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Abstract
Water is increasingly recognized as a versatile and environmentally friendly solvent in organic chemistry. Traditionally, organic reactions have relied heavily on organic solvents, which can pose significant environmental and health hazards. In contrast, water-based solvent systems offer numerous advantages, including lower toxicity, cost-effectiveness, and enhanced reaction conditions that can lead to higher yields and selectivity. There are various types of reactions in Organic chemistry which takes place in water-based solvent systems for example Aldol condensation reaction, Biginelli synthesis, Claisen rearrangement, Diels Alder cycloaddition, Henry synthesis, Knoevenagel condensation reaction, Suzuki synthesis and Wittig reaction etc. In the context of these reactions, water-based solvent systems not only represent a promising avenue in organic chemistry but also aligning and achieving the goals of sustainability and efficiency.
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1. Introduction 
Water serves as the solvent for biochemical reactions occurring in nature and is considered environmentally friendly. Nevertheless, it effectively dissolves those organic compounds that possess polar functional groups, including alcohols and carboxylic acids. This understanding has evolved due to the pioneering research conducted by Breslow, which demonstrated the ability of water to facilitate Diels-Alder cycloaddition reactions. Notably, one of the earliest instances of this reaction was documented with water utilized as the reaction medium.1,2 
The Breslow group's subsequent investigation into the hydrophobic effect in organic reactions significantly heightened the interest of organic chemists in water.3,4  The application of water as a solvent for organic synthesis has expanded dramatically since Sharpless et al. adeptly introduced the terminology of “on-water” to describe successful reactions involving reactants that are insoluble in water.5 The current literature features a variety of recent significant books6,7, reviews8-13, and articles14-17  that provoke organic synthetic reactions in aqueous environments.
The ability of water to act as a ecofriendly solvent for organic reactions based upon its remarkable properties. First important property of water is its hydrophobic effect. Because of this effect, hydrocarbons and molecules containing hydrocarbon components exhibit a tendency to repel water, preferring to interact with other hydrocarbon substances in aqueous environments. This characteristic is responsible for the ability of soap solutions to emulsify grease and plays a crucial role in biological processes, particularly in the formation of cell membranes, in protein folding and in substrate binding with enzyme and antibodies.18 Second important property of water is ability to form hydrogen bond with polar organic molecules. If hydrogen bond acceptor sites are present in organic reactions, water not only form H-bond with them in initial state but also in transition state. The transition states of covalent reactions can be analyzed through frontier orbital interactions, specifically focusing on the HOMO and LUMO pairs of the reacting molecules A and B in the reaction A + B = C. In this analysis, lower orbital interactions are typically not considered, concentrating only on the two frontier orbitals that exhibit the smallest HOMO-LUMO gap. In case of electron-withdrawing substituents, hydrogen bonding reduces the energy of the frontier orbitals by diminishing electron density and interorbital repulsion. The impact of water's hydrogen bonding on reaction rates will depend on the extent to which the energy gab in between dominant frontier orbitals are lowered. Jorgensen and their colleagues have suggested that "enhanced hydrogen bonding" plays a significant role in the transition states of pericyclic reactions in water, as supported by high-level theoretical calculations.19,20
In recent years, the utilization of water as a solvent for organic reactions has surged, encompassing nearly all types of reactions. This chapter aims to comprehensively demonstrate the versatility and range of water as a medium for organic reactions.
2. Aldol reaction
The aldol reaction is a significant process for forming carbon–carbon bonds in organic chemistry. Various small organic molecules for example, L-proline, are recognized for their ability to catalyze the asymmetric aldol reaction. These reactions typically take place in organic solvents or involve water as a cosolvent or additive. Notably, the groundbreaking research conducted by Janda et al.21 used nornicotine as organocatalyst to conduct the aldol reaction between acetone and p-chlorobenzaldehyde in an aqueous environment. Although they achieved enantioselectivity moderately as 20%, this study was the first to demonstrate the influence of water in an 'organocatalytic aldol reaction.' The authors suggested that water serves a dual function in this catalytic process, this hypothesis was further validated by computational analysis (Scheme 1).22


Scheme 1. Aldol reaction catalyzed by Nornicotine in aqueous medium.
In the search of effective catalytic approach for aldol reaction, various prolinamide-derived organocatalysts have been developed for conducting asymmetric aldol reactions in aqueous environments. The L-proline-based dipeptide, identified by Li et al.,23 was effectively utilized in the asymmetric aldol reaction involving unmodified ketones and a range of aldehydes, including aromatic, aliphatic, heteroaromatic, and unsaturated aldehydes, in water at 0 °C (Scheme 8). The resulting products were achieved with high yields, along with notable diastereo- and enantioselectivities (Scheme 2).


Scheme 2. Micelle promoted aldol reaction catalyzed by chiral prolinamide in water.
Gryko and Saletra24 developed an L-prolinethioamide catalyst for the direct asymmetric aldol condensation reaction involving cyclic ketones and aryl aldehydes in an aqueous environment (Scheme 3). The use of water as a solvent proved effective, in the terms of high yield and stereoselectivity. This reaction takes place in a hydrophobic organic phase, indicating a biphasic medium, as demonstrated by experiments utilizing 'salting in' and 'salting out' salts.


Scheme 3. Aldol reaction catalyzed by pyrrolidine sulfonamide in water.

T. He et al.25 synthesized amphiphilic organocatalysts based on proline-cholesterol and proline-diosgenin for the first time, successfully conducting direct aldol reactions between cyclic ketones and aromatic aldehydes. The inclusion of water with these organocatalysts facilitates micelle formation, resulting in a notable increase in both reactivity and stereoselectivity (Scheme 4).


Scheme 4. Aldol reaction catalyzed by organocatalyst Proline-cholesterol and Proline--diosgenin based amphiphilic condition in water

W. Xiao et al.26 devised a controllable method for the engineering of polystyrene-supported acid-base catalysts through nanoprecipitation in water. The hydrophobic characteristics of the polystyrene chains facilitate a coil-globule collapse, which not only creates hydrophobic environments but also positions catechol and benzylamine groups, attached to the polystyrene chain, in close proximity to enhance their synergistic effects (Scheme 5).


Scheme 5. Aldol reaction catalyzed by polystyrene-supported acid–base catalyst
3. Biginelli reaction
Suzuki and colleagues investigated the Lewis acid-catalyzed Biginelli reaction utilizing water as the solvent. They found that metal triflamides, including Ni(NTf2)2, Cu(NTf2)2, and Yb(NTf2)2, effectively catalyzed the multicomponent reaction, leading to the formation of 3,4-dihydropyrimidine-2-(1H)-ones. A variety of aldehydes were tested, yielding moderate to excellent results (over 95%) with Cu(NTf2)2 as the catalyst. In contrast, when Ni(NTf2)2 or Yb(NTf2)2 were employed, the yields significantly decreased.27 Additionally, Konwar et al. demonstrated that dodecyl sulfonic acid serves as an effective surfactant-type catalyst acting as Brønsted acid for the synthesis of 3,4-dihydropyrimidin-2-ones in aqueous conditions at room temperature (Scheme 6).


Scheme 6. Biginelli reaction catalyzed by lewis acid/brønsted acid in aqueous medium
Lei and Hu demonstrated that a Biginelli-like three-component condensation reaction involving an aromatic aldehyde, a β-dicarbonyl compound, and 2-aminobenzimidazole can be effectively conducted in water using thiamine hydrochloride (VB1) as a catalyst. This reagent is characterized by its nonflammable, cost-effective, and non-toxic properties (Scheme 7). The approach presents a simple and environmentally friendly method for the synthesis of benzo[4,5]imidazo[1,2-a]-pyrimidine derivatives. Although various solvents such as THF, DMF, toluene, acetonitrile, ethanol, and dichloromethane were also tested for this reaction, the yields achieved were notably lower than those obtained using water.28


Scheme 7. Biginelli-type three-component reaction involving 2-aminobenzimidazole, aromatic aldehydes and 1,2-diphenylethanone in water.
Kumar et al. have presented a straightforward, efficient, and environmentally friendly method for the one-pot synthesis of 1,2-dihydro-1-aryl-3H-naphth[1,2-e][1,3]oxazin-3-one and amido-alkyl-naphthols. This is achieved through a Biginelli-type multicomponent reaction involving aldehydes, urea/thiourea/amides, and 1/2-naphthol, utilizing SDS-promoted cellulose sulfuric acid as a recyclable solid-supported acid catalyst in water (Scheme 8). They proposed that the reaction likely initiates with the formation of an N-acylimine intermediate from the interaction of aldehyde with urea/thiourea/amides, rather than proceeding through ortho-quinonemethides (o-QMs).29


Scheme 8. Formation of 1,2-dihydro-1-aryl-3H-naphth[1,2-e][1,3]oxazin-3-one and amido-alkyl-naphthol catalyzed by micelle promoted cellulose sulphuric acid in water.
According to the findings of D. Bhattacharjee and B. Myrboh30, sodium dodecyl sulfate (SDS) acts as a highly efficient surfactant-mediated catalyst for the production of dihydropyrimidinone derivatives via the Biginelli condensation involving aldehydes, β-dicarbonyl compounds, and urea or thiourea (Scheme 9).



Scheme 9. One pot multicomponent formation of dihydropyrimidine derivatives using SDS mediated Biginelli reaction in water
The artificial force induced reaction (AFIR) method was introduced by Puripat et al.31 to systematically investigate all possible multicomponent pathways related to the Biginelli reaction mechanism. The most promising pathway begins with the condensation of urea and benzaldehyde, which is then followed by the addition of ethyl acetoacetate. Here, urea acts as a catalyst, and water is utilized as a protic medium (Scheme 10).


Scheme 10. Urea-Catalyzed Organocatalytic Multicomponent Reaction
4. Claisen Rearrangement
The Claisen rearrangement represents a [3,3] sigmatropic rearrangement and serves as a prominent technique for the formation of new carbon-carbon bonds. This reaction proceeds via a concerted mechanism, exhibiting limited sensitivity to the polarity of the solvent. Notably, one of the earliest examples of an aqueous Claisen rearrangement was documented in 1973, focusing on the transformation of chorismate into prephenate, which is a crucial intermediate in the shikimate biosynthetic pathway responsible for the production of aromatic amino acids (Scheme 11). 32
Grieco investigated the kinetics of the Claisen rearrangement involving carboxylate-containing vinyl ethers and discovered that the reaction rate in water was 20 times greater than that observed in organic solvents.33


Scheme 11. Aqueous mediated Claisen rearrangement involving the conversion of chorismate to prephenate
Auge and colleagues investigated the Claisen rearrangement of 6-β-glycosylallyl vinyl ether in both toluene and water. The rearrangement occurred within 1 hour at 80 °C in water, whereas in toluene, a significantly longer reaction time of 13 days was required at the same temperature. To facilitate the reduction of the resulting aldehyde, sodium borohydride was introduced into the reaction. In a separate study, the same research team analyzed the reaction involving the α-anomeric form of 6-glycosylallyl vinyl ether. In water, the Claisen rearrangement took place over 1.5 hours at 60 °C; however, when toluene was used as the solvent, no reaction was detected, even with increased heating. Under these conditions, the predominant outcome was the decomposition of the 6-α-glycosylallyl vinyl ether (Scheme 12).34


Scheme 12. Claisen rearrangement in aqueous medium involving glycosylallyl vinyl ethers
Sharpless and colleagues have documented the Claisen rearrangement of 4-chloro-1-substituted naphthol. Conducting the reaction at ambient temperature in an aqueous medium over a period of five days (0.28-0.46 M) resulted in the formation of the rearranged product with a yield of 100% (Scheme 13). In contrast, performing the same reaction in organic solvents like toluene or methanol led to markedly lower yields, particularly with nonpolar toluene, which yielded only 16%.35


Scheme 13. Claisen rearrangement involving 4-Chloro-1-substituted naphthol in aqueous medium
The Claisen rearrangement plays a crucial role in various total syntheses.36 The use of aqueous conditions could greatly enhance its applicability, as traditional organic solvents often necessitate high temperatures and extended reaction times, leading to potential decomposition. Nicolaou and colleagues demonstrated a water-accelerated conventional Claisen rearrangement followed by a Diels-Alder linked cascade reaction in the total synthesis of gambogin, which is a cytotoxic natural product derived from the evergreen Garcinia genus plant. They highlighted the remarkable efficiency of the Claisen rearrangement with the model substrate (Scheme 14), which occurred at ambient temperature in an ethanol/water mixture. Subsequently, the conversion of the intermediate to the essential gambogin precursor was achieved through the Claisen rearrangement as well as Diels-Alder sequence in aqueous medium at 65 °C.37


Scheme 14. Water-accelerated conventional Claisen rearrangement as well as Diels-Alder linked cascade reaction in the total synthesis of gambogin

5. Diels-Alder Reactions
The Diels-Alder reaction is regarded as one of the most significant synthetic reactions in organic chemistry, particularly for the formation of complex six-membered rings. Its exceptional versatility remains unmatched, and it is noteworthy that this reaction was among the first to be investigated with water as a solvent.38 In the 1930s, Diels and Alder conducted research on the interaction between furan and maleic anhydride considered as intermolecular cycloaddition reaction, which was later analyzed again by Woodward and Baer in 1948 (Scheme 15).39



Scheme 15. Diels-Alder reaction in between furan and maleic anhydride in aqueous medium
Research into the intramolecular variants of the Diels-Alder reaction has utilized water as a solvent, but this has not been as thoroughly investigated as the intermolecular variants. Grieco's work focused on the intramolecular Diels-Alder reaction between a diene and an iminium salt, leading to a complex tricyclic ring structure.40 The reaction, when performed in water, achieved an 80% yield after 48 hours, resulting in one isomer only (Scheme 16).


Scheme 16. Intramolecular type of Diels-Alder reaction in between a diene and an iminium salt
The study conducted by Kibayashi focused on the intramolecular Diels-Alder reaction involving acylnitroso compounds generated in situ, utilizing aqueous medium.41 The reaction's initial phase consisted of the periodate oxidation of hydroxamic acid to create the nitroso compound, which subsequently underwent an intramolecular type of Diels-Alder cycloaddition, resulting in the formation of the respective cis and trans compounds (Scheme 17).


Scheme 17. Intramolecular type of Diels-Alder reaction invoving acylnitroso compounds.
Sharpless and his team illustrated the influence of water on the Diels-Alder reaction involving trans,trans-2,4-hexadienyl acetate and N-propylmaleimide.5 For instance, the reaction duration in toluene was 144 hours, while in methanol it was reduced to 48 hours. Even without a solvent, the reaction still required 10 hours to achieve comparable product yields of 81-82%. In contrast, when conducted in water, the pure product was successfully isolated with an 81% yield after just 8 hours of stirring (Scheme 18).


Scheme 18. Diels-Alder Reaction involving trans,trans-2,4-Hexadienylacetate with N-Propyl Maleimide “on water”
The research by L. R. Pestana et al.42 employed ab initio molecular dynamics simulations to analyze the free energy of a retro-Diels−Alder reaction in bulk water at various densities, in addition to examining the reaction in water, nanoconfined by parallel graphene sheets (Scheme 19).
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Scheme 19. Diels-Alder Reactions in aqueous media using parallel nanoconfined graphene sheets through microsolvation
6. Henry reaction
The Henry reaction, also known as Nitro-aldol reaction, plays a crucial role in the formation of carbon–carbon bonds and is extensively utilized in organic synthesis. This reaction involves the interaction of an aldehyde with nitromethane, generally carried out in organic solvents. In their research, Li et al. explored double-stranded DNA as a biocatalyst to enhance the Henry reaction in an aqueous medium under mild conditions (Scheme 20).43



Scheme 20. Henry reaction catalyzed by DNA in water.
An innovative catalytic asymmetric aza-Henry reaction has been established by Bengoa et al. utilizing phase transfer conditions. This direct aza-Henry reaction is distinguished by its effectiveness with both nonenolizable and enolizable aldehyde-derived azomethines, along with its ability to tolerate various nitroalkanes, excluding nitromethane, for the generation of β-nitroamines (Scheme 21).44


Scheme 21.  Aueous mediated phase transfer catalysed Aza-Henry reaction by using the precursors nitromethane along with Azomethines derived from α-amido Sulfones
Research conducted by Larionov V. A. et al.45 revealed that chiral NNO-type copper(II) complexes can efficiently catalyze the condensation of o-nitrobenzaldehyde with nitro methane, provided that water is included in the reaction environment. Notably, the copper(II) ion did not participate in the direct Lewis acid promoted activation of the aldehyde carbonyl group, which contradicts the typical perspective on the role of copper complexes in Henry reaction catalysis (Scheme 22)


Scheme 22. Henry reaction catalyzed by NNO-type new copper (II) chiral complex in aqueous medium

The pioneering work by Z. H. Du et al.46 presents the first instances of effective Henry reactions between nitroalkanes and aldehydes or trifluoromethyl ketones, conducted without any use of catalysts or additives. This reaction is performed in a recyclable tap water medium at ambient temperature and demonstrates compatibility with a diverse array of aldehydes and trifluoromethyl ketones, yielding a series of various β-nitro alcohol products in remarkable yields (Scheme 23).


Scheme 23. Henry Reaction involving Nitroalkanes and Aldehydes (or Trifluoromethyl Ketones) in catalyst free condition, promoted by tap water
B. Saikia47 used a very simple and highly abundant waste material to prepare natural base such as ‘Water Extract of Leaf Ash of Neem’ (WELAN). It is impressive that the catalytic system functions independently of activation and does not necessitate any toxic ligands, additives, promoters, bases, or organic solvents (Scheme 24).


Scheme 24. Henry reaction in WELAN

7. Huisgen [3 + 2] Cycloaddition reactions

The Huisgen cycloaddition reaction is an exceptionally adaptable technique for creating five-membered heterocyclic rings.48 One of the earliest instances of Huisgen [3 + 2] cycloaddition conducted in an aqueous medium involved nitrile oxides. These reactive entity 1,3-dipoles are produced in biphasic aqueous/organic systems and participate in [3 + 2] cycloaddition with various dipolarophiles, resulting in substituted isoxazoles.49,50  Pandey and Pandey investigated the [3 + 2] cycloaddition of C,N-diphenylnitrone with different dipolarophiles using water as the solvent.51 The reactions performed in water were quicker; however, there was no significant enhancement in either regioselectivity or stereoselectivity of the reaction (Scheme 25).



Scheme 25. Nitrone [3 + 2] cycloaddition reaction with different type of dipolarophiles in aqueous medium

The Huisgen cycloaddition reactions involving phthalazinium ylides in aqueous environments, as documented by Butler and colleagues, are significant due to the involvement of at least one solid reactant. For instance, the solid compound phthalazinium-2-dicyanomethanide, which is insoluble in water, successfully reacted with methyl methacrylate,52 substituted styrenes,53 or 2-buteneone,53 yielding dihydropyrrolophthalazines in high yields when conducted in water (Scheme 26).


Scheme 26. [3 + 2] Huisgen cycloaddition reaction of phthalazinium-2-dicyanomthanide involving dipolarophiles.
Wang and Qin investigated the reaction between substituted aryl azides and alkynes utilizing water as a solvent.54 The reactions yielded high cycloadducts, achieving yields of up to 96%. Notably, when these reactions were conducted in organic solvents, a marked difference in regioselectivity was observed. In prior work, Rees and colleagues reported the reaction of phenyl azide with phenylacetylene in refluxing toluene, resulting in two regioisomeric products in an approximately 1:1 ratio. However, when the solvent was switched to water and the reaction was conducted at a bath temperature of 120 °C, the 1,4-substituted triazole emerged as the predominant isomer (Scheme 27).55




Scheme 27. [3 + 2] Huisgen cycloaddition reaction involving phenylazide and substituted acetylenes
Chemists at Novartis have reported a noteworthy industrial application of the aqueous organic azide Huisgen cycloaddition reaction. They investigated the reaction between a substituted benzyl azide and 2-chloroacrylonitrile, resulting in the formation of cyanotriazole across various solvents. The reaction yielded 46% in organic solvents, whereas an impressive 98% yield was obtained in water. This substantial difference can be attributed to the in situ elimination of HCl in organic solvents, which led to the polymerization of unreacted chloroacrylonitrile, thus reducing the yield. In contrast, conducting the reaction in aqueous medium created a biphasic system that facilitated the extraction of HCl into the aqueous phase, effectively removing it from the organic layer and preventing the polymerization of reactant used chloroacrylonitrile (Scheme 28).56


Scheme 28. Huisgen [3 + 2] cycloaddition reaction involving azides with chloroacrylonitrile in aqueous medium
Rama P. Tripathi and colleagues57 developed various types of 1,4-disubstituted-1,2,3-triazoles through a [3+2] cycloaddition reaction involving different 2-(azidomethyl)-dihydronaphtho(benzo)furans and a range of alkynes. Initially, the reaction of iodomethyl-dihydronaphtho (or benzo) furans with sodium azide, facilitated by copper powder as a catalyst at 90°C in N,N-dimethylformamide, produced the corresponding 2-(azidomethyl) dihydronaphthofuran and 2-(azidomethyl)-dihydrobenzofuran derivatives. Subsequently, the (3+2) cycloaddition of these 2-azidomethyldihydronaphtho (or benzo) furans with various alkynes was conducted in the presence of 5 mol% Na-ascorbate, utilizing a mixture of t-BuOH and water in 2:1 ratio along with 1 mol% CuSO4·5H2O at 90°C, resulting in the formation of the desired 1,4-disubstituted-1,2,3-triazole compounds with good yields (Scheme 29).



Scheme 29. Formation of 1-(2,3-dihydrobenzofuran-2-yl-methyl [1,2,3]-triazoles by the application of Huisgen (3+2) cycloaddition reaction
8. Knoevenagel condensation reactions
The Knoevenagel reaction, which involves the base-catalyzed condensation of aldehydes with active methylene compounds, serves as a key approach in the synthesis of various polyfunctionalized organic compounds. Kumar et al. detailed a boric acid-catalyzed three-component reaction in 2008, which involved N,N-dialkylaniline, a 1,3-dicarbonyl compound, and formaldehyde within aqueous micelles created using SDS and water (Scheme 30). The reaction mechanism appears to follow a tandem Knoevenagel–Michael sequential domino pathway for the synthesis of the target compound. Notably, the presence of boric acid as a catalyst is essential, as the reaction without it leads to a predominant side reaction between N,N-dialkylaniline and formaldehyde.58


Scheme 30. Boric acid-catalyzed Knoevenagel/Michael domino reaction in water.
Zhou et al. have successfully created an effective three-component reaction involving indole, aldehyde, and malononitrile, resulting in the formation of a 3-indole derivative through a Knoevenagel/Michael domino reaction with outstanding yield.59 The incorporation of a copper(II) sulfonato salen complex alongside a mild acid, KH2PO4, enhanced the selectivity of the reaction, with KH2PO4 likely serving to regulate the pH of the aqueous medium (Scheme 31).



Scheme 31. Three-component reaction of indole, aldehyde, and malononitrile in water.

An effective approach for the synthesis of dihydropyrano[2,3-c]-pyrazoles has been introduced, involving a four-component reaction of aromatic aldehydes, hydrazine, ethyl acetoacetate, and malononitrile in an aqueous solution, enhanced by ultrasound irradiation (Scheme 32).60 Furthermore, the reaction can be carried out with piperidine as a catalyst in water.61



Scheme 32. Four-component Knoevenagel reaction involving hydrazine, ethyl acetoacetate and malononitrile in water

Ahmed I. A. Soliman et al. introduced a new synthetic strategy that employs an aqueous solution of cationic kraft lignin (CKL) as a catalyst. The CKL was synthesized by the reaction of kraft lignin (KL) with glycidyltrimethylammonium chloride (GTMAC) in a basic medium. The ideal conditions for the Knoevenagel reaction were identified as a 5% catalyst loading (relative to the weight of benzaldehyde), using water as the solvent at room temperature, which led to a remarkable yield of 97%. This indicates that CKL serves as a highly effective homogeneous and green catalyst (Scheme 33).62



Scheme 33. Knoevenagel Condensation reaction catalyzed by CKL in aqueous medium

The research conducted by Ganesh Chaturbhuj et al.63 highlights the pioneering utilization of carbonic acid sourced from sparkling water and generated in situ from dry ice for the efficient execution of Knoevenagel condensation. Various aldehydes successfully reacted with active methylenes, resulting in reduced reaction times when using a sustainable ethanol: water (1:1) solvent mixture at ambient temperature (Scheme 34).



Scheme 34. In-situ generated carbonic acid (CO2 (g) in sparkling water) catalyzed Knoevenagel Condensation reaction

9. Mannich reactions
The asymmetric Mannich reaction serves as a highly effective approach for producing optically active β-amino carbonyl compounds. Various research groups have investigated the use of water as a solvent in this reaction. Kumar et al. described a micelle-assisted three-component Mannich-type reaction in water, utilizing aldehydes, secondary amines, and 2-naphthol/4-hydroxy coumarins/indoles. They presented a straightforward, efficient, and environmentally friendly protocol for synthesizing novel benzylamino coumarin derivatives in an aqueous medium. The non-ionic surfactant Triton X-100 plays a crucial role in creating a stable colloidal environment, which helps stabilize the imine intermediate and enhances the reaction rate in water. This method offers significant advantages, including the successful synthesis of benzylamino coumarin derivatives without the formation of side products typically associated with organic solvents.64 Additionally, they showcased a highly efficient, rapid, and eco-friendly method for synthesizing 3-amino alkylated indoles through a Mannich-type reaction involving aromatic or heteroaromatic aldehydes, secondary amines or N-alkylanilines, and indoles in aqueous medium.
The synthesis of the target product was elucidated through the stabilization of imines by micelles. The establishment of a hydrogen bond between the indolic NH and the SO3O- group of SDS enhances the electron density at the C-3 position of indole, thereby promoting nucleophilic addition to the stabilized imines. In the following step, aromatization leads to the formation of the desired 3-amino alkylated indole derivatives (Scheme 35). The advantages of this method include high yield, ease of operation, environmental friendliness, and very mild reaction conditions for synthesizing 3-amino alkylated indole derivatives without producing bis-indole.65



Scheme 35. Micelle-promoted three-component mannich-type reaction for the synthesis of amino alkylated naphthols/coumarins/indoles in water.

A variety of Brønsted acid-surfactant-combined catalysts (BASCs) have been synthesized by Tao Chang et al.66, each functionalized with distinct acids, and utilized to facilitate the three-component Mannich reaction involving aldehyde, acetone, and amine at 25 °C in an aqueous medium. The study examined the influence of cation tail length, the ions present in the ionic liquid, the recyclability of the catalysts, and the acidity of the BASCs. Findings indicated that the catalyst 3-(N,N-dimethyloctylammonium) propanesulfonic acid toluene sulfate ([DOPA][Tos]) exhibited superior catalytic performance, attributed to the emulsions formed during the reaction. The catalytic process was straightforward, allowing for the catalyst to be recycled up to nine times through simple separation techniques without a significant loss in activity (Scheme 36).



Scheme 36. BASC ([DOPA][Tos]) catalyzed Mannich reaction in water

Ye-bin Wu and colleagues have successfully developed a one-pot synthesis method for β-amino α,α-difluoro ketones, achieving yields between 72% and 90% without the use of any additives.67 Control experiments reveal that water is essential to the process, as it forms a hydrogen bond with the fluorinated enol silyl ether, significantly influencing the addition reaction (Scheme 37).




Scheme 37. “All-Water” synthetic approach for the formation of  of β-Amino α,α-Difluoro Ketones utilizing fluorinated enol silyl ethers and imines

In their study, G. Li et al. describe a diastereodivergent asymmetric Mannich reaction that utilizes cyclic N-sulfonyl ketimines in combination with ketones, catalyzed by a chiral amine catalyst based on bispidine. The presence of extra water significantly enhances the diastereoselectivity. The reaction produces both chiral anti- and syn-benzosultams, which show potential anti-HIV-1 activity, achieving excellent yields and enantiomeric excess values ranging from good to excellent (Scheme 38).68





Scheme 38. Diastereodivergent asymmetric Mannich reaction involving cyclic N-sulfonyl ketimines along with ketones catalyzed by bispidinebased chiral amine in water
A cost-effective and efficient amphiphile, sodium dodecyl sulfate (SDS), has been utilized by Atul Kumar et al.69 to facilitate a one-pot synthesis of aromatized 4-amino alkylated-1H-pyrazol-5-ol in good yield (81-92%) through a Mannich-type reaction, which is preferred over the Knoevenagel-Michael approach. This process involves the reaction of an aromatic aldehyde, a secondary amine, and 3-methyl-1-phenyl-5-pyrazolinone in an aqueous medium. In this selective Mannich aromatization, the reaction occurs via a micelle-stabilized imine intermediate, followed by the nucleophilic addition of 3-methyl-1-phenyl-5-pyrazolinone and subsequent aromatization in water (Scheme 39).


Scheme 39. Formation of 4-amino alkylated-1H-pyrazol-5-ol through Mannich aromatization catalysed by amphiphile
10. Michael addition reactions

An innovative and efficient procedure for the nitro-Michael addition of indoles and pyrroles has been developed, employing a combination of water and microwave irradiation without the use of catalysts. This method takes advantage of the changes in the chemical and physical properties of water when subjected to microwave-mediated 'superheated conditions.' It is applicable to a range of pyrroles and indoles, allowing for their addition to β-nitrostyrene, thus presenting a promising and attractive approach for the synthesis of natural products featuring indole and pyrrole components (Scheme 40).70


Scheme 40. MW irradiated nitro-Michael addition in water involving indole, and pyrrole to various β-nitrostyrenes

In their research, Xiao and associates examined a pyrrolidine-thiourea organocatalyst in case of Michael addition reaction involving ketones, such as cyclohexanone, and nitroolefins, employing water as the solvent. This organocatalyst could be finely adjusted to achieve the best selectivity (Scheme 41).71 The findings revealed impressive yields and enantioselectivities greater than 99% ee, along with notable functional group tolerance on the nitroolefin. Meanwhile, Zhong and his collaborators investigated a similar reaction, introducing a new pyrrolidine-phosphine oxide as an organocatalyst for the aqueous Michael addition of ketones with nitroolefins (Scheme 41).72



Scheme 41. Organocatalytic Michael addition reaction in water utilizing pyrrolidine-thiourea and pyrrolidine-phosphine oxide organocatalyst.
Xinping Liang and colleagues73 designed and synthesized a range of Schiff-based ligands that incorporate both tertiary amines and lipophilic groups. Utilizing these ligands, they developed a novel chiral surfactant-type metallomicellar catalyst in an aqueous environment, which was characterized using SEM/TEM analyses. These metallomicelles are effective in facilitating asymmetric Michael addition reactions in water, yielding the desired adducts with high yields and enantioselectivities (Scheme 42).


Scheme 42. Asymmetric type of Michael Addition in aqueous medium in the presence of an innovative chirality induced surfactant inducted “Metallo-micellar Catalyst”

This research conducted by Chandan K.Mahato et al., presents a new collection of proline-derived hydrophobic organocatalysts that have been synthesized and applied for asymmetric Michael reactions, utilizing water as the sole reaction medium. Among the catalysts tested, proline derived catalyst in Scheme 43, proved to be highly effective for stereoselective 1,4-conjugated Michael additions (dr: >97:3, ee reaching >99.9%), resulting in impressive chemical yields (up to 95%) in just one hour at room temperature. This methodology represents a robust, eco-friendly, and convenient protocol, thereby enhancing the repertoire of asymmetric Michael addition reactions (Scheme 43)74. 


Scheme 43. Hydrophobic type of Chiral Organocatalytic asymmetric Michael Addition reaction in water 

An innovative photochemical approach has been introduced by Periklis X. Kolagkis et al.75 for the Michael addition of indoles to β-nitroolefins, which is environmentally friendly and does not require a photocatalyst. This method employs water as the solvent and utilizes LED bulb irradiation at 390 nm for periods ranging from 1.5 to 14 hours. Various substituted β-nitroolefins and indoles were effectively converted into the desired products, resulting in yields that range from good to high. (Scheme 44)



Scheme 44. Light-driven (LED bulb irradiated) Michael addition reaction of indoles on β-nitroolefins in water

11. Strecker reactions

The three-component reaction involving an aldehyde or ketone, a primary amine, and a cyanide ion is recognized as one of the most effective strategies for the synthesis of α-aminonitriles, which serve as versatile precursors for α-amino acids. In their research, García-Tellado et al. explored a Strecker reaction with ketones and aniline, utilizing acetyl cyanide as the cyanide source and N,N-dimethylcyclohexylamine as a Lewis base catalyst, simply in a brine medium (Scheme 45).76 Notably, this reaction did not yield N-acylated α-aminonitriles, which are typically the predominant products when using this cyanide source in organic solvents.



Scheme 45. Strecker reaction involving ketones and aniline utilizing acetyl cyanide in aqueous medium

A novel and efficient technique for synthesizing α-amino nitriles has been introduced by Paola Galletti and colleagues. This method employs a one-pot as well as three-component Strecker reaction involving a carbonyl compound, an amine, and acetone cyanohydrin in an aqueous medium (Scheme 46). The procedure is particularly effective for a range of substrates, including aliphatic and aromatic aldehydes, as well as cyclic ketones, in conjunction with both primary and secondary amines.77




Scheme 46. Strecker reaction involving benzaldehyde, benzylamine, and acetone cyanohydrin in aqueous medium without any catalytic applicability

A novel and environmentally sustainable technique for the synthesis of α-aminonitriles has been introduced by Zhi-Liang Shen et al. This method employs a three-component condensation of aldehyde, amine, and TMSCN, utilizing a catalytic amount of Indium(III) iodide in water. The reactions were carried out at room temperature, resulting in the formation of the corresponding products with moderate to excellent yields (Scheme 47).78




Scheme 47. Strecker reaction in aqueous medium catalyzed by Indium(III) iodide

A novel approach for the synthesis of α-aminonitriles has been introduced by Swati Jaydeokar et al. 79, featuring a rapid, efficient, one-pot, three-component Strecker reaction. This method employs carbonyl compounds, amines, and trimethylsilyl cyanide, with carbonic acid, generated in situ from dry ice, acting as a catalyst. Notably, carbonic acid is non-toxic, environmentally friendly, and does not leave any residual byproducts. The key benefits of this technique include high yield rates, minimized reaction times, a straightforward experimental setup, and an easy workup process. The catalyst demonstrates versatility across a wide range of substrates, allowing various aldehydes and aliphatic ketones to react effectively with aromatic amines, resulting in Strecker products in a shorter duration, thus providing both economic and greener advantages (Scheme 48).


Scheme 48. Efficient, parallel synthesis of Strecker’s α-aminonitriles catalyzed by in-situ generated carbonic acid
12. Suzuki reactions
In the Suzuki reaction, aryl or alkenyl halides undergo a palladium-catalyzed process with boranes to create new carbon-carbon single bonds. Although this reaction is commonly executed in organic-aqueous mixed solvents, it is known to proceed at a faster rate in a homogeneous environment. In their research, Uozumi and his team delved into aqueous asymmetric Suzuki coupling utilizing a chiral palladium catalyst anchored on an amphiphilic resin. The field of asymmetric catalysis has seen limited exploration in this context, but the enantioselectivities recorded were outstanding, achieving as high as 99% ee (Scheme 49).80 Furthermore, the reaction exhibited commendable functional group tolerance, with excellent yields in most instances.




Scheme 49. Asymmetric Suzuki coupling reaction in aqueous medium with a palladium catalyst supported on amphiphilic resin.
In their study, Davis and associates examined the aqueous Suzuki-Miyaura coupling reaction employing an innovative palladium dihydroxypyrimidine as catalyst.81 The main objective was to facilitate the coupling of modified amino acids and peptides. The reactions were conducted in buffered water at temperature 37 °C, without any measures taken to eliminate oxygen (Scheme 50). The results showed outstanding yields for 4-bromo and 4-iodophenylalanine, whereas 4-chlorophenylalanine did not yield any reaction.



Scheme 50. Aqueous Suzuki coupling reaction of modified amino acids.

The Pd(0)-nanoparticles synthesized within the nanopores of modified Montmorillonite clay were assessed for their catalytic efficacy in Suzuki–Miyaura cross-coupling reactions by Dipak Kumar Dutta and his colleagues. The modification of Montmorillonite clay involved activation with H2SO4 under controlled conditions to create nanopores on the surface, which served as a 'Host' for the Pdo-nanoparticles. These nanoparticles were prepared in situ by loading K2PdCl4 using the incipient wetness impregnation method, followed by reduction with hydrazine hydrate. Transmission electron microscopy (TEM) analysis indicated that the uniformly distributed Pd(0)-nanoparticles are less than 10 nm in size and possess a face-centered cubic (fcc) lattice structure. The supported Pd(0)-nanoparticles demonstrated remarkable heterogeneous catalytic activity in Suzuki–Miyaura coupling reactions involving various organoboronic acids and aryl halides, achieving a maximum isolated yield of 94% and 100% selectivity in water without the need for ligands (Scheme 51).82


Scheme 51. Suzuki reaction involving aryl halides & arylboronic acid in water catalyzed by Pdo-Montmorillonite clay 
Aryl fluorosulfates were synthesized by Sharpless et al. using a straightforward approach and utilized as coupling agents in the Suzuki−Miyaura reaction. The cross-coupling reactions were conducted in water at room temperature under air, without the need for ligands or additives like surfactants or any phase-transfer agents, resulting in high yields. Additionally, aryl fluorosulfates can serve as alternatives or substitutes for halides or triflates in various coupling reactions (Scheme 52).83


Scheme 52. Ligand free approach for Suzuki reaction in aqueous medium catalyzed by Palladium acetate

Rongbiao Tong and his team84 have made a significant contribution by reporting a mild oxidative Suzuki reaction in water for the first time, using hydrogen peroxide as the terminal oxidant. This innovative approach eliminated flammable organic solvents from the reaction, thereby mitigating the risk of fires as well as use of hydrogen peroxide by ensuring that the only byproduct was water, resulting in no waste from the oxidant, which is a remarkable achievement in the realm of green chemistry. By integrating Fenton-bromide system with the Suzuki reaction in an aqueous environment, new formal oxidative Suzuki coupling reaction was demonstrated, showing compatibility with various common functional groups. Additionally, the extension of this methodology was also highlighted to two cross dehydrogenative couplings oxidative Heck as well as  oxidative Sonogashira, thereby enhancing the versatility of this environmentally friendly strategy in organic synthesis (Scheme 53).


Scheme 53. Oxidative Suzuki coupling reaction in water involving arenes and arylboronic acids utilizing H2O2 acting as terminal oxidizing agent
13. Wittig reactions
Since the groundbreaking research conducted by Wittig and his team in the 1950s, the reaction named after him has established itself as a fundamental technique for organic chemists in the formation of C=C bonds. However, in recent years, the introduction of the Heck and Metathesis reactions has posed a challenge to the Wittig reaction's status as a primary method for synthesizing C=C bonds.
Bergdahl and colleagues investigated the Wittig reaction using a diverse array of stabilized ylides and aldehydes.85,86 Their findings indicated that while the solubility of the reactants was limited in certain instances, the yields remained high, and the reactions exhibited significant E-selectivity. The optimal results were achieved when large hydrophobic groups, such as heterocyclic rings, were incorporated. Additionally, a comparative study was conducted using two distinct aldehydes, anisaldehyde and 2-methoxycinnamaldehyde, alongside the stabilized ylide methoxycarbonyl methylene triphenylphosphorane across various solvents (Scheme 54).



Scheme 54. Wittig reaction in water.

The research conducted by McNulty and associates focused on the synthesis of E-stilbenes and alkenes via the chemoselective production of trialkyl(benzyl)phosphonium salts in water, which were then utilized in an aqueous Wittig reaction with aldehydes (Scheme 55).87,88



Scheme 55. Aqueous Wittig reaction of alkyl ylide with aldehydes.

The one-pot Wittig reactions involving α-bromoacetate (or bromoacetonitrile) and aldehydes (as illustrated in Scheme 56) were performed in refluxing aqueous 1.2 M LiCl, utilizing LiOH and PPh3 as reagents. The reactions yielded good to excellent results, with varying E/Z ratios. Additionally, Wittig reactions utilizing ylides generated in situ from PPh3 and α-bromoesters with aldehydes were effectively conducted in saturated aqueous NaHCO3 solutions (Scheme 56).89,90 High yields and notable E-selectivity were observed for aryl aldehydes during the reaction, but a decline in both yield and E/Z selectivity was noted when alkyl aldehydes were analyzed.







Scheme 56. Wittig reaction with in-situ generated alkyl ylide with aldehydes. 

The research conducted by Gavin J. Miller and his team91 focused on the biocatalytic production of aldehydes in water-based conditions, while also enabling a one-pot Wittig reaction utilizing stabilized phosphoranes, leading to a range of alkene products. By utilizing a recombinant choline oxidase mutant, they successfully carried out the biocatalytic oxidation of a diverse array of functional aliphatic primary alcohols, demonstrating significant substrate tolerance for this enzyme, which included compounds with bromide, S-methyl, chloride, alkynyl and azide groups (Scheme 57).


Scheme 57. One pot sequential bio-catalytic oxidation of alcohol and Wittig reaction in aqueous media

14. Conclusion
This chapter outlines several advantages of utilizing water as a solvent in chemical reactions. In industrial applications, water serves as both an environmentally friendly and cost-effective solvent. Additionally, the observation that certain effects observed in aqueous solutions can also occur in water suspensions indicates that even insoluble substances may be more effectively utilized in water. Nevertheless, the primary motivation for selecting water as a solvent lies in the hydrophobic effect, ability to form hydrogen bonding, polarity effect as well as its nature to form amphiphilic suspensions which facilitates extraordinary new chemical reactions that would not be possible otherwise. In conclusion, the most significant barrier to the broader adoption of aqueous synthesis may stem from psychological factors. It is anticipated that this chapter will help clarify some of the misunderstandings that many chemists may hold about the limitations of water as a solvent for organic reactions.
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