial [57], anti-ulcer[58-59], anti-cancer[71-72,62-63] properties. Metronidazole other nitroimidazoles (misonidazole, metrazole and clotrimazole) are important anti-cancer drugs and priscol and privine are valuable vasodialating and vasoconstricting drugs and 2-aminoimidazolines have fungicidal action.[22-72] The modern scientific researches aim at discovering more effective and better-tolerated imidazole derivatives.


Figure 3: Known drugs containing imidazole moiety
The imidazole heterocycles are widely studied and exploited by the pharmaceutical industry in the search for new drugs and drugs containing imidazole rings interact with a variety of therapeutic targets, show diverse biological activities and also have clinically therapeutic potential. Research and development of drugs containing the imidazole motif remains a dynamic and attractive area in medicinal chemistry and a substantial number of imidazole-motifs are in various stages of clinical trials.[70] Parameters such as pharmacokinetics, pharmacodynamics for each drug class determines broad range of compounds screening through a structure-activity relationship (SAR) study. Therefore, Imidazole has various uses in the development of pharmacological and biochemicals and thus, the synthesis of imidazoles has been a very important goal in recent years for all of the aforementioned applications.[72]
         Antifungal activities of imidazole derivatives exhibit interesting effect, making them compounds of great interest in the field of medical research (examples-Table 1). Imidazole derivatives showa antifungal activities against Fusarium oxysporum, Candida albicans, and Aspergillus niger strains.[21-25] Tested compounds by Nikalje et al.[21], Husain et al.[23] Ghorbani-Vaghei et al.[24] exhibited antifungal activity against Fusarium oxysporum, especially the one containing an alkyl group in the para position. Consequently, they can be regarded as promising antifungal agents.
Table 1: Structures of potent antifungal imidazoles:
	Compound structure
	Biological activity
	References

	

	Antifungal
	[74]

	

	Antifungal
	[74]

	

	Antifungal
	[74]

	

	Antifungal
	[75]

	

	Antifungal
	[76]

	

	Antifungal
	[78]

	

	Antifungal
	[78]

	

	Antifungal
	[78]

	
	
	

	

	Antifungal
	[163]
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	Antifungal
	[158]



          Imidazoles exhibit antibacterial activity however, its direct use is often restricted due to its toxicity.Although imidazoles are primarily recognized for their antifungal properties, their antibacterial activity can vary depending on the specific compound and the class of targeted organisms.(examples-Table 2).Some imidazole derivatives showa antibacterial activities against Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) and the presence of the nitro group (-NO2 ) in the compounds shows high activity against the studied bacterial strains.[65-69] The formation of hydrogen bonds with the active centers of cellular constituents disrupt the normal cell structures caused bacterial death [69]. Wen et al. tested various imidazole derivatives for their antibacterial activities which suggests that compounds carrying a smaller alkyl amine motif exhibits moderate antibacterial activities.[68]
Table 2: Structures of potent anti-bacterial imidazoles:
	Compound structure
	Biological activity
	References

	

	Antibacterial
	[65]

	

	Antibacterial
	[65]

	

	Antibacterial
	[67]

	

	Antibacterial
	[68]

	

	Antibacterial
	[66]


 
In 2022, Smith et al. [70]92] targeted a new synthetic imidazole drug for treating cancers with MTAP gene deletion. Imidazole compounds act as anticancer agents exhibit antiproliferative properties and induce apoptosis in cancer cells. Table 3 summarizes certain imidazole derivatives along with their anticancer, anti-inflamatory, anti-convulsant activities against various cancer cell lines.[71,72,28,34,51,52]85,86,168,162,157,167 ] Some imidazoles has the potential to overcome the limitations of current clinical drugs such as methotrexate, etoposide, and paclitaxel, which are used as chemotherapeutic agents and therefore, the imidazole core were utilized time to time for new anticancer agents with multiple potential mechanisms of action. In this regard, Sharma et al. [71]85], Xue et al. [74]88] Kalra et al. [75]89] studied several imidazole derivatives that showed potent anticancer activities. 
Table 3: Structures of potent anti-cancer, anti-inflamatory and anti-convulsant imidazoles:
	Compound structure
	Biological activity
	References

	

	Anticancer
	[71]

	

	Anticancer
	[71]

	

	Anticancer
	[28]

	

	Anticancer
	[61]

	

	Anticancer
	[61]

	

	Anti-inflamatory
	[35]

	

	Anti-inflamatory 
	[34]

	

	Anti-convulsant
	[61] 

	

	Anti-convulsant
	[52] 



Synthesis of Various Imidazole structures
      Multi-component reactions (MCRs) are convergent reactions, in which three or more starting materials react to form a product, where basically all or most of the atoms contribute to the newly formed product. In an MCR, a product is assembled according to a cascade of elementary chemical reactions. Thus, there is a network of reaction equilibria, which finally flow into an irreversible step yielding the product. The challenge is to conduct an MCR in such a way that the network of pre-equilibrated reactions channel into the main product and do not yield side products. The result is clearly dependent on the reaction conditions: solvent, temperature, catalyst, concentration, the kind of starting materials and functional groups. Such considerations are of particular importance in connection with the design and discovery of novel MCRs [76-77]. 
Imidazole is a five membered heterocyclic compound. There were so many different conventional methods to synthesize imidazole and its derivatives and in the study of  literature, it was found that imidazole was synthesized under solvent free condition and refluxing method with the help of efficient and different catalyst & without catalyst with good yield. This review encompasses various synthesis pathways for tri- and tetra-substituted imidazoles, starting from benzyl, 9,10-phenanthrenequinone, isatin, acenaphthenequinone, and tracing their synthesis from discovery to the final product highlighting different synthetic methodologies documented in the literature.
      The synthesis of trisubstitued imidazoles was done 100 years ago by Radiszewski et al. They have identified triphenyl imidazole from condensation reaction of benzyl such as di-carbonyl or glyoxal compound with benzaldehyde, keto-aldehyde in the presence two equivalent ammonia molecules with yield up to 80% (Scheme 1) [78].


Scheme 1: Synthesis of imidazole by Radiszewski et al.
In  Bourissou et al. synthesized tri substituted imidazoles using benzyl, benzonitrile, and primary amines on the surface of silica gel under solvent-free conditions with microwave irradiation, yielding moderate efficiencies up to  81% (Scheme 2).[79]


Scheme 2: Synthesis of imidazole by Bourissou et al.
In Safari et al. Synthesised trisubstituted imidazoles upto 80% of yield using benzyl, various aldehydes and NH4OAc under microwave irradiation, under solvent-free conditions with catalyst (NH4)6Mo7O24.4H2O. (Scheme 3).[80]


Scheme 3: Synthesis of imidazole by Safari et al.
In Qasim et al. had synthesized tri substituted imidazoles through one-pot three components reaction among 1,10-phenanthroline-5,6-dione, various aldehydes, and NH4OAc, using Ionic liquid as catalyst. This reaction was carried out at room temperature, resulting in an considerable yield  up to 85 % (Scheme 4).[81]


Scheme 4: Synthesis of imidazole by Qasim et al.
However, In 2016, Wahyuningrum et al. synthesized of 4,5-disubstituted imidazoles by reacting a diketone with various aldehydes or ketones, using NH4OAc in glacial AcOH assisted by microwave irradiation for 5–7 mins, with yield exceeding  84 % (Scheme 05).[82]


Scheme 05: Synthesis of imidazole by Wahyuningrum et al.
In 2010, Nalage et al. synthesised of tri substituted imidazoles in the presence of polyethylene glycol (PEG)using benzyl, 3-methoxy-4-hydroxybenzaldehyde and ammonium acetate under microwave irradiation for 5 min, achieving yields of up to 71 % (Scheme 6).[83]


Scheme 06: Synthesis of imidazole by Nalage et al. 
Furthermore,In  Sparks et al. carried out the synthesis of tri-substituted imidazoles using keto-oxime and aldehyde with NH4OAc in AcOH at around 200 min under microwave irradiation, with yields up to 70%. (Scheme 7).[84]


Scheme 7: Synthesis of imidazole by Sparks et al. 
In Steck and Day et al. carried out the synthesis of substituted imidazoles with terephthaldehyde and NH4OAc in glacial AcOH, achieving excellent yields exceeding 70 % (Scheme 8) [85].


Scheme 8: Synthesis of imidazole by Steck and Day et al.
In Wang et al. synthesized three compounds- 2-phenyl-1H-imidazo [4,5-f], [1,10]phenanthroline from benzaldehyde (1), 2-(2-naphthyl)-1H-imidazo [4,5-f]phenanthroline from 2-naphthaldehyde (2), and 2-(2-anthryl)-1H-imidazo [4,5-f] phenanthroline from 9-anthrylaldehyde. These syntheses were carried out in the presence of ammonium acetate and AcOH for 4h under reflux condition, with yields up to 68 % (Scheme 9).[86]


Scheme 9: Synthesis of imidazole by Wang et al. 
In Tavgeniene et al. accomplished the synthesis of substituted imidazoles from Aldehyde, 6-membered cyclic diketons and NH4OAc . These macro type compounds were obtained in AcOH solvent giving rise to products with yields up to 64 % (Scheme 10).[87]


Scheme 10: Synthesis of imidazole by Tavgeniene et al.
In 2007, Heravi et al. carried out the synthesis of  triphenyl-imidazole with yields up to 92% by condensation reaction of  benzyl acetate and ammonium with aldehydes, in the presence of NiCl2 .6H2O  catalyst in refluxing ethanol (Scheme 11).[88]


Scheme 11: Synthesis of imidazole by Heravi et al.
In 2007, Heravi et al.  had developed an efficient procedure for the synthesis of a tetrasubstituted imidazoles, using heteropolytungstic acid (HPA) as a catalyst in refluxing ethanol with yield up to (Scheme 12).[88]


Scheme 12: Synthesis of imidazole by Heravi et al. 
In 2008, Sharma et al. accomplished the one-pot synthesis of tri-substituted imidazoles with yields up to 82% at room temperature condition in methanol. This synthesis was carried out using benzyl, aromatic aldehyde and NH4OAc with yield up to (Scheme 13).[89]


Scheme 13: Synthesis of imidazole by Sharma et al.
In 2008, Sadeghi et al. synthesized tetra-substituted imidazoles using silica-supported boron trifluoride as a reusable and cost-effective catalyst, in reaction with benzyl, aromatic aldehydes, amine and NH4OAc. This one-pot reaction is very simple, rapid, efficient, and yields up to 96 % (Scheme 14).[90]


Scheme 14: Synthesis of imidazole by Sadeghi et al.
In 2010, Joshi et al. accomplished the synthesis 2-aryl, 4,5-diphenylimidazole by refluxing benzyl/benzoin with various aldehydes and ammonium acetate in ethanol for 40–90 min under mild reaction conditions. They employed KHPO2 as catalyst and which results in excellent yields up to 93 % (Scheme 15).[91]


Scheme 15: Synthesis of imidazole by Joshi et al. 
In 2010, Oliveira et al. has achieved a new family of Diphenyl-imidazole-2-yl-phenyl-tetraoxa7-azacyclopentadecane from the formyl azacrown ether with NH4OAc in glacial AcOH or ethanol under reflux condition for 12 h. This straight forward reaction resulted in a good yield, exceeding 64 % (Scheme 16).[92]


Scheme 16: Synthesis of imidazole by Oliveira et al. 
In 2011, Shaterian and Runge et al. accomplished the synthesis of tri substituted imidazoles, using benzyl, aromatic aldehydes, aromatic amines and NH4OAc in solvent-free ionic liquid and a catalyst at a temperature of 1000C. This method have excellent yield which exceeds 96% (Scheme 17).[93]


Scheme 17: Synthesis of imidazole by Shaterian and Runge et al. 
In 2011, Pasha et al. developed the synthesis of tetra substituted imidazoles by condensing benzoin, aniline, NH4OAc, and araldehydes with p-toluenesulfonic acid (pTSA), in ethanol as a solvent under reflux. This method is straightforward, rapid, and resulted in yields of up to 92 % (Scheme 18).[94]


Scheme 18: Synthesis of imidazole by Pasha et al. 
In 2013, Maleki et al. accomplished the synthesis of 2-substituted 4,5-diphenylimidazole using benzyl or benzoin, NH4OAc and aromatic aldehydes, with hydrogen peroxide as the catalyst, in ethanol under reflux. This reaction resulted in a yield up to  88% (Scheme 19).[95]


Scheme 19 : Synthesis of imidazole by Maleki et al. 
In 2013, Sandroos et al. synthesized 8-aryl-7H-acenaphtho [1, 2-d]imidazole, resulting in excellent yields up to 93 % under reflux condition. This approach involved the use of acenaphthylene-1,2-dione, aromatic aldehydes, NH4OAc and Ferric hydrogen sulfate is used as catalyst in ethanol (Scheme 20).[96]


Scheme 20: Synthesis of imidazole by Sandroos et al. 
In 2014, Gharib et al. has developed a new root of the multicomponent synthesis of 2,4,5- and tetrasubstituted-1H-imidazole derivatives through the condensation of benzyl/benzoin, NH4OAc, and aromatic aldehydes in the presence of silica-supported nanoparticles as a catalyst, with reflux, resulting in an excellent yield exceeding 94 % (Scheme 21).[97]


Scheme 21: Synthesis of imidazole by Gharib et al.
In 2016, Bha et al. had accomplished the synthesis of tetra-substituted imidazoles using various aromatic aldehyde, benzyl, amines, and NH4OAc in the presence of H-ZSM-22 as a catalyst, The process involves solvent free conditions generating a good yield up to 86 % (Scheme 22).[98]


Scheme 22: Synthesis of imidazole by Bha et al.
In 2017, Naureen et al.  accomplished a synthesis of tetra substituted imidazoles based on indole by refluxing, 2-arylindole-3-carbaldehydes, benzyl, anilines, and NH4OAc in the presence of AcOH with yield  exceeding 70% (Scheme 23).[99]


Scheme 23: Synthesis of imidazole by Naureen et al.
In 2018, Ravindra et al. synthesized a new class of tetrasubstituted imidazole compounds by using 4-methoxyaniline, benzyl, NH4OAc, and 4-formyl-benzoic acid, using H2SO4 as catyalyst in glacial acetic acid under reflux condition yielding  up to 70 % (Scheme 24).[100]

Scheme 24: Synthesis of imidazole by Ravindra et al. 
In 2018, Harshad et al. synthesised tri-substituted imidazole derivatives using  benzyl and aromatic aldehyde and NH4OAC. This synthesis was based on different derivatives of 1H-pyrazole-4-carbaldehyde achieving excellent yields under reflux conditions exceeding 80% (Scheme 25).[101]


Scheme 25: Synthesis of imidazole by Harshad et al. 
In 2020, Nipate et al. carried out the synthesis of 1,8-dihydroimidazo [2,3-b]indoles with yields up to 79 % using β-cyclodextrin (β-CD) as an efficient, biodegradable, and recyclable catalyst. The reaction was carried out with isatin andaromatic aldehydes and NH4OAc in a H2O–EtOH mixture under reflux condition. This method had high yield, short reaction time, cost-effective starting material, non-toxicity, environmental friendliness, and easy availability with excellent yield (Scheme 26).[102]


Scheme 26: Synthesis of imidazole by Nipate et al. 
In 2020, Hasanzadeh et al. synthesised 8-aryl-7H-acenaphtho [1,2-d]imidazole using iron-nanoparticles as a magnetic nanocatalyst. The reaction involves the presence of cenaphthenequinone, aromatic aldehydes, NH4OAc in ethanol under reflux, achieving a high yield  up to 95 % (Scheme 27).[103]


Scheme 27: Synthesis of imidazole by Hasanzadeh et al.
Conclusion
[bookmark: _GoBack]      Tri-substituted and tetra-substituted imidazoles constitute an important part in heterocyclic chemistry and they are known for their numerous biological activities. They are widely used as a crucial synthesis for the production of both biologically and pharmacologically active compounds. There are various strategies and techniques especially one pot multi-component methods have been applied to achieve these molecules. This review describes detail into the techniques and development of several synthetic routes for tri and tetra-substituted imidazoles with various analyzed of pharmacological activities (such as-antibacterial, antifungal, anticancer, antimicrobial). It has been observed that tri- or tetra- substituted imidazoles demonstrate significant efficiency with a strong potential for new syntheses along with various biological and pharmacological activities in the field of research. So, from the above discussion it can be concluded that imidazoles are therapeutically active versatile moieties which had been exploited in the past years for synthesizing various compounds for the future prospective against various diseases or disorders.
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