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Abstract- Greener solvents in C-H activation represent a pioneering approach in organic synthesis, aiming to revolutionize traditional chemical processes and enhance sustainability. C-H activation, a powerful strategy for functionalizing carbon-hydrogen bonds directly, has garnered significant attention due to its potential to streamline complex molecule synthesis. However, the use of conventional solvents in these reactions has often raised environmental and health concerns. Greener solvents, such as ionic liquids, supercritical fluids, and bio-based alternatives, offer a promising solution by significantly reducing the ecological impact of C-H activation reactions. These environmentally benign solvents not only improve reaction efficiency and selectivity but also diminish waste generation and mitigate the carbon footprint. As researchers continue to explore and optimize the use of greener solvents, the field of C-H activation is poised to make significant strides towards sustainable and eco-friendly organic synthesis, contributing to a greener and cleaner future for chemical processes.
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1. Introduction:
The development of efficient and sustainable synthetic methodologies is of paramount importance in the field of organic chemistry. Among these methodologies, C-H activation has emerged as a powerful tool for direct functionalization of organic molecules, enabling the direct conversion of relatively inert C-H bonds into more valuable C-X (X = C, N, O, etc.) bonds. 1,2 Over the past few decades, considerable progress has been made in the design and application of transition metal catalysts, directing groups, and reaction conditions to achieve selective C-H activation. However, as the field continues to advance, increasing attention is being paid to the environmental impact of chemical processes.3,4 Traditional organic solvents, such as chlorinated hydrocarbons, benzene, and toluene, have been extensively used in C-H activation reactions due to their excellent solvating abilities. Unfortunately, these solvents pose significant environmental and health risks due to their high volatility, toxicity, and potential for generating hazardous waste. In recent years, a paradigm shift towards more sustainable and environmentally benign solvents has gained momentum. The development of greener solvents has emerged as a critical aspect of achieving sustainable C-H activation processes. These solvents offer the potential to reduce the ecological footprint of chemical transformations, ensuring that the benefits of C-H activation can be harnessed while minimizing environmental harm.

This chapter aims to provide a comprehensive overview of the progress made in the utilization of greener solvents in C-H activation reactions. We will discuss various types of greener solvents, including water, fluorous solvents, ionic liquids, supercritical fluids, and bio-based solvents, highlighting their unique properties and advantages in facilitating C-H activation transformations. Furthermore, we will delve into the specific solvent effects on reaction selectivity, reactivity, and catalyst performance, providing valuable insights into the solvent-solute-catalyst interactions that govern efficient C-H activation. Ultimately, the integration of greener solvents in C-H activation processes has the potential to revolutionize the field, enabling the synthesis of complex organic molecules with higher efficiency, selectivity, and minimal environmental impact.
2. Factors Influencing the Solvent Effects in C-H Activation Reactions
Solvent choice plays a crucial role in C-H activation reactions, as it can significantly influence reaction outcomes, including reactivity, selectivity, and overall efficiency.5 Several factors influence the solvent effects in C-H activation, and understanding these factors is essential for optimizing reaction conditions and achieving desired outcomes. Here, we discuss the key factors that influence solvent effects in C-H activation reactions.

Polarity: Solvent polarity is one of the primary factors that influence C-H activation reactions. Polarity determines the solvation of reactants, catalysts, and intermediates, affecting their stability, reactivity, and interactions. Polar solvents, such as alcohols or aprotic polar solvents, can stabilize charged intermediates and facilitate reactions involving charged species. Non-polar solvents, on the other hand, are often employed to favor radical reactions. The choice of solvent polarity can thus dictate the reaction mechanism and selectivity in C-H activation.

Hydrogen-bonding capabilities: Solvents with hydrogen-bonding capabilities, such as alcohols, water, or amines, can influence C-H activation reactions by participating in hydrogen-bonding interactions with reactants, intermediates, or catalysts. Hydrogen bonding can affect the electronic structure of the substrate, altering its reactivity and facilitating C-H activation. Moreover, solvent-mediated proton transfer processes can occur, enabling the activation of C-H bonds. The presence and strength of hydrogen bonding interactions in the solvent can have a significant impact on reaction selectivity and efficiency.

Acidity/basicity: Solvent acidity or basicity can influence C-H activation by affecting the protonation or deprotonation equilibria of reactants or intermediates. Acidic solvents can protonate substrates, facilitating C-H activation reactions involving proton transfers. Basic solvents, on the other hand, can deprotonate substrates or stabilize intermediates through Lewis base interactions. The choice of acidic or basic solvents can therefore alter the reaction pathways and selectivity in C-H activation.

Solvent viscosity: Solvent viscosity can influence mass transport and molecular diffusion in C-H activation reactions. Highly viscous solvents may hinder the access of reactants to the catalyst active sites, leading to reduced reaction rates. In contrast, lower viscosity solvents allow for faster molecular diffusion and improved mass transport, promoting higher reaction rates and efficiency. Optimization of solvent viscosity is essential for ensuring sufficient reactant-catalyst contact and enhancing reaction kinetics.

Solvent-catalyst interactions: Solvents can interact with the catalyst, directly influencing its stability, activity, and selectivity in C-H activation. Solvents can coordinate to the metal center of the catalyst, altering its electronic properties and modifying its reactivity. Solvent coordination can also impact the ligand environment, affecting catalyst performance and selectivity. Understanding solvent-catalyst interactions is crucial for selecting compatible solvent systems that enhance catalyst activity and stability.

Solvent effects on transition states: Solvents can impact the transition states involved in C-H activation reactions. Through solvation effects, solvents can stabilize or destabilize transition states, affecting reaction barriers and selectivity. The choice of solvent can influence the energy landscape of the reaction, influencing the reaction mechanism and determining the preferred pathways for C-H activation.

Solvent purity: Solvent impurities can have unintended effects on C-H activation reactions. Contaminants or side reactions originating from impurities in the solvent can interfere with the desired reaction, leading to reduced selectivity or undesired byproducts. Therefore, using high-quality solvents with minimal impurities is important for achieving reliable and reproducible results in C-H activation.
3. Solvent Effects on C-H Activation:
3.1.  Influence of Solvent Polarity and Hydrogen-Bonding Capabilities

The choice of solvent plays a critical role in C-H activation reactions, as it can significantly influence reaction rates, selectivity, and mechanistic pathways. Two key solvent properties that impact C-H activation are solvent polarity and hydrogen-bonding capabilities. In this section, we will explore the effects of solvent polarity and hydrogen-bonding capabilities on C-H activation reactions, highlighting their influence on reaction outcomes and providing insights into solvent selection for optimal performance.

Solvent polarity is a fundamental solvent property that affects C-H activation reactions. Polarity refers to the separation of electric charge within a molecule, and polar solvents possess an uneven distribution of charge due to differences in electronegativity between atoms. In general, polar solvents enhance the reactivity of C-H activation by stabilizing transition states and reactive intermediates. This stabilization arises from the solvation of charged species, electrostatic interactions, and dipole-induced dipole interactions between the solvent and reactants.

Polar solvents, such as alcohols, acetone, and acetonitrile, have been widely employed in C-H activation reactions. These solvents facilitate the solubility of reactants, catalysts, and intermediates, promoting efficient mixing and enhancing reaction rates. Moreover, polar solvents can influence the regioselectivity of C-H activation by directing the catalyst towards specific C-H bonds through solvation effects. The polarity of the solvent can also affect the stability of intermediates and transition states, influencing the selectivity of competing pathways in complex C-H activation processes.

However, excessively polar solvents may lead to undesired side reactions or catalyst deactivation in some cases. Strongly polar solvents can increase the nucleophilicity of reactants and facilitate protodemetalation, where the metal catalyst is rapidly removed from the C-H activation cycle. Additionally, the high polarity of the solvent can alter the coordination environment around the metal center, affecting the catalyst's reactivity and selectivity. Therefore, a balance between polarity and reactivity must be considered when selecting solvents for C-H activation reactions.

Hydrogen-bonding capabilities of solvents also play a crucial role in C-H activation. Hydrogen bonding occurs when a hydrogen atom is attracted to an electronegative atom (such as oxygen, nitrogen, or fluorine) in another molecule. Solvents with strong hydrogen-bonding capabilities, such as water, alcohols, and amines, can influence C-H activation through various mechanisms. Hydrogen bonding can stabilize reactive intermediates and transition states by forming hydrogen bonds with substrates or catalysts. This stabilization can affect reaction rates, regioselectivity, and even alter reaction mechanisms.

Water, in particular, has gained significant attention as a solvent in C-H activation chemistry due to its unique hydrogen-bonding properties.6,7 Water can promote C-H activation through proton transfer reactions, where water molecules act as proton shuttles, facilitating C-H bond cleavage and subsequent functionalization. Additionally, water can participate in hydrogen-bonding networks with substrates and catalysts, influencing the selectivity and efficiency of C-H activation reactions.

However, it is worth noting that the presence of hydrogen-bonding solvents may compete with the coordination of substrates and catalysts, leading to reduced catalyst activity or inhibition of C-H activation. In some cases, strong hydrogen-bonding interactions can hinder the accessibility of the substrate to the metal catalyst, impeding reaction rates or selectivity. Therefore, the choice of solvent with hydrogen-bonding capabilities should be carefully considered, balancing the desired reactivity and selectivity with potential inhibitory effects.
3.2. Solvent-Solute Interactions and Their Impact on Reaction Selectivity

The choice of solvent in C-H activation reactions plays a crucial role in determining reaction selectivity, as solvents can interact with both the substrate and the catalyst, influencing the outcome of the reaction.8,9 The nature and strength of solvent-solute interactions, such as solvation, coordination, and hydrogen bonding, can significantly impact the selectivity of C-H activation processes. In this section, we will explore the effects of solvent-solute interactions on reaction selectivity in C-H activation, providing insights into the role of solvent choice in controlling regioselectivity and chemoselectivity.

Solvation is a fundamental solvent-solute interaction that influences C-H activation reactions. Solvation refers to the process of surrounding solute molecules with solvent molecules, stabilizing and solubilizing the reactants, catalysts, and intermediates. The solvation shell formed around the solute affects the accessibility of reactive sites, coordination preferences, and the stability of reaction intermediates. Consequently, solvation can dictate the regioselectivity of C-H activation, directing the catalyst to specific C-H bonds for functionalization.

Polar solvents, such as alcohols or acetone, with their ability to solvate charged species, can influence the regioselectivity of C-H activation reactions. For instance, a polar solvent can stabilize a charged transition state or an intermediate through dipole-induced dipole interactions, enhancing the reactivity of a specific C-H bond. The presence of polar solvents can also affect the coordination environment around the metal catalyst, influencing the selectivity of C-H activation.

In addition to solvation, solvent coordination with the catalyst can impact reaction selectivity. Coordination occurs when the solvent molecules directly interact with the metal center of the catalyst. Solvent coordination can modify the electronic properties of the catalyst, alter its ligand environment, and influence the activation of C-H bonds. By coordinating to the metal center, the solvent can facilitate or hinder the activation of specific C-H bonds, thus influencing the regioselectivity of the reaction.

The strength and nature of hydrogen bonding between the solvent and the solute also play a vital role in C-H activation selectivity. Solvents with strong hydrogen-bonding capabilities, such as water or alcohols, can form hydrogen bonds with the substrate or catalyst, affecting their electronic and steric properties. Hydrogen bonding interactions can stabilize or destabilize reactive intermediates and transition states, influencing the reaction pathway and selectivity. Consequently, the presence of solvents with strong hydrogen-bonding capabilities can direct the catalyst towards specific C-H bonds, resulting in regioselective transformations.

The impact of solvent-solute interactions on selectivity is not limited to regioselectivity but also extends to chemoselectivity. Chemoselectivity refers to the preference of a specific functional group or site within a molecule to undergo a C-H activation reaction. Solvent-solute interactions can influence the reactivity and selectivity of different C-H bonds based on their accessibility, electronic properties, and stabilization of intermediates. By altering the solvent environment, chemoselectivity can be modulated, allowing for the selective activation of specific C-H bonds in complex molecules.

It is important to note that solvent effects on reaction selectivity can be both advantageous and challenging. While careful selection of solvents with specific solvation and coordination properties can enable desired selectivity, excessively strong interactions or inappropriate solvent choices can lead to undesired side reactions or catalyst deactivation. Thus, a balance must be struck between the desired selectivity and the potential influence of the solvent on the reaction.
3.3. Role of Solvents in Modulating Reactivity and Catalyst Performance
The choice of solvent in C-H activation reactions not only affects reaction selectivity but also plays a critical role in modulating reactivity and catalyst performance.10,11 Solvents can influence the rate of C-H activation, the stability and activity of catalysts, and the overall efficiency of the reaction. In this section, we will explore the role of solvents in modulating reactivity and catalyst performance in C-H activation, highlighting their impact on reaction kinetics, catalyst behavior, and reaction efficiency.

Solvents can significantly influence the rate of C-H activation reactions by affecting the kinetics of bond activation and subsequent steps in the reaction pathway. Solvents provide a medium for efficient mixing of reactants and catalysts, enhancing molecular collisions and promoting higher reaction rates. The solvation of reactants can also lower the activation energy barrier for C-H bond activation, facilitating the formation of reactive intermediates and accelerating the rate-determining steps of the reaction. As a result, the choice of solvent can directly impact the reaction kinetics, allowing for fine-tuning of reaction rates and control over reaction timeframes.

Furthermore, solvents can influence the stability and activity of catalysts in C-H activation reactions. Catalysts in C-H activation often consist of transition metals coordinated with ligands, and the choice of solvent can modulate the coordination environment around the metal center. Solvents can stabilize or destabilize catalysts by coordinating to the metal center, influencing the electronic and steric properties of the catalyst. This, in turn, affects the catalyst's reactivity, selectivity, and its ability to activate C-H bonds. Solvents can also impact catalyst longevity by either preventing or facilitating catalyst deactivation processes, such as catalyst aggregation, oxidation, or ligand dissociation.

The solvent environment can also affect the coordination and reactivity of substrates in C-H activation reactions. Solvents can solvate the substrate and facilitate its interaction with the catalyst, promoting C-H bond activation. Moreover, solvents with hydrogen-bonding capabilities, such as alcohols or water, can form hydrogen bonds with the substrate, influencing its electronic properties and facilitating C-H bond activation through proton transfer processes. By modulating the substrate-catalyst interaction, solvents can influence the reactivity of specific C-H bonds, allowing for selective functionalization.

In addition to reactivity, the choice of solvent can impact the overall efficiency and scalability of C-H activation processes. Solvents can affect reaction yields, product purity, and the ease of product separation and purification. Solvents with appropriate physical properties, such as low volatility or high boiling points, can facilitate product recovery and recycling of solvents, improving the overall sustainability of the process. Furthermore, solvents that are readily available, cost-effective, and environmentally benign contribute to the economic viability and feasibility of large-scale C-H activation reactions.

It is important to consider the potential limitations and challenges associated with solvent choice in C-H activation. Certain solvents may exhibit limited compatibility with specific catalysts or substrates, leading to reduced catalytic activity or undesired side reactions. Solvents can also introduce competing reactions or alter the reaction mechanism, impacting the selectivity of C-H activation. Therefore, careful evaluation and optimization of solvent systems are crucial to achieving the desired reactivity, selectivity, and efficiency in C-H activation reactions.

Thus, solvents play a critical role in modulating reactivity and catalyst performance in C-H activation reactions. They influence reaction kinetics, stability and activity of catalysts, substrate-catalyst interactions, and overall process efficiency. By carefully selecting and optimizing solvent systems, researchers can tailor the reactivity, selectivity, and scalability of C-H activation reactions, paving the way for the development of efficient and sustainable synthetic
4. Greener Solvents in C-H Activation 
4.1. Water as a Green Solvent in C-H Activation

Water, a ubiquitous and environmentally friendly solvent, has garnered significant attention in recent years as a green alternative for various chemical processes, including C-H activation. Its unique properties, such as low cost, non-toxicity, and abundance, make water an attractive choice for sustainable transformations. In this section, we will delve into the utilization of water as a green solvent in C-H activation reactions, highlighting its advantages, challenges, and notable examples.

One of the key advantages of water as a solvent in C-H activation is its ability to act as a hydrogen bond donor and acceptor. This unique property plays a crucial role in promoting selectivity and facilitating the activation of C-H bonds. Water molecules can coordinate with both the substrate and the catalyst, influencing the reaction kinetics and thermodynamics. Additionally, the presence of water can stabilize reactive intermediates and suppress undesired side reactions, leading to enhanced selectivity.

In recent years, a wide range of C-H activation reactions has been successfully conducted in water as the solvent. For example, palladium-catalyzed C-H activation of arenes, heterocycles, and aliphatic compounds has been achieved in aqueous media. Water-mediated C-H activation has also been applied in the synthesis of complex natural products and pharmaceuticals, demonstrating its versatility and potential for practical applications. In 2016, Nallasamy and co-workers reported a palladium catalyzed tandem C−H/N−H activation reaction of acetanilide for the synthesis of carbazole in green solvent water (Figure 1).12
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Figure 1. Synthesis of carbazole in water
Despite its numerous advantages, utilizing water as a solvent in C-H activation reactions does pose certain challenges. One significant limitation is the limited solubility of hydrophobic substrates and catalysts in pure water. However, this challenge can be overcome by using appropriate cosolvents or surfactants to enhance the solubility of the organic components. Moreover, the hydrophobicity of some substrates can actually promote their preferential partitioning into the organic phase, leading to improved selectivity.

Furthermore, the presence of water can affect the reactivity and stability of certain catalysts. Some catalysts may undergo hydrolysis or deactivation in aqueous media, necessitating the development of water-stable catalysts or protective ligands. Various strategies, such as the use of ligands with hydrophilic functional groups or catalyst immobilization on solid supports, have been employed to mitigate these challenges and enable efficient C-H activation in water.

Thus, water has emerged as a promising green solvent for C-H activation reactions, offering several advantages such as non-toxicity, abundance, and its unique hydrogen-bonding capabilities. Despite the challenges associated with limited solubility and catalyst stability, innovative strategies have been developed to overcome these limitations. The successful application of water as a solvent in C-H activation reactions showcases its potential for advancing sustainable transformations in organic synthesis. Future research efforts aimed at further understanding the solvent-substrate-catalyst interactions and developing water-compatible catalysts will undoubtedly expand the scope and utility of water in C-H activation chemistry.
4.2. Fluorous Solvents: Advantages and Applications in C-H Activation
Fluorous solvents have gained significant attention in recent years as a promising class of greener solvents for various chemical transformations, including C-H activation. These solvents are characterized by their unique properties, which stem from the presence of perfluorinated alkyl chains, rendering them immiscible with traditional organic solvents. In this section, we will explore the advantages and applications of fluorous solvents in C-H activation reactions, highlighting their role in advancing sustainable transformations.

One of the key advantages of fluorous solvents in C-H activation is their remarkable solvating power and compatibility with transition metal catalysts. The fluorous phase, composed of perfluorinated alkyl chains, provides an ideal environment for stabilizing reactive intermediates and facilitating catalyst-substrate interactions. This solvating ability leads to improved reaction rates, selectivity, and catalyst reusability, which are essential factors in achieving efficient and sustainable C-H activation.

Fluorous solvents also offer enhanced control over reaction selectivity, especially in complex C-H activation processes. The presence of fluorous solvents can modify the regioselectivity of C-H activation by directing the catalyst towards specific C-H bonds. This effect is often attributed to the preferential solvation of certain functional groups or steric interactions between the substrate and the fluorous phase. Such selectivity control is valuable in the synthesis of highly functionalized molecules and pharmaceutical compounds.

Moreover, fluorous solvents enable straightforward separation and recycling of catalysts. Due to their immiscibility with traditional organic solvents, fluorous solvents can be easily separated from the reaction mixture, allowing for efficient catalyst recovery. The recovered catalysts can be reused in subsequent reactions, reducing waste generation and promoting sustainability in C-H activation processes.

Several notable examples highlight the effectiveness of fluorous solvents in C-H activation. For instance, researchers have successfully employed fluorous solvents in the C-H functionalization of aromatic compounds using palladium catalysts. The presence of fluorous solvents not only enhanced the reaction rates but also enabled excellent selectivity in the synthesis of various biaryl derivatives. Additionally, fluorous solvents have been utilized in the C-H activation of aliphatic compounds, enabling the selective functionalization of remote C-H bonds. Baran and co-workers presented a more profound demonstration of the unique potential of polyfluorinated alcohols in mediating C–H activation reactions. While undertaking the total synthesis of piperarborenine cores, the researchers serendipitously discovered that the combination of HFIP with the pivalic acid additive played a crucial role in facilitating the efficient arylation of cyclobutane-derivatives (Figure 2). The choice of this specific solvent arose from empirical optimization rather than preconceived reactivity predictions. Nevertheless, despite the absence of a fully rationalized explanation, this discovery inspired numerous research groups to incorporate fluorinated solvents into their synthetic "tool-box" and consistently consider them during optimization studies. As a result, many exciting and efficient transformations gradually emerged, making fluorinated solvents an increasingly favored choice in C–H activation reactions. This work significantly broadened the horizon of possibilities in the field and encouraged further exploration of fluorinated solvents for sustainable and effective synthetic methodologies.
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Figure 2. Diastereoselective direct arylation in the HFIP solvent.
The pursuit of direct functionalization reactions under mild conditions and without the need for external oxidants holds the potential for designing highly valuable and practical transformations. Recently, Kuninobu and Kanai showcased an impressive example (Figure 3)14 where the use of fluorinated alcohol as a reaction medium proved to be a privileged solution.15 In this instance, Pd-catalyzed C–H activation, followed by coupling with oxiranes, led to the formation of alkylated compounds under remarkably mild reaction conditions and at room temperature. The choice of HFIP as the solvent was crucial as it enhanced the stability of the oxirane coupling partner. 
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Figure 3. Pd-catalyzed C–H activation, followed by coupling with oxiranes.

Concurrently, Zhao and Su's work revealed that the selection of HFIP as the solvent was equally vital for the high-yielding direct arylation of benzoic acid derivatives, which also occurred efficiently at ambient temperature (Figure 4).16 These compelling findings demonstrate the pivotal role of fluorinated alcohols in enabling synthetically useful transformations while minimizing harsh reaction conditions, thus offering exciting opportunities for sustainable and efficient synthetic methodologies.
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Figure 4. Pd-catalyzed and HFIP-mediated C–H arylation

Recently, Rao presented another noteworthy example of mild Pd-catalyzed and HFIP-mediated C–H activation (Figure 5).17 The study focused on the challenging task of achieving a two-fold C–H functionalization, enabling the coupling of two aromatics bearing weakly coordinating directing groups (DGs). The researchers conducted extensive experimental work and successfully determined the optimal catalytic system. Interestingly, both the choice of oxidant and solvent played crucial roles in the reaction's outcome. Notably, a test reaction involving the homocoupling of benzophenone proved to be inefficient in solvents such as DMSO, DMF, and EtOH, while only moderate conversions were observed in DCE and TFE. In stark contrast, when the reaction was performed in HFIP, the desired product was obtained in an impressive 83% yield. Considering the weakly coordinating DGs used, the authors proposed that HFIP acts as a suitable ligand for palladium, providing stabilization for its high-oxidation state intermediates, thereby contributing to the reaction's success. These findings shed light on the significance of HFIP in promoting mild C–H activation and underscore its potential in addressing challenging transformations with weakly coordinating directing groups.
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Figure 5. Pd-catalyzed and HFIP-mediated C–H activation
It is worth noting that the utilization of fluorous solvents in C-H activation does present certain challenges. The limited availability and higher cost of fluorous solvents compared to traditional organic solvents may restrict their widespread use. However, ongoing research efforts aimed at developing more cost-effective fluorous solvents and exploring alternative fluorous solvents, such as fluorous-tagged catalysts, can help overcome these challenges and expand their applicability.

Thus, fluorous solvents offer unique advantages and opportunities for advancing sustainable C-H activation reactions. Their exceptional solvating power, selectivity control, and catalyst recoverability make them promising tools in the development of greener and more efficient synthetic methodologies. Further exploration of fluorous solvents, including the development of novel fluorous solvent systems and catalyst designs, holds great potential for expanding the scope and applications of fluorous solvent-mediated C-H activation, ultimately contributing to a more sustainable and environmentally conscious approach to organic synthesis.
4.3. Ionic Liquids as Environmentally Benign Solvents for C-H Activation
Ionic liquids (ILs) have emerged as a promising class of environmentally benign solvents for various chemical processes, including C-H activation.18 These solvents consist entirely of ions and possess unique properties such as low volatility, high thermal stability, and tunability, making them attractive alternatives to traditional organic solvents. In this section, we will explore the advantages and applications of ionic liquids in C-H activation reactions, highlighting their role in advancing sustainable transformations.

One of the key advantages of ionic liquids in C-H activation is their excellent solvating power, which stems from their ability to dissolve a wide range of organic and inorganic compounds. The strong ion-ion and ion-dipole interactions in ILs enable efficient solvation of substrates, transition metal catalysts, and other reaction components, leading to enhanced reactivity and selectivity in C-H activation reactions. Moreover, the tunability of ILs through the choice of cations and anions allows for tailoring their physicochemical properties to suit specific C-H activation processes.

Ionic liquids offer several additional benefits for sustainable C-H activation. Their negligible vapor pressure minimizes the release of volatile organic compounds (VOCs) into the atmosphere, reducing environmental pollution and health hazards associated with traditional solvents. Furthermore, the high thermal stability of ILs enables their use in high-temperature reactions, expanding the scope of C-H activation and facilitating the synthesis of complex organic molecules.

The unique properties of ILs also enable selective C-H activation. The choice of specific ILs can influence the regioselectivity and chemoselectivity of C-H activation reactions by providing a tailored microenvironment for the catalyst and substrate. Additionally, ILs can stabilize reactive intermediates and suppress undesired side reactions, leading to improved selectivity in complex transformations.

Several notable examples demonstrate the effectiveness of ILs in C-H activation reactions. For instance, researchers have successfully employed ILs as solvents in the direct C-H functionalization of diverse organic substrates, such as arenes, heterocycles, and aliphatic compounds. IL-mediated C-H activation has been applied in the synthesis of pharmaceuticals, agrochemicals, and fine chemicals, demonstrating the broad applicability and versatility of ILs in sustainable synthesis.

However, there are challenges associated with the use of ILs in C-H activation. Some ILs may exhibit high viscosity, which can hinder mass transfer and affect reaction rates. Strategies such as the addition of co-solvents, IL immobilization, or the use of task-specific ILs can help overcome these challenges and improve the efficiency of C-H activation reactions in IL media. Additionally, ILs are not universally benign, and the synthesis, recycling, and disposal of ILs should be carefully considered to minimize their environmental impact.

Thus, ionic liquids offer significant advantages as environmentally benign solvents for C-H activation reactions. Their exceptional solvating power, tunability, and selective capabilities make them valuable tools in advancing sustainable transformations. Continued research efforts focusing on the design of novel ILs, exploration of IL-catalyst interactions, and understanding the underlying mechanisms will further expand the application of ILs in C-H activation, contributing to the development of greener and more efficient synthetic methodologies.
4.4. Supercritical Fluids: Green Solvents for C-H Activation Reactions
Supercritical fluids have emerged as a promising class of green solvents for various chemical processes, including C-H activation.19 These fluids exhibit unique properties when subjected to specific temperature and pressure conditions, resulting in a solvent phase that possesses both liquid-like and gas-like properties. In this section, we will explore the advantages and applications of supercritical fluids in C-H activation reactions, highlighting their role in advancing sustainable transformations.

One of the key advantages of supercritical fluids in C-H activation is their excellent solvating power. Supercritical fluids have density and viscosity values that are intermediate between liquids and gases, providing enhanced mass transfer and solubilization capabilities. This allows for efficient interaction between substrates, catalysts, and other reaction components, promoting increased reaction rates and improved selectivity in C-H activation reactions. Additionally, supercritical fluids can dissolve a wide range of organic and inorganic compounds, making them suitable for various C-H activation processes.

Supercritical fluids offer several additional benefits for sustainable C-H activation. One significant advantage is their low environmental impact. Supercritical fluids are non-toxic, non-flammable, and do not contribute to atmospheric pollution since they can be easily recycled and recovered after use. Furthermore, supercritical fluids eliminate the need for traditional organic solvents, reducing the generation of hazardous waste and minimizing the environmental footprint associated with C-H activation reactions.

The tunability of supercritical fluids through adjustments in temperature and pressure allows for control over the solvent properties and their influence on C-H activation reactions. The density, polarity, and solvent strength of supercritical fluids can be modulated to optimize reaction conditions and enhance selectivity in complex transformations. Moreover, supercritical fluids can stabilize reactive intermediates and alter the reaction mechanism, enabling the activation of challenging C-H bonds.

Several notable examples demonstrate the effectiveness of supercritical fluids in C-H activation reactions. For instance, researchers have successfully employed supercritical carbon dioxide (scCO2) as a green solvent for various C-H functionalization reactions. scCO2 has been utilized in the direct arylation, alkylation, and oxygenation of C-H bonds, showcasing its ability to promote efficient and selective transformations. Other supercritical fluids, such as ammonia and water, have also been explored for C-H activation reactions, offering alternative green solvents with specific advantages and applications.

Despite their numerous advantages, there are challenges associated with the use of supercritical fluids in C-H activation. The high operating pressures and temperatures required to achieve the supercritical state may limit their application to certain reaction conditions and catalysts. However, ongoing research efforts focusing on the development of more efficient and accessible supercritical fluid systems, as well as the design of catalysts compatible with supercritical conditions, can help overcome these challenges and expand the utility of supercritical fluids in C-H activation.

Thus, supercritical fluids offer significant advantages as green solvents for C-H activation reactions. Their unique properties, including enhanced solvating power, low environmental impact, and tunability, make them valuable tools in advancing sustainable transformations. Further research into the optimization of supercritical fluid systems, exploration of alternative supercritical fluids, and understanding the interplay between supercritical fluids and catalysts will undoubtedly contribute to the development of greener and more efficient C-H activation methodologies.
4.5. Bio-based solvents: Sustainable alternatives for C-H activation chemistry

The increasing emphasis on sustainability and environmental consciousness has driven the exploration of bio-based solvents as alternatives to traditional organic solvents in various chemical processes. In recent years, the utilization of bio-based solvents in C-H activation chemistry has garnered significant attention.20 These solvents, derived from renewable biomass sources, offer several advantages in terms of environmental impact, toxicity, and resource availability. In this section, we will explore the utilization of bio-based solvents in C-H activation reactions, highlighting their potential in advancing sustainable transformations.

One of the key advantages of bio-based solvents in C-H activation chemistry is their low environmental impact. Unlike petroleum-based solvents, bio-based solvents are derived from renewable biomass sources such as plant materials, agricultural waste, or even microbial fermentation. Their production and use contribute significantly less to greenhouse gas emissions and depletion of fossil resources, making them a more sustainable choice. Additionally, bio-based solvents are typically biodegradable, minimizing their persistence in the environment and reducing potential long-term ecological risks.

Bio-based solvents also offer improved safety profiles compared to traditional organic solvents. Many organic solvents commonly used in C-H activation chemistry, such as dichloromethane or toluene, are associated with health hazards and environmental concerns. In contrast, bio-based solvents are generally non-toxic, non-carcinogenic, and exhibit lower volatility, reducing exposure risks for researchers and minimizing the release of harmful vapors into the atmosphere. This makes bio-based solvents particularly attractive for C-H activation reactions in pharmaceutical and agrochemical industries, where safety and regulatory compliance are of utmost importance.

Furthermore, the utilization of bio-based solvents in C-H activation reactions aligns with the principles of green chemistry. The development of sustainable processes is not only focused on the choice of solvents but also the entire life cycle of the solvent, including its production, use, and disposal. Bio-based solvents often exhibit lower energy requirements during their production and can be easily recovered and recycled, leading to reduced waste generation and improved process efficiency. These factors contribute to the overall sustainability and environmental performance of C-H activation processes.

Several bio-based solvents have shown promise in C-H activation chemistry. For instance, various alcohol-based solvents derived from biomass, such as ethanol or glycerol, have been successfully employed as green alternatives in C-H functionalization reactions. These solvents exhibit good solvating power, compatibility with catalysts, and are readily available from renewable sources. Additionally, terpene-based solvents, derived from plant extracts, have demonstrated excellent solvating capabilities and have been utilized in C-H activation reactions for the synthesis of natural products and pharmaceutical intermediates.
In 2009, Ackermann made a significant breakthrough by reporting the first metal-catalyzed C−H activation in polyethylene glycols (PEGs) as environmentally benign reaction media (Figure 6).21 The successful outcome was achieved through the combination of catalytic amounts of cost-effective [RuCl3(H2O)n] and MesCO2H, which proved to be the optimal conditions for chelation-assisted C−H arylation. The reaction exhibited excellent regioselectivity and facilitated the synthesis of diversely substituted biaryl compounds 3 using a variety of heteroarenes, including pyridines, pyrazoles, and triazoles. This pioneering work highlights the potential of PEGs as sustainable and efficient solvents in metal-catalyzed C−H activation, opening new avenues for greener and more eco-friendly synthetic methodologies.
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Figure 6. Ru-catalyzed C−H activation in polyethylene glycols (PEGs)
Ackermann and Vaccaro conducted a notable study on the heterogeneous palladium-catalyzed C−H activation for the direct arylation of 1,2,3-triazoles in gamma-valerolactone (GVL), using Pd/C as the catalyst, MesCO2H as the ligand, and KO2CCF3 as the base (Figure 7).22 This innovative approach demonstrated the synthesis of fully decorated 1,2,3-triazoles 25 in high yields. The reaction displayed exceptional position selectivity and remarkable tolerance to various functional groups, facilitating subsequent postsynthetic modifications. The catalyst exhibited robust recyclability, maintaining its catalytic efficiency through three cycles with minimal palladium leaching. These remarkable features underscored the unique synergy of a heterogeneous catalyst and a biomass-derived solvent, highlighting the potential of sustainable and environmentally friendly processes in the realm of C-H activation chemistry.
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Figure 7. Palladium-catalyzed C−H activation for the direct arylation of 1,2,3-triazoles
In 2014, Cook and colleagues conducted a noteworthy study focusing on the ortho-alkylation23 of aromatic amides with alkyl bromides in a 2-MeTHF medium derived from biomass.24 The researchers employed cost-effective iron catalysis, as depicted in Figure 8.25,26 This innovative approach allowed for both primary and secondary alkylations to be accomplished successfully. The reaction utilized 8-aminoquinoline-based bidentate chelating assistance, with catalytic amounts of Fe(acac)3 serving as the iron precursor, and 1,2-dis(diphenylphosphino)ethane (dppe) employed as the ligand. This methodology demonstrated the potential of greener solvents and sustainable iron catalysis in achieving efficient and versatile alkylations in aromatic amides, showcasing a promising step towards more environmentally friendly organic transformations.
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Figure 8. ortho-alkylation of aromatic amides with alkyl bromides in  2-MeTHF
While bio-based solvents offer numerous advantages, challenges still exist in their widespread adoption for C-H activation chemistry. Some bio-based solvents may exhibit lower solubility for certain substrates or catalysts compared to traditional organic solvents. However, advancements in solvent engineering, such as solvent mixtures or solvent additives, can mitigate these challenges and improve solubility and reactivity in bio-based solvent systems. Additionally, the economic viability and scalability of bio-based solvent production are important considerations for their industrial implementation, necessitating continued research and innovation.

Thus, the utilization of bio-based solvents in C-H activation chemistry holds significant promise for advancing sustainable transformations. Their low environmental impact, improved safety profiles, and alignment with green chemistry principles make them attractive alternatives to traditional organic solvents. Continued research efforts aimed at the development of novel bio-based solvents, solvent engineering strategies, and process optimization will further expand their applicability in C-H activation chemistry, ultimately contributing to a more sustainable and environmentally conscious approach to organic synthesis.
5. Future Perspectives and Challenges

Despite the significant progress made in utilizing greener solvents for C-H activation, several limitations and challenges remain:

Firstly, Many greener solvents may not be compatible with certain catalysts or substrates, leading to reduced catalytic activity or undesired side reactions. The development of solvent systems that are compatible with a wide range of catalysts and substrates is crucial for broader applicability.

Secondly, Solvent choice often involves a trade-off between reactivity and selectivity. While certain solvents may enhance reactivity, they may also promote undesired side reactions or reduce the selectivity of C-H activation. Balancing reactivity and selectivity is a challenge that requires careful solvent optimization.

Thirdly, Some greener solvents may have limited solubility for certain substrates, resulting in poor reaction efficiency. Enhancing substrate solubility or developing solvent systems that improve substrate accessibility to the catalyst is essential for achieving higher yields and selectivity.

To address the challenges associated with greener solvents in C-H activation, several strategies can be pursued: Firstly, researchers can explore the design and synthesis of novel greener solvents specifically tailored for C-H activation. This involves optimizing solvent properties, such as polarity, hydrogen-bonding capabilities, and solubility, to improve reaction rates, selectivity, and substrate accessibility. Secondly, advancements in catalyst design can alleviate solvent-related issues by making catalysts more tolerant to a wider range of solvents. This can involve the development of catalysts with improved stability, activity, and selectivity in the presence of greener solvents. Thirdly, understanding the fundamental solvent-solute interactions in C-H activation can guide the rational design of solvent systems that maximize desired interactions and minimize undesired effects. Tailoring solvents to form specific solvation or coordination environments can enhance reaction selectivity and efficiency. Fourthly, integration of process optimization techniques, such as continuous flow systems or advanced reactor designs, can minimize solvent usage, reduce waste generation, and enhance process efficiency. The use of solvent recycling or recovery methods can also improve sustainability by minimizing solvent waste and reducing environmental impact.

To further enhance the sustainability of C-H activation, the integration of greener solvents with other sustainable approaches can be explored: Firstly, combining the use of greener solvents with renewable feedstocks can create a more sustainable and environmentally friendly C-H activation process. By utilizing bio-based starting materials, such as biomass-derived substrates, the overall carbon footprint of the reaction can be reduced. Secondly, integration of greener solvents with renewable energy sources, such as solar or wind energy, can enhance the sustainability of C-H activation. Utilizing renewable energy for heating, stirring, or catalyst activation can reduce reliance on conventional energy sources and decrease the overall environmental impact of the process. Thirdly, developing efficient methods for catalyst recycling and recovery can minimize catalyst waste and increase the overall sustainability of C-H activation. By incorporating greener solvents that facilitate catalyst separation and recycling, the economic and environmental viability of the process can be improved. Fourthly, implementing green process metrics, such as atom economy, energy efficiency, and life cycle assessments, can guide the design and evaluation of sustainable C-H activation processes. By considering the holistic environmental impact of solvent choice and process conditions, researchers can make informed decisions to optimize processes for maximum sustainability and minimal environmental footprint. Lastly, encouraging collaboration and knowledge sharing among researchers, industry, and regulatory bodies is crucial for advancing the integration of greener solvents with other sustainable approaches in C-H activation. This can foster the exchange of best practices, identification of common challenges, and development of standardized methodologies for assessing the sustainability of C-H activation processes.

Thus, the future of C-H activation relies on addressing the current limitations and challenges associated with the use of greener solvents. By implementing strategies such as solvent engineering, catalyst design, process optimization, and integration with other sustainable approaches, researchers can overcome solvent-related issues and enhance the sustainability of C-H activation. This multidimensional approach will contribute to the development of efficient, selective, and environmentally friendly C-H activation methodologies with broad applicability across various industries.
Conclusion
In conclusion, the utilization of greener solvents in C-H activation has witnessed significant advancements and holds great promise for advancing sustainable transformations. Through the development and application of greener solvents, researchers have been able to address the environmental concerns associated with traditional solvents, such as volatile organic compounds and hazardous chemicals. This review article has highlighted the key points regarding the role of greener solvents in C-H activation, emphasizing their advantages, applications, and impact on reaction outcomes. Throughout this review, we have discussed various types of greener solvents, including water, fluorous solvents, ionic liquids, supercritical fluids, and bio-based solvents. Each of these solvent categories offers unique advantages, such as their low toxicity, recyclability, high thermal stability, or eco-friendly nature. Researchers have successfully demonstrated the application of these greener solvents in C-H activation reactions, showcasing their effectiveness in promoting regioselectivity, chemoselectivity, and overall reaction efficiency.

The utilization of greener solvents in C-H activation has profound implications for advancing sustainable transformations. By replacing traditional solvents with greener alternatives, the environmental impact of C-H activation processes can be significantly reduced. Greener solvents not only provide a more sustainable and eco-friendly option but also contribute to improved reaction selectivity, catalyst stability, and overall process efficiency. The integration of greener solvents with other sustainable approaches, such as renewable feedstocks and energy sources, further enhances the overall sustainability of C-H activation.

Looking ahead, the field of greener solvents in C-H activation holds tremendous potential for further advancements. Future research efforts should focus on addressing the current limitations and challenges associated with greener solvents, such as solvent compatibility, reactivity-selectivity trade-offs, and substrate solubility. This can be achieved through solvent engineering, catalyst design, and optimization of process conditions. Additionally, the integration of greener solvents with other sustainable approaches, as well as the development of standardized methodologies for assessing sustainability, will contribute to the growth and adoption of greener solvents in C-H activation.

Finaly, the utilization of greener solvents in C-H activation represents a significant step towards achieving more sustainable and environmentally friendly chemical transformations. With continued research and development, the field has the potential to revolutionize the way C-H activation reactions are performed, enabling the synthesis of complex molecules with high efficiency and minimal environmental impact. By embracing the principles of green chemistry, we can pave the way for a greener and more sustainable future in synthetic chemistry.
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