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Abstract 

The global goal of sustainable development can be facilitated, within the context of chemical processes, through 

the adoption of bio-based solvents, since they are derived from renewable sources, biodegradable and safer 

than petrochemical based solvents. In this review, we covered studies published between 2020-2025 in which 

less explored or emerging bio-based solvents were used, with a particular focus on their applications in photo- 

or electrochemical transformations, as well as discussions on mechanistic aspects.  
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1. Introduction  
 

Over the last decades, advances allowed the efficient construction of C–C and C–heteroatom bonds, important 

in synthetic drugs and bioactive compounds, enabling access to increasingly complex compounds.1,2 However, 

many of these transformations present drawbacks, from low selectivity and thermodynamic stability to reactive 

intermediates and kinetic inertness of some compounds. Therefore, several reactions require the use of 

expensive organometallic reagents, toxic catalysts, or harsh reaction conditions, such as high temperatures and 

pressures, in addition to problems related to low selectivity or excessive generation of waste and byproducts. 

These limitations have been the principal challenge for organic chemists, especially in fine and pharmaceutical 

industries, which is to reduce the amount of waste generated in their operational systems.3 Therefore, 

incorporation of green chemistry principles4,5 has become an alternative in organic synthesis, leading to the 

development of more environmentally friendly methods, allowing the generation of complex molecules in a 

sustainable way.6 

In this context, new techniques and strategies have been developed to solve sustainable problems, 

promoting selective and energy efficient chemical transformations, while minimizing the environmental impact 

of use of hazardous and toxic reagents, fossil solvents, and harsh conditions.3,7 At this point, techniques such as 

electrochemistry and photochemistry, that use alternative catalytic approaches and unconventional energy 

sources, emerge as tools to promote synthetic efficiency, innovation, and sustainability in modern organic 

synthesis.8,9 

 

1.1 Photochemistry  

Over the past 15 years, the resurgence of photochemistry, particularly visible-light photocatalysis, has provided 

a powerful alternative. By using catalytic amounts of a photocatalyst capable of absorbing longer-wavelength 

light and transferring its energy or electrons to a substrate, reactive intermediates can be generated under mild 

conditions. This strategy enables cleaner reactions, improved selectivity, and higher yields.10,11 

According to the International Union of Pure and Applied Chemistry (IUPAC), photochemistry is the branch 

of chemistry that studies the effects of light (from ultraviolet to infrared) on matter. Light-absorbing species 



Arkivoc 2025 (2) 202612586  Santos, J. R. N. et. al. 

 

 Page 3 of 37 ©AUTHOR(S) 

may be substrates, intermediates, or photocatalysts (chromophores). When the substrate itself is directly 

excited, the process is termed direct photochemistry. Because most organic molecules absorb in the UV region 

rather than in visible light, high-energy irradiation is often required, which can promote undesired side reactions 

and reduce selectivity.12 

The processes occurring between light absorption and emission are described by the Jablonski diagram,13,14 

which outlines photophysical events that precede or accompany photochemical transformations. Excited states 

may decay radiatively via fluorescence (S₁ → S₀) or phosphorescence (T₁ → S₀) or non-radiatively through 

internal conversion or intersystem crossing (ISC). ISC (S₁ → T₁) generates a triplet state, typically longer-lived 

than singlet states. Because phosphorescence and ISC are spin-forbidden processes, they are slower, increasing 

the probability that the triplet state participates in bimolecular reactions such as single-electron transfer (SET) 

or energy transfer (EnT).15,16 

In photoredox catalysis, the excited photocatalyst can behave as either a strong oxidant or reductant, 

depending on its redox potentials.17 In the oxidative quenching, the excited photocatalyst transfers an electron 

to the substrate, forming a reduced substrate and an oxidized photocatalyst, which is later regenerated by an 

electron donor. In the reductive quenching, the excited photocatalyst accepts an electron from the substrate, 

oxidizing it and forming a reduced photocatalyst, which is subsequently regenerated by an electron acceptor.18 

SET processes may also occur without a photocatalyst via Electron Donor–Acceptor (EDA) or charge-transfer 

(CT) complexes. These arise from association between an electron-rich donor and an electron-poor acceptor, 

due to a bathochromic shift. Upon irradiation at the CT band, the excited complex generates a radical-ion pair 

within the solvent cage. Alternatively, excitation of one partner can lead to exciplex formation, which may also 

evolve into radical-ion intermediates.19 EnT is a photophysical process in which a photosensitizer in its excited 

triplet state transfers energy (via Dexter or Förster mechanisms) to a substrate, promoting it to its triplet state. 

The excited substrate can then engage in radical transformations. Although the term “photosensitizer” is 

typically used in EnT catalysis, many photocatalysts can operate through both SET and EnT pathways.20 HAT 

occurs when an electrophilic radical abstracts a hydrogen atom from a donor (usually at an electron-rich C–H 

position), generating a new radical and a stronger X–H bond. The newly formed bond generally has a higher 

bond dissociation energy (BDE) than the cleaved bond, driving the process thermodynamically.21 

In summary, modern visible-light photocatalysis provides a sustainable and versatile platform for generating 

reactive radical intermediates under mild conditions. By harnessing controlled light–matter interactions and 

well-defined photophysical principles, it enables selective, efficient, and environmentally compatible synthetic 

transformations. 

 

1.2 Electrochemistry 

Electrochemistry is an alternative tool for altering the oxidation states of organic molecules, allowing the 

formation of new bonds, and has gained considerable attention in recent decades for its environmental benefits 

and synthetic efficiency.22,23,24,25,26 Furthermore, it is a technique that allows transformations with selectivity, 

atom economy, and is environmentally friendly, producing minimal waste, with cost-effective.27,28  

Organic electrosynthesis uses electrical energy to apply potential between a pair of electrodes, a cathode 

and an anode, in a solution containing the substrates. Organic molecules can be activated with the addition or 

removal of electrons. In the reduction process, it occurs at the cathode, and the molecule gains an electron at 

the LUMO, while for oxidation, which occurs at the anode, involves the removal of an electron from the HOMO 

of the molecule. These processes, occurring at the electrode surface, led to the formation of reactive 

intermediates, that generate radicals or charged molecules, allowing different reaction pathways, such as 

functionalization, activation, coupling reactions, and many others.9,23-25 
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One of the fundamental parameters in controlling these transformations is the applied electric current, the 

magnitude of which is adjusted according to the specificities of each protocol. In the context of organic 

electrosynthesis, the definition of this parameter aims to establish the ideal balance between reaction kinetics 

and selectivity. Although lower currents result in slower responses, they minimize the chances of competing 

pathways. Conversely, high currents provide an overpotential that can produce unwanted parallel reactions or 

manipulation of the medium. Furthermore, many of the green solvents involved in this review exhibit high 

viscosity and low dielectric constant. These properties significantly limited ionic mobility and mass transport, 

making the careful choice of current and the use of electrolytes (or cosolvents) crucial factors for system 

efficiency. 

Therefore, electrochemistry has been a powerful tool for formation and activation of chemical bonds, like 

C-H,29,30 C-N,31,32 and C-C,33 in addition to enabling the development of modern approaches in catalysis. 

However, in the last decade, only few examples have emerged of the application of somewhat unconventional 

bio-based solvents as a medium for these reactions. 

 

1.3 Bio-based solvents: contextualization and applications in organic synthesis 

Historically, the chemical industry has heavily relied on solvents derived from non-renewable fossil resources, 

many of which pose significant risks to human health and the environment due to their toxicity, volatility, and 

persistence.34 With increasing pressure from governments and civil society to adopt more sustainable chemical 

practices, environmental regulations have become progressively stricter, particularly regarding the use of 

volatile organic compounds (VOCs), especially halogenated and aromatic solvents. In this context, the principles 

of green chemistry have played a pivotal role in promoting safer and more sustainable alternatives, as well as 

in redesigning chemical processes.35  

Green solvents are central to this transition, particularly because industrial chemical operations, especially 

those related to pharmaceutical organic synthesis, consume large volumes of solvents. Consequently, replacing 

hazardous solvents with alternatives that exhibit improved environmental, health, and safety (EHS) profiles is 

highly desirable. Solvents derived from renewable resources, such as starch-rich feedstocks and lignocellulosic 

biomass, have gained considerable attention for their potential to reduce the environmental footprint of 

chemical manufacturing while maintaining process efficiency.36 Bio-based solvents are typically produced from 

plant-based raw materials through chemical or biotechnological routes that are generally considered safer and 

more environmentally benign. Their advantages often include reduced VOC emissions, enhanced 

biodegradability, lower toxicity, and improved occupational safety.37 Numerous studies have demonstrated that 

bio-based solvents can deliver satisfactory technical performance, indicating that sustainability gains can be 

achieved without compromising process efficiency.38 

Despite these advantages, significant challenges remain, including optimizing production processes to 

improve cost competitiveness, selectivity, recyclability, and overall yield.34 For large-scale and sustainable 

implementation, solvent production must be environmentally compatible and supported by carefully selected 

raw materials, considering factors such as availability, seasonality, physicochemical properties, accessibility, 

recyclability, and synthetic feasibility. Maintaining performance comparable to that of conventional solvents 

remains a central objective in solvent design and selection.39 

Therefore, the transition from conventional fossil-based solvents to green, bio-based, and low-toxicity 

alternatives reflects a broader commitment to sustainable development within the chemical industry. This shift 

seeks to balance environmental protection, human health, economic viability, and technological performance 

in alignment with the principles of green chemistry. Bio-based solvents have been applied, for example, in 

different catalytic methods.40,41 Considering the widespread use of ethanol and ethyl acetate, this review 
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surveys studies reported in the last five years in the fields of photo- and electrochemistry that employ less 

common bio-based solvents. In addition, the mechanistic aspects of the reported transformations are discussed. 

 

 

2. Photochemical Reactions Promoted by Bio-based Solvents 

 

2.1. 2-Methyltetrahydrofuran  

2-Methyltetrahydrofuran (2-MeTHF) is obtained from two precursors, furfural and levulinic acid, with origins 

from hemicellulose and cellulose. Some of its physicochemical properties, such as miscibility with water, boiling 

point (80 °C), viscosity (0.6 cP at 25 °C), and stability to acids and bases, demonstrate that is a good alternative 

to solvents such as tetrahydrofuran (THF), dichloromethane (DCM), and chloroform (CHCl3).42 Furthermore, it is 

an alternative for procedures involving organometallics and organocatalysis, and exhibits excellent efficiency in 

biphasic reactions.43-46 

 

 
 

Scheme 1. Sulfonylation-cyclization protocol for the synthesis of functionalized 1,2-dihydropyridines 3. 

 

Concerning the photochemical processes, Xu et al. obtained pyridines and 1,2-dihydropyridines from N-

propargyl enamides 1 and selenossulfonates 2 using a visible light-assisted protocol (30 W blue LED for 10 h), 

free of photocatalysts, additives and oxidants (Scheme 1).47 During the optimization, different solvents were 
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studied, such as THF and DMF, to obtain the substituted pyridines, but 2-MeTHF proved to be the optimal 

solvent, affording a wide range of substituted pyridines in yields of up to 88%. Drawing on control experiments 

and established literature, the authors proposed a mechanism for the synthesis of 3. The process begins with 

the light-induced homolytic cleavage of 2, followed by the addition of the benzenesulfonyl radical to 1. The 

resulting intermediate then undergoes a 6-endo-trig cyclization to form IV. Finally, the phenylselenyl radical is 

regenerated, prompting hydrogen abstraction from IV to afford the desired product. 

Singh and coll.48 developed a series of sulfonamides (8) using a transition metal-free and photocatalyst-free 

approach. The synthesis used various anilines 7 and sulfonyl chlorides 6 as starting materials and during the 

optimization phase, a variety of solvents were tested, including DMF, DMSO, DMC, H₂O and MeCN (Scheme 2). 

Although MeCN demonstrated to be effective, providing the desired product in 82% yield, further investigation 

identified 2-MeTHF as a better alternative, achieving 86% yield. This solvent was therefore adopted for the 

synthesis of the target sulfonamides 8. Regarding the mechanism, the authors conducted an UV-visible 

absorption study and observed a bathochromic shift, which may be indicative of an electron donor-acceptor 

complex (EDA) pathway for the reaction progress. Thus, they proposed that a complex is formed between 6 and 

7, which, followed by a single electron transfer (SET) furnishing radicals I and II, that upon combination produced 

intermediate III, which is deprotonated, generating the desired sulfonamide 8. 

 

 
 

Scheme 2. Visible light assisted synthesis of sulfonamides 8. 

 

Meng et al.49 developed a synthetic strategy involving sulfonylation followed by cyclization of 1,6-enynes 9 

with sulfonyl chlorides 6 under visible light irradiation. During the optimization process, the authors evaluated 

various solvents, including THF and EtOAc. Since the latter performed poorly, likely due to the low solubility of 

the reactants, 2-MeTHF emerged as the most effective solvent enabling the synthesis of a variety of lactams in 

moderate to high yields (Scheme 3). The authors proposed a mechanism based on the formation of the sulfonyl 
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radical II, which is obtained through the cleavage of 6. This radical then adds to the 1,6-enyne, yielding a vinyl 

species IV, that subsequently undergoes hydrogen abstraction to afford the desired product 10. 

 

 
 

Scheme 3. Regioselective sulfonylation/cyclization of 1,6-enynes 9 with sulfonyl chlorides 6. 

 

Heterogeneous photocatalysis for the synthesis of thiophosphates 13 was explored by Zhan and coll.50 

(Scheme 4). They developed a lead-free bismuth-based perovskite, such as cesium bismuth bromide (Cs3Bi2Br9) 

type photocatalyst to facilitate the oxidative dehydrogenative coupling between thiols 12 and phosphoryl 

compounds 11 in 2-MeTHF. Notably, this reaction proved efficient even in the absence of acid or base additives. 

The catalyst demonstrated robust stability and was successfully recycled for subsequent runs without significant 

loss of activity. Other solvents were also evaluated, such as DMF, MeCN, 1,4-dioxane, DMSO, DCM, EtOAc, 

acetone, DMC and various alcohols (MeOH, EtOH, and iPrOH), albeit lower yields were obtained. The authors 

proposed that the process initiates with charge separation on the photocatalyst surface, generating electron   

(e-) and hole (h+) carriers. These electrons activate molecular oxygen to form superoxide radicals, which are 

subsequently oxidized by the holes to produce singlet oxygen (1O2). Notably, 1O2 abstracting a proton to 

generate the thiyl radical, this species then undergoes homocoupling to yield disulfide 14. Concurrently, the 

phosphorus-centered radical is generated from the P(O)H precursor, either through a direct oxidation process 

or SET pathway. Finally, this phosphorus radical couples with thiyl radical (path a) or reacts with disulfide (path 

b) to afford the target compound. 
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Scheme 4. Heterogeneous photocatalysis-mediated synthesis of thiophosphates 13. 

 

Difluoromethylated oxindoles 17 were also synthesized using visible light in 2-MeTHF.51 This photocatalyst-

free approach employed N-methyl-N-phenylmethacrylamides (15), diacetoxyiodobenzene [PhI(OAc)2] and 

CHF2CO2H 16 as difluoromethylating agents. Although other solvents, such as THF, MeCN, toluene, acetone, 

EtOAc and DCM were evaluated, they resulted in lower yields. Under the optimized conditions, the protocol 

provided access to a scope of 26 difluoromethylated oxindoles with yields reaching 96% (Scheme 5). The 

proposed mechanism for the synthesis of these N-heterocycles begins with an exchange of functional groups 

between 16 and PhI(OAc)2, generating species 18. Upon excitation by the light source, this intermediate 

produces I and II. The resulting CHF2 radical then attacks substrate 15 to form the carbon-centered radical III, 

which undergoes a SET to yield cation IV. Finally, deprotonation of IV promoted by the difluoroacetate anion 

affords the desired oxindoles while regenerating CHF2CO2H. 
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Scheme 5. Synthesis of difluoromethylated oxindoles 17. 

 

Fused indoles were synthesized via a catalyst-, base-, and acid-free photoinduced strategy (Scheme 6).52 

The protocol is based on sulfonylation followed by cyclization to obtain the fused diazepinone 21. Different 

solvents were evaluated, as DMSO, EtOAc and MeCN, that led to the formation of the desired product with good 

yields over a period of 12 h. However, when THF and 2-MeTHF were tested, the reaction was faster (2 h) with 

excellent yields, so the latter was chosen to continue the studies. The developed protocol allowed the obtaining 

of a wide scope consisting of fused indole derivatives with yields of up to 93% (Scheme 6). UV-vis absorption 

studies did not detect any bathochromic shift, which is evidence that EDA complexes are not involved in this 

process. Thus, it was proposed that 20 initially undergoes homolysis when absorbing light, forming the sulfonyl 

radical I and a seleno radical II. Subsequently, the sulfonyl radical I is added to 19, causing the formation of III. 

Next, oxidation of IV with the seleno radical II occurs, resulting in the loss of a proton, leading to the desired 

product 21. 
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Scheme 6. Photoinduced synthesis of indole-fused 21. 

 

Functionalized dihydrobenzofurans 24 were obtained through a photochemical strategy based on 1,5-

hydrogen transfer followed by cyclization between 2-alkynyl ethers 23 and sulfonyl chlorides 6 (Scheme 7).53   

This protocol did not employ photocatalysts or additives to aid the progress of the reaction. During the solvents 

screening, EtOAc, for example, did not favor the obtaining of the desired product, then THF and 2-MeTHF were 

evalulated, with the latter being adopted to continue the studies. The developed protocol allowed the synthesis 

of 26 dihydrobenzofuran derivatives with yields of up to 93%. For a better understanding of the mechanism, 

UV-vis studies were conducted and revealed that the transformation studied does not proceed through an EDA 

complex. Thus, 6 was brought to its excited state by light absorption. Subsequently, the sulfonyl radical inserts 
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itself into the alkyne 23, promoting the formation of alkenyl 25, that through an intramolecular 1,5-HAT, III was 

formed. This intermediate undergoes a 5-exo-trig cyclization, promoting conversion to the intermediate IV, that 

abstracts a hydrogen from the solvent (2-MeTHF), forming the dihydrobenzofuran of interest 24 (Scheme 7). 

 

 
 

Scheme 7. Synthesis of functionalized dihydrobenzofurans 24 promoted by visible light. 

 

3,3′-Disubstituted oxindoles 31 were obtained by Lu et al.54 using a photoinduced coupling of indolin-2-ones 

29 and β-sulfanil esters 30 via 1,2-sulfur translocation (Scheme 8). The method proceeded under mild 

conditions, allowing for a broad reaction scope consisting of more than 50 examples of 3,3′-disubstituted 

oxindoles. Different solvents were explored, such as THF, DCM and MeCN, which allowed the desired product 

to be obtained with good yields, although still lower than 2-MeTHF. Based on UV-vis studies, the authors 

proposed that the reaction proceeds via the EDA complex. This complex formed between enolate I and 30, 
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triggering a SET process that produces the radicals II and III. After the fragmentation of III, the alkene 32 and 

the thiol radical IV are generated. Finally, a radical-radical coupling between the benzyl species V and the 

oxindole provides the desired product (Scheme 8). 

 

 
 

Scheme 8. Construction of 3,3′-disubstituted oxindoles 31 via a photochemical process. 

 

Xiao et al. reported the synthesis of β2,2,3-amino esters through a visible-light-mediated radical-radical 

coupling protocol, driven by chiral phosphoric acid (CPA) catalysis.55 The method utilized β-keto esters 33 and 

N-acetyl α-amino acid-derived esters 34 in the presence of 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene 

(4CzIPN) (35) as photocatalyst. Throughout the optimization study, different solvents were screened, including 

CH2Cl2, CH3CN, EtOAc and THF, and ultimately, 2-MeTHF delivered the best enantioselectivity and was chosen 

as the optimal solvent (Scheme 9). The authors conducted several control experiments, such as radical trapping, 

luminescence quenching experiments, cyclic voltammetry, and EPR studies. Based on the evidence gathered 

and reports from the literature, the mechanism was proposed. The process likely begins with the formation of 

a hydrogen-bonded complex between ester III and the chiral catalyst, facilitating enolization. Within the 

photoredox cycle, this complex undergoes SET with the excited state [4CzIPN]* generating the radical anion 

[4CzIPN]•−. Subsequently, the reduced photocatalyst transfers an electron to the NHPI ester, triggering 

decarboxylation to yield the α-amino-alkyl radical II, alongside phthalimide and CO2.This step closes the catalytic 
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cycle, leading to a radical-radical coupling.  This coupling is steered by a chiral environment, maintained through 

double hydrogen-bonding interactions with the CPA catalyst 37. 

 

 
 

Scheme 9. Synthesis of β2,2,3-amino acid esters conducted by enantioselective radical coupling. 

 

The He's group developed a series of quinazolinones with fused phosphorylated rings via heterojunction 

approach using the heterogeneous photocatalyst V₂O₅/g-C₃N₄ (Scheme 10).56 The model reaction was 

established between quinazolin-4(3H)-one (38) and diphenylphosphine oxide (11). An initial screening of 

solvents (including EtOAc, EtOH, DMC, H₂O, acetone, MeCN, DMF, and DMSO) proved challenging, yielding the 

desired fused quinazolinone only in modest amounts (up to 25% yield). Although several of these common 

solvents showed low reactivity, switching to THF and 2-MeTHF significantly increased the conversion, yielding 

derivative 39 with yields of 51 and 83%, respectively. Taking advantage of these optimized conditions, the scope 

was expanded to 37 derivatives, achieving yields of up to 83%. The proposed mechanism proceeds via a SET 

process, where electrons react with molecular oxygen to generate the superoxide radical anion. Simultaneously, 

holes (h+) in the valence band (VB) of V2O5 oxidize the phosphinic acid I, generating a radical cation II that 

undergoes deprotonation to yield the phosphinoyl radical III. This reactive species then attacks the substituted 
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quinazolinone 38, forming an intermediate radical which undergoes subsequent cyclization. In the final stages 

𝑂2
.−abstracts an electron from the cyclic intermediate to produce a cation VI; subsequent dehydrogenation and 

aromatization then afford the desired fused compound. 

 

 
 

Scheme 10. Protocol for obtaining quinazolinones 39. 

 

A dual catalytic strategy was explored for the thioesterification process, leveraging a synergistic nickel and 

organophotoredox manifold (Scheme 11).57 The protocol utilized aryl, heteroaryl, and vinyl iodides alongside 

potassium thioacetate derivatives 41 as coupling partners. During the optimization study, several solvents—

including CH3CN, DMF, dioxane, and cyclopentyl methyl ether (CPME)—were evaluated. However, these 

consistently resulted in lower efficiency compared to 2-MeTHF, which was ultimately selected as the optimal 

medium. This method enabled the synthesis of 32 compounds, with yields reaching up to 99%. The proposed 

mechanism begins with the photoexcitation of the photocatalyst to its excited state. Potassium thioacetate 41 

is then oxidized by [4CzIPN]*via SET to generate a thiocarboxylate radical II. Simultaneously, the nickel cycle is 

initiated: the Ni²⁺ precursor can undergo reduction to a lower valence species or participate in a ligand exchange 

with the thiocarboxylate anion. This is followed by oxidative addition or radical capture to form a Ni²⁺-sulfide 

intermediate, which is subsequently modulated by SET steps. Finally, the nickel complex undergoes oxidative 

addition to the aryl halide 40, followed by reductive elimination to produce the desired thioester 43. 



Arkivoc 2025 (2) 202612586  Santos, J. R. N. et. al. 

 

 Page 15 of 37 ©AUTHOR(S) 

 

 
 

Scheme 11. Visible light-mediated thioesterification. 

 

The Greaney’s group evaluated the arylation of 2-arylpyridines 50 using aryl bromides and iodides 49, 

catalyzed by [RuCl2(p-cymene)]2 in the presence of KOAc (Scheme 12).58 This protocol yielded both mono- and 

di-ortho-arylated products 51 and 52. During the additive screening, most carboxylates and amino acids failed 

to improve the reaction, with the exception of an acetylisoleucine derivative, which was then selected for 

further studies. While various solvents were tested as alternatives to 2-MeTHF—including MeOH, DCM, MeCN, 

and DMF—none showed better results. Ultimately, this approach provided 36 examples with yields reaching up 

to 81%. 
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Scheme 12. Ruthenium-catalyzed ortho-arylation of heterocycles under visible light irradiation. 

 

Heterogeneous photocatalysis was explored as a fluoroalkylation strategy (Scheme 13).59 In this context, 

the material Yb@g-C3N4 was employed as a photocatalyst, and two isocyanides 53 and RSO2Cl 6 species were 

explored as starting materials under ultrasound irradiation (US). Other homogeneous photocatalysts were 

evaluated (fac-[Ir(ppy)3], Ru(bpy)3Cl2, rhodamine B, 4CzIPN), however, they did not present satisfactory 

conversion. Regarding the solvent screening, besides 2-MeTHF, with MeCN, EtOH, and N,N-dimethylacetamide 

(DMA) the yields were lower. However, when using DCE, the yield for obtaining 54 was higher when compared 

to 2-MeTHF, but even so, it was selected as the best solvent, as it made the protocol more environmentally 

friendly. It is worth noting that the Yb@g-C3N4 was recovered and reused and remained effective for up to eight 

recycling cycles. The authors proposed a mechanism initiated by the light-driven excitation of the 

heterogeneous photocatalyst, generating e- and h+ pairs in the conduction (CB) and valence (VB) bands. 

Following this, Yb3+ captures an electron to form the transient Yb2+ state, which subsequently reduces the RSO2Cl 

species via SET. This process yields a radical anion that, after the rapid extrusion of Cl- and SO2 generates the 

radical II. This radical then adds to the isocyanide 53 to produce an imidoyl intermediate III, which undergoes 

intramolecular cyclization. Finally, the desired compound 54 is obtained through a HAT step. 
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Scheme 13. Heterogeneous photocatalysis-mediated fluoroalkylation strategy.  

 

Sun and coll. investigated a Minisci-type reaction through a semi-heterogeneous enantioselective catalytic 

approach, using quinoline 55 and racemic N-acetylphenylalanine-derivative 56 as starting substrates (Scheme 

14).60  The study employed mesoporous graphitic carbon nitride (mpg-CN) as photocatalyst, which proved robust 

enough to remain active for up to 10 cycles. While 2-MeTHF was the primary solvent used, the authors also 

explored 1,3-dioxane; however, this alternative led to a lower yield of the target compound and a noticeable 

decrease in enantiomeric excess (ee). The authors conducted control studies and proposed a reaction 

mechanism based on previous literature. In this pathway, the heterogeneous photocatalyst performs a SET on 

the radical precursor 34 to generate the α-aminoalkyl radical I. Once the protonated heterocycle is incorporated 

into the cycle, it yields III, which then undergoes deprotonation to afford the desired product 58 or 59. 
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Scheme 14. Enantioselective Minisci-type reaction mediated by red light. 

 

The Kokotos' group has developed several photochemical aerobic oxidation strategies for sulfides, in the 

absence of a catalyst, utilizing irradiation at 370 nm with 2-Me-THF as the bio-based solvent.61 Additionally, two 

distinct processes were evaluated using anthraquinone (AQ) 61—under either a CFL lamp or 427 nm 

irradiation—also in 2-Me-THF. To demonstrate the practical utility of these methods, the authors applied them 

to the synthesis of active pharmaceutical ingredients (APIs), specifically sulforaphane and modafinil. Overall, 

this approach enabled the preparation of 26 different sulfides with yields reaching up to 99% (Scheme 15). 

Drawing on both their previous findings and existing literature, the authors proposed distinct catalytic cycles for 

these oxidations. The first pathway involves the generation of singlet oxygen in the presence of the 

photocatalyst (Scheme 15a), which then oxygenates the sulfide to form a persulfoxide intermediate. This 

intermediate subsequently reacts with a second sulfide molecule, yielding two equivalents of the desired 

sulfoxide. Alternatively, a second pathway proceeds via SET between the excited-state photocatalyst and the 

sulfide. This generates a sulfide radical cation, which, upon reacting with triplet oxygen, affords the target 

sulfoxide. In the catalyst-free process (Scheme 15b), singlet oxygen remains a key species. It is important to 

highlight that even in the absence of anthraquinone (AQ) 61, the reaction still operates through the sulfide 

radical cation intermediate. 

 



Arkivoc 2025 (2) 202612586  Santos, J. R. N. et. al. 

 

 Page 19 of 37 ©AUTHOR(S) 

 
 

Scheme 15. Different aerobic sulfide oxidation strategies. Proposed mechanisms: a) anthraquinone-catalyzed 

and b) photocatalyst-free. 

 

Zhang and coworkers described a visible light-induced [3+2] cycloaddition for the synthesis of pyrazoles and 

(spiro)-pyrazolines in the absence of a photocatalyst.62 During the optimization of the method—using N-

tosylhydrazone 63 and butyl acrylate 64 as model substrates—alternative solvents such as THF and MeCN were 

evaluated; however, 2-MeTHF consistently outperformed these media, yielding superior results. This robust 

strategy enabled the synthesis of a diverse library of over 50 compounds, with yields reaching up to 98% 

(Scheme 16). The authors proposed a mechanism that begins with the deprotonation of 63 to afford the 

corresponding N-tosylhydrazone anion. Under light irradiation, a non-covalent interaction between this anion 
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and DBU facilitates the formation of II. Subsequently, the diazo species III, generated in situ, undergoes a [3+2] 

cycloaddition with alkene 64, ultimately yielding the target cycloadduct 65 or 66. 

 

 
 

Scheme 16. Synthesis of (spiro)-pyrazolines and pyrazoles via [3 + 2] cycloaddition. 

 

Zhu and coll. developed a catalyst-free, energy-transfer-driven strategy for the aryl heterofunctionalization 

of non-activated alkynes 67, yielding polyfunctional olefins 68 (Scheme 17).63 During the development of this 

protocol—initially employing N-(2-methylbut-3-yn-2-yl)-N-tosylacetamide 67 and tosyl chloride 6 as model 

substrates—the authors screened various traditional solvents, including THF, 1,4-dioxane, MeCN, DMF, and 

DCE. Interestingly, none of these media provided the target product. Success was only achieved upon evaluating 

THF, EtOH and 2-MeTHF, which the authors suggest may play a dual role as both the reaction medium and the 

essential hydrogen source. Notably, when expanding the substrate scope to include radical precursors such as 

vinyl selenides and vinyl sulfides, 2,2,2-Trifluoroethanol (TFE) was identified as the optimal solvent. The 

mechanism proposed by the authors begins with the reaction between the radical of interest and the terminal 

alkyne 67, generating the alkenyl radical intermediate II. This species is then intercepted by the aryl group of 

the sulfonyl precursor, triggering a radical Smiles rearrangement. Following the extrusion of SO2 the resulting 

carbon-centered radical abstracts a hydrogen atom from the solvent to yield the final product 68. 
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Scheme 17. Light-assisted stereoselective protocol for the synthesis of polyfunctional olefins. 
 

Dai and coworkers developed a photoredox alkynylation protocol utilizing tertiary amines 70 and alkynyl 

bromides 69 to produce the corresponding propargylamines 72.64 Initial optimization identified Ru(bpy)3Cl2 as 

the photocatalyst, K2PO4 as the base, and MeOH as the solvent. However, these conditions proved unfavorable 

for tertiary aliphatic amines, yielding only trace amounts of the desired products. To address this limitation, a 

second optimization was conducted (Scheme 18), where 2-MeTHF was employed as a bio-based alternative 

solvent and [Ir(ppy)2(dtbbpy)]PF6 as catalyst. This adjustment significantly improved the outcome, enabling the 

synthesis of eight compounds with yields reaching up to 80%. 
 

 
 

Scheme 18. Photoredox alkynylation strategy. 
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2.2 Ethyl Lactate 

Ethyl Lactate (EL) is formed through the esterification between lactic acid and ethanol catalyzed by a strong acid. 

Some physicochemical properties made possible its use in organic synthesis, as for example, density (1.028 g.cm-

3 at 25 °C), boiling point (193 °C) and viscosity (4.7 cP), are similar to other usual solvents. Due to these 

properties, EL has the capacity to replace some conventional solvents, such as N-methylpyrrolidone, toluene, 

dichloromethane, and chloroform.42,65,66 Furthermore, it is a non-toxic, non-corrosive, non-carcinogenic, and 

biodegradable solvent. With this, EL and its aqueous solutions have been studied in various organic synthesis 

methodologies, such as coupling reactions, metal-catalyzed reactions, multicomponent reactions non-covalent 

bonds activation.67,40 It also has many industrial applications, such as in pharmaceuticals and cosmetics.65 

In 2020, Zhang and coll.68 explored photoredox reactions under visible light irradiation, demonstrating 

photocatalytic operations which can be conducted in renewable solvents without significant loss of yield or 

selectivity. Therefore, the synthesis of spirooxindole derivatives 77, involving isatin 73, ethyl acetoacetate 74, 

and malononitrile 75 was performed at room temperature, with Na2-eosin Y (76) as photocatalyst, and 10 W 

green LED (Scheme 19). The choice of EL was because during the optimization studies it afforded the best results 

when compared with other conventional solvents, such as CHCl3, CH3CN, THF, DMF, EtOAc and MeOH. Pure 

ethyl lactate provided 81% yield, but in aqueous solution a better yield was obtained, reaching 90% in 

proportions of 1:1 or 3:2 (EL/H2O). The proposed mechanism begins with the tautomerization of malononitrile 

75 in the presence of ethyl lactate, generating 78. Next, Knoevenagel condensation of 78 with isatin 73 occurs, 

eliminating a water molecule and forming intermediate 79. At this point, visible light applies additional energy 

to accelerate the reaction, as eosin Y can act as a catalyst for hydrogen atom transfer (HAT), activating the C-H 

bond and generating an α-carbonyl carbon radical I. This radical is captured by 79, forming adduct II. 

Subsequently, reverse hydrogen atom transfer (RHAT) occurs between eosin Y and adduct II, regenerating the 

photocatalyst and forming intermediate 80. Finally, 80 suffers intramolecular cyclization, forming the desired 

product 77. 

Using a similar approach, Mohamadpour et al. developed a visible light-mediated photocatalytic strategy 

for synthesis of spiroacenaphthylenes 86 and 1H-pyrazolo[1,2-b]phthalazine-5,10-diones 87 (Scheme 20).69,70 

The main objective of this study was to change the traditional methods based on metal catalysts, for a metal-

free and sustainable method. In the study, the EL/H2O (2:1) mixture afforded the best yield (93%), a higher value 

when compared to others conventional organic solvents, like CHCl3, DMF, DMSO, MeCN, MeOH, EtOAc, EtOH 

and pure EL. The optimal reaction conditions used Na2-eosin Y (1.5 mol%) as a photocatalyst, 18 W white LED at 

room temperature and air atmosphere. For the mechanistic study, the author suggests that photo-excited Na2-

eosin Y acts via HAT. After light absorption, eosin Y abstracts a hydrogen atom from the activated substrate, 

generating a radical intermediate, which participates in a Knoevenagel condensation followed by Michael 

addition, intramolecular cyclization and tautomerization. 
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Scheme 19. Photochemical synthesis of spirooxindole 77 with EL. 
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Scheme 20. Photochemical protocol for spiroacenaphthylenes and 1H-pyrazolo[1,2-b]phthalazine-5,10-diones.   

 

 

3. Current Applications of Bio-based Solvents in Electrosynthesis 

 

3.1 Cyrene 

Dihydrolevoglucosenone (DLG or cyrene) is a dipolar aprotic solvent produced through the pyrolysis of cellulose 

89 to produce levoglucosenone 90 followed by catalytic hydrogenation to the desired product  91 (Scheme 21).71 

It can be used as a substitute for more commonly used fossil solvents, like DMF, DMA and NMP, due to fact to 
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have some similar physicochemical properties, such polarity, dipolar moment, and boiling point.42,72,73 Its 

molecular structure contains a ketone and an acetal, which can coordinate with reactive intermediates in the 

reaction medium. These interactions enable cyrene to stabilize the intermediates, such anionic radicals and ionic 

species, that may influence reaction pathways and selectivity in organic electrochemical reactions, making it 

particularly attractive for applications in electrosynthesis.73 

 

      
 

Scheme 21. General route to produce cyrene. 

 

But the use of cyrene in electrosynthesis presents application challenges associated with its properties. This 

solvent has a high dielectric constant (37.3)74 associated with a high viscosity (14.5 cP at 25 °C), considerably 

higher than other conventional aprotic dipolar solvents, like DMF (0.9 cP) and DMSO (1.99 cP).70 The high 

viscosity results in low ionic mobility and high ohmic resistance in the electrochemical system, limiting charge 

transport. Even using a supporting electrolyte, the electrical conductivity remains low, requiring high salt 

concentrations to obtain acceptable values.73,75 Because of this, it has energy dissipation and needs to apply a 

higher potential, generating an increased risk of side reactions. Thus, the use of cosolvents, such as ethanol or 

water, has been adopted to reduce the resistance of the medium, improving electrical conductivity, and enable 

applications of cyrene in electrosynthesis reactions. 

In 2023, Ramos-Villaseñor and coworkers described the first application of cyrene as the main solvent in the 

electrochemical reduction of benzophenone (Scheme 22) 73 Because of the high viscosity and low conductivity 

of cyrene, the use of ethanol as a cosolvent was important to enable the reaction. In the presence of 

tetrabutylammonium tetrafluoroborate (Bu4NBF4) as a supporting electrolyte, the electrochemical reduction of 

benzophenones 92 occurs via two-electron transfer, leading to the corresponding alcohol 94. The other 

components of this reaction are glassy carbon as working electrode and platinum as counter electrode, with 

5mA/cm2 as constant current. Different solvents were tested, such as DLG/water 1:2, DLG/MeOH 1:2, and EtOH, 

furnishing low yields, whereas a mixture of DLG/EtOH 1:1 ratio afforded the best result with 70% yield. For the 

reaction work-up, it was performed an extraction with ethyl acetate followed by treatment of the organic phase 

with aqueous KOH solution at 50 °C to hydrolyze and eliminate residual Cyrene. Thus, the solvent was not 

recycled due to the basic elimination step. 
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Scheme 22. Electrochemical reduction of benzophenone 92 with DLG/EtOH as solvent. 

 

According to the authors, the presence of cyrene was essential for the selective reduction of benzophenone, 

because the anionic radical intermediate formed and stabilized by the Bu4N+ cation present in the electrical 

double layer when cyrene is in high concentration, facilitating the second electron transfer, producing the 

alcoholic derivative. With this, the reaction preferentially follows the two-electron pathway, leading to the 

selective formation of the diphenylmethanol derivative 94. Furthermore, the ability of cyrene to interact with 

cations changes in solvent concentration or with the nature of the supporting electrolyte cation.  These changes 

influence the balance between the single-electron or two-electron pathways. The use of supporting electrolyte 

lithium perchlorate (LiClO4) and less concentration of cyrene occurs in the single-electron pathway, generating 

pinacol 93 as a main product. This occurs because the Li+ cation has small ionic radius and high degree of 

solvation, causing a lower capacity to stabilize the anionic radical formed in the reduction step, leading to 

radical-radical coupling. This set of effects shifts the reaction making the one-electron pathway, resulting in the 

formation of the pinacolic 93 product. The authors did not provide any further mechanistic information and no 

other solvents were tested for the Li+ system. 

 

3.2 2-MeTHF 

Colangeli and colleagues developed a protocol for electrochemical reductive amination,76 using 4-

fluorobenzaldehyde 95 and butylamine 7 to form 96 as product (Scheme 23). Various solvent mixtures were 

evaluated, from fossil fuels to green solvents, and 2-MeTHF afforded moderate yields, and the addition of water 

or methanol as cosolvents led to overreduction and loss of selectivity, probably due to biphasic conditions, 

increased proton availability, and less stabilization of intermediates. The use of acetonitrile and water as 

cosolvents restored selectivity, improving the conductivity of the medium, preventing proton donation and 

stabilizing the intermediate. Thus, the use of 2-MeTHF resulted in good yields and formation of byproduct 97, 

with a small increase of reaction time, indicating limitations related to polarity, high ohmic resistance and ionic 

conductivity. With this, 2-MeTHF showed limitations with polarity and ionic conductivity, not being considered 

the best condition by the authors. In this case, acetonitrile and water azeotrope solution was chosen for the 

reaction condition, being easily recoverable and with excellent yields (96 76% yield, 97 byproduct 4% yield). 

Even with this result, 2-MeTHF still represents a viable alternative for a more sustainable organic 
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electrochemical synthesis. During the reaction work-up, the mixture was subjected to a simple distillation. This 

procedure allows the recovery of water-acetonitrile azeotrope. After diluting in ethyl acetate, filtered, and then 

distilled again, the product was obtained pure, and both solvents were recovered in above 80%.  

 

 
 

Scheme 23. Electrochemical amination of 4-fluorobenzaldehyde.  

 

In 2022, Carvalho and coworkers demonstrated the use of 2-MeTHF as a reaction medium to promote the 

electrochemical cyanation of indoles, under conditions free of metal catalysts (Scheme 24).77 The authors 

showed that the use of cosolvent improves the reaction conditions, as for example, 2-MeTHF/MeOH/H2O 

(5/2/0.1 ratio), probably due to the fact 2-MeTHF has limitations, causing the electrolysis reaction to not occur 

efficiently. In this reaction, the authors used tetrabutylammonium cyanide (Bu4NCN) with a dual function,78 as 

both an electrolyte and a reagent, serving as the source for the cyanide. During the method optimization, other 

solvents were tested, such methanol, DCM, TFE, and a 2-MeTHF/MeOH/H2O mixture in a 5/2/0.1 ratio showed 

the best result with 79% yield. The proposed mechanism started with anode oxidation of indole 98, forming the 

radical cation I. This intermediate, an electrophilic species, is attacked by cyanide anion II in solution, leading to 

formation of a regioisomeric intermediate radical III or IV, that is subsequently oxidized at anode, generating 

the isomers after the loss of the proton. The reaction work-up involves dilution with DCM and washing with 

water. The solvents were removed under reduced pressure and purified by column chromatography. There are 

no reports of solvent recovery in this process.  
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Scheme 24. Electrochemical cyanation protocol with 2-MeTHF as solvent. 

  

3.3 Glycerol 

In biodiesel production, through catalytic transesterification of triglycerides under basic conditions, glycerol is 

obtained as a byproduct. Thus, glycerol is generated in large quantities by the biodiesel industry, and being a 

waste product is discarded in large amounts. Since it is a cheap, safe, and environmentally friendly product, 

glycerol has been investigated as solvent in various chemical transformations.79-82 In this context, the use of 

glycerol in organic reactions has been of great interest due to its chemical properties.83 It has a high boiling point 

(290 °C), forming crystals at low temperatures (melting point at 17.8 °C), a density of 1.26 g.cm-3 at 20 °C, with 

an average dielectric constant of 43 at 20 °C. Furthermore, it is a non-toxic and non-flammable solvent. It can 

solubilize inorganic salts, acids, bases, metal complexes, and other organic compounds that are poorly miscible 

in water. However, due to its high viscosity (1200 cP at 20 °C), usually heating is required (>60 °C) to achieve 

lower viscosity or the use of cosolvents. Furthermore, the high reactivity of its hydroxyl groups can generate 

undesirable byproducts.82-85 Given these physicochemical properties, glycerol has been an excellent substitute 

for other solvents, such as DMF and DMSO. 

As far as we know, only one example of electrochemical transformation using glycerol as solvent has been 

reported by Ackermann and his group,86 employing a cobalt-catalyzed C-H activation. The reaction had aromatic 

benzamides 102 and alkynes 103 as substrates, graphite felt (GF) as anode, platinum plate (Pt) as cathode, and 

cobalt (II) acetate (Co(OAc)2) as catalyst, sodium pivalate (NaOPiv) as additive, in a unit cell with constant current 

of 4 mA at 40 °C, obtaining yields of 41 to 92% (Scheme 25). In this process, glycerol was chosen because it has 

a renewable origin and has good electrochemical properties. A high dielectric constant provides high ionic 
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conductivity, allowing electrolysis to be carried out without addition of supporting electrolytes, and glycerol 

does not participate competitively, being inert under electrochemical conditions. However, the use of water as 

a co-solvent is essential, because pure glycerol causes a drastic drop in yield due to high viscosity. In the method 

optimization, other solvents were applied, such as THF, DCE, TFE and 2-MeTHF aqueous solution (65% yield), as 

well as γ-valerolactone (GVL) and H2O (56% yield). The authors did not provide any further mechanistic 

information. For the reaction work-up, after the electrolysis was complete, an extraction with DCM and water 

was performed, followed by purification by column chromatography. The authors did not report solvent 

recovery. 

 

      
 

Scheme 25. Electrochemical benzamides C-H activation with alkyne in glycerol. 

 

3.4 γ-Valerolactone 

γ-Valerolactone (GVL) 110 is a versatile biomass-derived platform molecule commonly produced via catalytic 

hydrogenation of levulinic acid (LA), which itself is obtained from lignocellulosic biomass through acid-catalyzed 

hydrolysis and dehydration of carbohydrates (Scheme 26).87-89 This two-step pathway (biomass to levulinic acid, 

followed by hydrogenation to GVL) has been widely recognized as one of the most promising valorization routes 

within biorefinery schemes due to its high carbon efficiency and scalability potential.87,88 

 

 
 

Scheme 26. General process for converting lignocellulosic biomass into GVL. 

 

Structurally, GVL contains a five-membered lactone ring that confers moderate polarity and hydrogen-bond-

accepting ability while maintaining relatively low basicity.90 It is fully miscible with water and many organic 

solvents, exhibits a high boiling point (207–208 °C), a low melting point (−31 °C), and a density of approximately 

1.05 g·cm⁻³ at ambient temperature.90,91 In addition, its low vapor pressure and moderate viscosity contribute 
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to reduced volatility, improved handling safety, and minimized solvent losses compared with conventional 

volatile organic compounds (VOCs).90,92 These physicochemical properties enable its application across a broad 

range of organic reactions and catalytic transformations. 

GVL has been extensively investigated as a green alternative to traditional dipolar aprotic solvents such as 

DMF and NMP, which are associated with toxicity and regulatory concerns.90,92 Owing to its favorable 

environmental profile, biodegradability, and renewable origin, GVL has demonstrated comparable or superior 

performance in several Nucleophilic Aromatic Substitution (SNAr), N-alkylation, amidation, Pd-catalyzed 

coupling, hydrogenation, and biomass conversion reactions.90,93,94 

Beyond its role as a solvent, GVL is a key C₅ platform molecule in biorefinery concepts. It readily undergoes 

hydrogenation, ring-opening, and deoxygenation reactions, serving as a precursor to a variety of value-added 

chemicals and renewable fuels.87,88,95 Notable derivatives include 4-hydroxypentanoic acid, valerate esters 

(useful as fuel additives), and 2-MeTHF, a widely employed bio-based solvent obtained via catalytic 

transformation of GVL.87,95,96  

In the context of electrosynthesis, GVL has also been explored as solvent in a limited number of 

transformations.97-99 However, to the best of our knowledge, the primary electrochemical studies employing 

GVL as solvent were published earlier to 2020, which out the time considered in the present review. Despite 

this, a dedicated review about resources for sustainable C-H activation, by Ackermann's group100, published in 

2020 summarizes and discusses some electrochemical transformations performed in GVL, showing its potential 

in sustainable electrosynthesis and a promising alternative to conventional dipolar aprotic solvents.  

 

 

4. Conclusions 
 

This review discussed various protocols that have emerged in the literature over the past five years, focusing on 

photochemical and electrochemical methods using less common bio-based solvents. The landscape of these 

green alternatives encompasses a wide range of chemical transformations, including C-H bond activation, 

thioesterification, cyanation, arylation, and Minisci reactions. Furthermore, the integration of heterogeneous 

catalysis and enantioselective processes—specifically those employing chiral phosphoric acids—highlights the 

growing scope of this field. A key observation is the still timid adoption of unconventional bio-based solvents, 

particularly in electrochemistry. Although photochemistry shows a somewhat more consolidated presence 

(notably with 2-MeTHF), it is clear that the choice of solvent is often guided by method efficiency rather than a 

primary commitment to the principles of green chemistry. Nevertheless, the initial reports compiled here 

demonstrate to the scientific community that the development of efficient and environmentally friendly 

protocols is not only feasible, but a necessary step to move beyond the comfort zone of traditional organic 

solvents. 
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