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Introduction

1,4-Quinones represent an important class of ubiquitous compounds in nature, especially in plants, bacteria or fungi. This scaffold exhibits remarkable redox properties due to its alternating Csp2 and Csp bonds and electron-deficient nature acting as a 1or 2-electron reversible and efficient redox-cycler. It is responsible for a wide range of biological activities in different key pathways. Among the numerous examples is the vital role of the isoprenoid quinone coenzyme Q10 (also also called ubiquinone) [START_REF] Hidalgo-Gutiérrez | [END_REF] in cellular bioenergetics, serving as a main cofactor in the mitochondrial electron transport chain of eukaryotic cells through aerobic respiration and ATP production. Another example is the role of vitamin K (Figure 1) [START_REF] Stenflo | Proc. Natl. Acad. Sci[END_REF] involved in the carboxylation of glutamate residues for the regulation of prominent physiological mechanisms such as blood coagulation, bone metabolism or neuroprotection. [3] Compounds containing a quinone core also serve as important building blocks in synthetic chemistry, in various fields, [4] most notably in medicinal chemistry. For instance, some 1,4-quinones such as menadione 1a and lawsone 1b derivatives (Figure 1), display potent antimalarial, [5] antibiotic or anticancer [6] activities. Their unique redox properties were shown essential for the design of quinoidal systems as activable fluorescent probes for biological imaging. [7] Radical chemistry has existed since the origins of organic chemistry, when it appeared in the early 19th century. It was historically considered uncontrollable and chaotic. However, it has slowly emerged as a major component of organic synthesis (frequently referred to the renaissance of radical chemistry) [8] thanks to both the development of new methodologies and the elucidation of radical mechanisms. Due to the remarkable capacity of quinones to act as efficient radical acceptors, [9] radical chemistry has become an essential field in its own right for molecular functionalization, and many synthetic processes have been described in literature in the last ten years. In this review article, we will mainly focus on the very recent advances in quinone alkylation, since this field has been evolving very rapidly over the last few years. Arylations and other functionalization of quinones, partly based on intramolecular photoredox reactions, have been thoroughly discussed in two recent reviews, and no significant breakthroughs have been described since. [10] Scheme 1. Different methods of radical alkylation reviewed in this article.

For this reason, except for a few cases, previously reviewed alkylation processes will not be expanded in further detail in this report.reviewed alkylation processes will not be expanded in further detail in this report.

Radical alkylation of quinones generally involves the addition of a carbon-centered radical generated from a radical precursor. The latter is often activated by an external agent such as a transition metal, an oxidant or a reductant. Here, we will review the the addition of carbon-centered alkyl radicals generated from decarboxylation, hydrogen-atom abstraction and reduction of carbon-halogen bonds, which are currently the main three processes used for direct functionalization of quinone with carbon-centered radicals. We will also explore the broad diversity of three-component cascade reactions involving quinones and alkenes, which have been extensively developed very recently, opening the field to the preparation of complex substituted 1,4quinones in a single step (Scheme 1).

Radical generation by decarboxylation

The most popular and convenient method used to functionalize quinones is the Kochi-Anderson reaction, [11] which is a one-step decarboxylation reaction from carboxylic acids under radical conditions. It was first described by Anderson and Kochi, who demonstrated that the oxidative decarboxylation of acids by peroxydisulfate ion (i.e., persulfate) is markedly accelerated by the in situ generated Ag(II), making the AgNO3/(NH4)2S2O8 oxidant system a prerequisite for this reaction. This procedure was applied for the first time to the alkylation of 1,4-quinones by Jacobsen and Torssell in the early 1970's [12] and has since been particularly well exploited in radical alkylation of 1,4-naphthoquinones 1 (Scheme 2). In 1991, Zhang's group explored this reaction to synthesize a large array of vitamin K derivatives by direct radical alkylation of vitamin K3, also known as menadione 1a (Figure 1). [13] Then, Davioud-Charvet's group applied this methodology for the introduction of various alkyl-acids and alkyl-amines into 2substituted naphthoquinone scaffolds 1 for the preparation of potential inhibitors of trypanothione reductase of Trypanosoma cruzi. [14] This approach is still used by the team for the benzylation of menadione through decarboxylation of acids, leading to the potent antimalarial 3-benzylmenadiones, e.g. plasmodione (Figure 1) [5a,b] , or for the benzoylation of menadione 1a to prepare the 3-benzoylmenadiones. [15] In a similar approach, Dessolin and co-workers also described the direct alkylation of naphthoquinones with amino acids (Scheme 2). [16] This method is still actively used and has even been revisited for the functionalization of quinones, as demonstrated by Wang's team in the gram-scale synthesis of various coenzyme Q derivatives. [17] Also in the same context, Xu and co-workers developed a decarboxylative cyanoalkylation of heteroarenes and quinones 4 via iminyl radical and cyclobutyl opening at room temperature (Scheme 3). [18] The authors suggested a mechanism whereby, after an Ag(II)-catalyzed decarboxylation of the coupling partner, a cyclic α-imino-oxy acid derivative 5 , acetone is released while liberating an iminyl radical I, thus triggering cycle opening to form a carbon-centered radical II (Scheme 3). This cyanoalkyl radical II then undergoes free radical addition to the quinone, followed by oxidation, resulting in the formation of the cyanoalkylated quinone 6. These conditions allowed the efficient functionalization of coenzyme Q10 or menadione 1a in good yields, leading to 6b and 6c-d derivatives, respectively (Scheme 3). Over the last decade, radical generation by decarboxylation has been continuously revisited, [19] including inter alia for the functionalization of quinones. For example, Lee and co-workers developed a silver-free Kochi-Anderson-type C-H alkylation of heteroarenes and quinones using ammonium persulfate in a mixture of water and DMSO as the sole reagent under mild temperature conditions. This process allowed the alkylation of various naphthoquinones including menadione 1a and lawsone 1b, leading to 7b-d derivatives (Scheme 4). [20] Scheme 4. Silver-free radical decarboxylation.

Subsequently, they described an acylation and carbamoylation version of this procedure. [21] Although this reaction was shown to be efficient with heteroaromatic substrates as radical acceptors, only a few examples of quinone functionalization with moderate yields have been described (Scheme 5).

Scheme 5. Silver-free radical acylation and carbamoylation of quinones.

The authors demonstrated that under these specific conditions, SO4 -• radicals can be generated gently in DMSO in the absence of any metal catalyst and play a crucial role in the decarboxylation process (Scheme 6). Scheme 6. Proposed mechanism of the silver-free decarboxylation.

DMSO was shown to be essential for the reaction, as the decomposition of the persulfate ion is described as occurring much more evenly in this solvent. After decarboxylation, the radical intermediate III reacts with the quinone, which is regenerated by single-electron transfer from S2O8 2-or hydrogen abstraction from SO4 -• .

Recently, Baxter et al. showed that selectfluor 11 could be used as a mild alternative to the strong oxidant ammonium persulfate. [22] These conditions allowed the reaction to occur at room temperature and to lead to selective mono-alkylation of the highly reactive 1,4-benzoquinone 4c with moderate to satisfactory yields (Scheme 7.A.). In comparison, the standard AgNO3/(NH4)2S2O8 system applied to the same 1,4-quinone invariably leads to lower yield with a majority of polysubstituted compounds. [23] The same research team also found that the Hünig's base 12, used as an additive under similar experimental conditions, significantly improved the reactivity. When carried out without any metal additive, the radical process led to slightly lower yields (Scheme 7.B.). [24] Scheme 7. Selectfluor-mediated alkylation of 1,4-benzoquinones.

In 2020, the AgNO3/selectfluor system was used by Qing's group to introduce the CF2OAr motif from the corresponding difluoroacetic acids 14 in various heteroaromatic compounds and the 1,4-naphthoquinone 1c (Scheme 8). [25] Noteworthy, the conventional use of persulfate as an oxidant did not yield any target product, making selectfluor an useful alternative. Although decarboxylation is the mainly used method for radical generation by C-C bond cleavage, it is worthy to note the development of 1,4-dihydropyridines as radical precursors by Molander and his coworkers. [26] These precursors, synthesized in one-step from readily available benzaldehydes, were proven to be highly efficient alkylating agents of quinones.

Based on previous work on decarboxylation with the Ag(I)/selectfluor couple and on formation of a diazabicyclo radical dication IV (TEDA 2+• ) after 1-electron reduction or photolysis, selectfluor was shown to act as an effective hydrogen transfer agent for the generation of carbon-centered radicals to enable new bond formation. [27] Hence, Baxter's team developed an original radical benzylation of 1,4-quinones 4 by Csp3-H abstraction starting from toluene derivatives 15. [28] Using this process, 1,4-benzoquinones could be mono-benzylated with good yields. However, arene bearing electron-withdrawing groups in para-position were found to be poor coupling partners (16b) as illustrated in menadione alkylation, which resulted in 3benzylmenadione 16d with moderate yield (Scheme 9). Quinone benzylation via a Csp 3 -H abstraction has been well explored in recent years. The early work was developed in 2014 by Duan and coworkers when they reported a copper-catalyzed benzylation of various coumarins, which turned out to be compatible with menadione. [29] Later, inspired by this method, Wang's group developed a copper-free oxidative crossdehydrogenative coupling between various quinones 1,4 and toluene derivatives 15. [30] This reaction proceeds via di-tert-butyl peroxide (DTBP)-assisted hydrogen-abstraction on the benzylic Csp 3 to generate highly reactive benzyl radicals, prone to react readily with electrophilic quinones. Various quinones, including 2substituted-1,4-naphthoquinones 16e-i and substituted 1,4benzoquinones 16j were successfully benzylated by diversely substituted toluene derivatives (Scheme 10). The main drawback of this process is likely the use of toluene derivatives 15 in large excess used both as a reactant and as a solvent, limiting the scope of the reaction to cheap or easily available starting materials.

Scheme 10. Radical benzylation of quinones via DTBP-mediated C-H abstraction.

Noteworthy, a similar process was recently described for the cyclization of 2-(3-arylpropioloyl)benzaldehydes 17 in the presence of catalytic copper powder leading to 3-benzylated 2aryl-1,4-naphthoquinones 18 (Scheme 11). [31] Strictly speaking, this process is not a direct functionalization of quinones but allows for the formation of a very wide range of various 1,4naphthoquinones in a single step. Obviously, radical generation by hydrogen-abstraction has not been applied to benzylation reactions only. At the end of the 20 st century, Chuang's group studied a direct manganese-mediated alkylation of various 1,4-naphthoquinones with malonates. [32] In 2016, Lee's group described a direct copper-catalyzed cycloalkylation using tert-butyl hydroperoxide (TBHP) as hydrogen-abstraction agent starting from cycloalkanes. [33] Finally, Wang's team extended their benzylation method to the direct alkylation of quinones using tert-butyl peroxybenzoate 19 (TBPB) and bismuth(III) trifluoromethanesulfonate as catalyst. [34] Remarkably, they showed that TBPB 19 could act as a radical methyl donor allowing the radical methylation of numerous Scheme 12. Bismuth-catalyzed quinone alkylation.

bismuth-activated quinones in good yields (Scheme 12, Pathway A). On the other hand, the use of an alkane as a solvent promoted the corresponding alkylation via hydrogen-abstraction from the alkane by one of the resulting radicals of the homolytic cleavage of TBPB 19 (Scheme 12, Pathway B). This radical alkylation has been explored very recently by the same team to develop the first direct one-pot dual amination-alkylation of the 1,4naphthoquinone 1c. [35] It is proposed that in the presence of a source of copper(II) as catalyst, 1,4-Michael addition of the amine 22 occurs first, followed by 1,4-radical addition of the alkyl radical generated by the DTBP-mediated hydrogen abstraction from the alkane 23 (Scheme 13). Shortly before, Liu's group found that these hydrogen abstraction methods can also be successfully applied to the coupling of fluorinated alcohols 25 to quinones 1, or 4. [36] In a heated water/polyfluorinated alcohol mixture, potassium persulfate decomposes to the sulfate radical (SO4 -• ), which allows the hydrogen atom abstraction (HAT) from the polyfluorinated alcohol 25 to generate a key radical V. This latter readily reacts with the electrophilic quinone, and the corresponding radical adduct VI is then converted to the target quinone 26 via a second HAT from the sulfate radical. This reaction is compatible with a large array of polyfluorinated alcohols and quinones, including starting menadione 1a or lawsone 1b resulting in 26a and 26b derivatives (Scheme 14). The authors also showed that coumarin and chromone were also suitable radical acceptors. Regarding other more diversified alkylations, Ilangovan's team, who previously published the radical opening of cyclopropanols to generate alkyl-ketone functionalized quinones, [37] described in 2020 an original direct functionalization of quinones with dialkylamides using the AgNO3/TBHP couple (Scheme 15). [38] In their report, the authors postulated that the thermically generated tert-butoxyl radical VII reacted with the alkylamide, first to generate the N-acyliminium alkyl radical VIII and subsequently the N-alkyl radical IX. This key radical intermediate firstly undergoes a silver-catalyzed conjugated addition to the quinone, and then the resulting radical adduct X reacts again with the tertbutoxyl radical VII to regenerate Ag(I) and the quinone moiety.

Although a broad range of quinones 28 were directly functionalized by dimethylacetamide (DMA), access to various dialkylamides was however rather limited (Scheme 15). Scheme 15. Silver-catalyzed alkylamidation of quinones.

Shortly after, Ilangovan's group described a photocatalyzed version of this reaction, compatible with mono-and di-alkylamides 32 (Scheme 16). [39] Eosin Y was used as a photosensitizer, generating upon blue LED photoexcitation tBuO • XI and Eosin Y +• via a single-electron transfer. Radical XI then undergoes HAT from the alkylamide. The resulting terminal radical XII reacts with the quinone to form a radical intermediate XIII. Radical XIII is then converted to the cationic species XIV, via SET with Eosin Y +• , and afford after loss of water the alkylated quinone 33. These conditions allowed alkylation of diversely substituted 1,4naphthoquinones in much milder conditions with good yields (Scheme 16). Surprisingly, in the fast-evolving groundbreaking field of photochemistry over the past decade, this was so far the only example of functionalization of a quinone by a photosensitive catalyst. [40] Scheme 16. Photocatalyzed alkylamidation of 1,4-naphthoquinones.

Devari and Shah, however, reported in 2016 a photosensitizerfree alkylation of various electron-deficient arenes, including few examples of 1,4-naphthoquinones, with cyclic ethers in the presence of K2S2O8 and under light-irradiation (Scheme 17). [41] Scheme 17. Photosensitizer-free light-induced alkylation of quinones with cyclic ethers.

The authors proposed the formation of an electron donoracceptor (EDA) complex XV between S2O8 2-and the electrondeficient arene. Upon light irradiation of this EDA complex, S2O8 2- undergoes a homolytic cleavage to generate SO4 -• , which, following HAT with ethers, leads to the formation of α-oxyalkyl radicals XVI. The latter radical XVI reacts with the quinone and affords, likely after HAT from SO4 -• , the alkylated naphthoquinone 34 with moderate yield (Scheme 17). Furthermore, as discussed earlier, most of the described radical alkylations proceeding by HAT suffer from the use of an excess of alkyl precursors, making it difficult to functionalize quinones starting from complex or expensive adducts.

Radical generation by C-halogen reduction

Rare examples of alkylation of quinones by dehalogenation of a radical precursor have been reported. Particularly, Li's group described the copper-catalyzed alkylation of diverse heteroarenes, including 1,4-naphthoquinones and coumarins, with various alkyl halides. [42] Cu(acac)2 and 1,10-phenanthroline (phen) were combined to form a catalytic system for the reduction of the C-Br bond and formation of the corresponding alkyl radical (Scheme 18).

Scheme 18.

Copper-catalyzed alkylation of 1,4-naphthoquinones.

Under inert atmosphere and intense heating, menadione 1a and 1,4-naphthoquinone 1c were alkylated with α-bromo-esters 35 in the presence of a base, but only these two examples of alkylated naphthoquinones 36a and 36b have been described so far. Later, the same group described an iron-catalyzed version of this alkylation process with a greater scope (Scheme 19). A Fe(II) catalyst was added to reduce the C-Br bond to form the corresponding radical species XVII, in the presence of a base under heating, allowing the functionalization of diversely 2substituted naphthoquinones from various α-bromoesters 38a and benzyl bromides 39, leading to 38a and 38b derivatives.

In parallel, we have developed the first photoredox Fe(III)catalyzed benzylation of 1,4-naphthoquinones (Scheme 20). [44] Based on previous reports about quinone photoreactivity, we proposed a mechanism where the photoreduction of the starting menadione 1a is assisted by γ-terpinene under blue light irradiation. The resulting semiquinone radical XVIII is then reoxidized by ambient oxygen generating superoxide anion radical continuously. This radical is known to reduce Fe(III) to Fe(II), which can then reduce the C-Br bond of benzyl bromide to generate the corresponding radical XIX. After benzyl radical addition to menadione, the resulting benzylated semiquinone XX is re-oxidized by oxygen or the starting menadione 1a to continue the redox cycle resulting in the formation of the benzylated menadione 40a (Scheme 19). More than 40 examples of diversely substituted 1,4-naphthoquinones 40 were synthesized with good yields.

Scheme 20. Iron-catalyzed photoredox benzylation of quinones.

To date, these are the only examples of direct quinone alkylation by dehalogenative radical generation. However, as discussed just below, this method is beginning to be applied in threecomponent-reaction with quinones. It is highly likely that this field will continue to grow exponentially in the coming years, as halogenated starting materials are common building blocks and represent an important starting material in organic synthesis. However, carbon-halogen bond reduction remains difficult, especially for inactivated alkyl halides, and most of the described methods are rarely compatible with quinone redox properties (i.e., as an oxidant). Nevertheless, recent advances in the abstraction of halogen atoms (XAT) constitute very promising prospects for future development. [45] case of a naphthoquinone 1 (NQ), the reaction stops there, but for a benzoquinone 4 (oxidized form)), the reaction continues and cyclization occurs. The authors also noted that the (NH4)2S2O8/I2 mixture reduced benzoquinone 4 into the corresponding dihydroxyquinone 4red (reduced form), which allowed the reduction of the cyclic cationic intermediate to lead to the final dihydrobenzofurane 44.

In recent years, three-component reactions have also been shown to be effective for the functionalization of 2-amino-1,4naphthoquinones 46. In 2019, Zhang's group successively reported two three-component reactions allowing access to complex substituted 1,4-naphthoquinones (Scheme, 23). [50] Scheme 23. Three-component alkylation of 2-amino-1,4-naphthoquinones.

On one hand, α-bromocarboxylates 47, styrenes 48 and 2aminonaphthoquinones 46 reacted in the presence a catalytic of CuCl and 1,1'-bis(diphenylphosphino)ferrocene (DPPF) added as a ligand (Scheme 23.1) and, on the other hand, Togni I reagent 50, substituted alkenes 51 and 2-amino-1,4naphthoquinones 46 were involved in a reaction with AgOAc and DPPF as catalytic system (Scheme 23.2). These two reactions are proposed to proceed through the same mechanism. A first radical intermediate XXVII is generated by single-electron transfer (SET) between the metallic complex and the radical precursor, and then participates in a radical addition on the alkene to form the second carbon-centered radical intermediate XXVIII. Two routes are then plausible; either this intermediate adds directly to the quinone (path A), or it undergoes a second SET with the metallic complex to form the corresponding carbocation XXIX (path B), which can be trapped by the rearrangement product XXX from the starting quinone. In both case, an iminium intermediate XXXI is formed and the quinone core is regenerated by deprotonation (Scheme 23.3.). The fact that the reaction does not proceed if the amino group is replaced by an alkyl group led authors to prioritize path B, since enamine isomerization plays an important role in this path, even if, path A and direct radical alkylation cannot however be excluded. Furthermore, under blue-light irradiation, the cascade reaction between perfluoroalkyl iodides 54, alkenes 43 and 2-arylamino-1,4-naphthoquinones 53 was made possible without photocatalyst as demonstrated by Rao and co-workers (Scheme 24). [51] Since 2-amino-naphthoquinones 53 absorb the blue light wavelengths and no coupling is observed between the perfluoroalkyl halide 54 and alkenes 43 in the absence of the quinone, the authors proposed a mechanism where the quinone itself acts as a photosensitizer. Indeed, when excited with a blue LED irradiation, 2-aminonaphthoquinone 53 is proposed to activate in situ the perfluoroalkyl iodide 54 into its perfluoroalkyl radical XXXII through a SET process. Subsequent addition of the radical to the alkene leads to a carbon-centred radical XXXIII, which then undergoes radical-radical coupling with the quinone radical-cation XXXIV affording the targeted compound after deprotonation (Scheme 24). Although limited to 2-amino-1,4-naphthoquinones 53, these conditions are tolerant with various styrenes and alkyl-substituted alkenes 43 in one side and various sized polyfluorinated alkyl chains 54. Recently, Jin's group exploited the emerging field of electron donor-acceptor (EDA) [START_REF] Lima | For reviews and insights on EDA complexes: a)[END_REF] complexes in visible-light-mediated reactions. [53] The authors reported a tandem cyclization-arylation of unactivated alkenes with 2-amino-1,4-naphthoquinones 53. Nallyl-2-bromo-2,2-difluoroacetamides 56 and N,N,N',N",N"pentamethyl-diethylenetriamine (PMDETA) were demonstrated to form an EDA complexe XXXV. Under blue light irradiation, a dehalogenation is observed leading to the formation of the difluoroalkyl radical XXXVII which in turn undergoes intramolecular cyclization to afford a cyclic radical XXXVIII. This intermediate is then immediately trapped by the quinone to generate, after hydrogen abstraction from the amino radical cation XXXVI, the targeted coupling product 57 (Scheme 25). To the best of our knowledge, this constitutes, with Shah's radical alkylation with cyclic ethers (see above), [41] the only example of quinone functionalization with EDA complexes. These two reports undoubtedly open a new field of exploration for the functionalization of quinones.

Conclusion

Herein, we have reviewed most of the recent advances in radical alkylation of quinones. As demonstrated by the overview described here, many advances have been made in recent years, opening up promising and interesting prospects despite the complexity of combining classical organic chemistry with quinones due to their unique electrochemical properties. We are convinced that this craze for the functionalization of quinones will intensify in the coming years, allowing even more breakthroughs in this field because, as we have shown, many of the methods described are still limited in diversity and efficiency but constitute a fertile ground for future discoveries. 
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Cascade three-component alkylation

During the last decade, C-C bond construction via radical generation from starting olefins has been extensively studied. A common system used for this purpose is the couple Fe(III)/reductant. [46] In 2019, Liu's group developed, using the Fe(NO3)39H2O/NaBH4 couple, an efficient free radical alkylation of quinones 4 with olefins 41 compatible with a large array of starting materials, including allylsilanes (Scheme 21). [47] The authors demonstrated that a hydrogen radical XXI is formed by 1electron oxidation of NaBH4. This newly formed radical can then react with an olefin to form a new C-H bond and a carboncentered radical XXII, which in turn can then alkylate a quinone. The mechanism was suggested from a radical clock experiment where radical cyclization of a diene via a 6-endo-trig cyclization was observed (Scheme 21). Furthermore, using NaBD4 instead of NaBH4 led to the insertion of deuterium atom into the olefin, confirming that the reductant is indeed the H/D donor in this reaction. Simultaneously, Liu's team developed a synthesis of dihydroxybenzofuranes by a three-component oxyarylation of alkenes using 1,4-benzoquinones 4 and water. [48] This reaction proceeded in two steps. A first radical alkylation of a carboncentered alcohol radical on a quinone generates the corresponding alcohol-bearing alkylated quinone, followed by reductive cyclization to form the dihydroxybenzofurane core 44 (Scheme 22, Pathway A). Liu and co-workers were able to avoid reductive cyclization by changing the experimental conditions ,i.e., switching from a (NH4)2S2O8/I2 system with benzoquinones 4 to a (NH4)2S2O8/CuBr2 system with naphthoquinones 1 (Scheme 22, Pathway B). [49] They proposed a mechanism whereby the olefin is oxidized by SO4 -• giving the alkenyl radical cation XXIII, which reacts with water to form a bridged radical cation complex XXIV. After regioselective opening of intermediate XXIV and loss of a proton, the new carbon centred radical XXV undergoes radical addition to the quinone. The resulting radical adduct XXVI is then oxidized by SO4 -• to form the newly alkylated quinone 45. In the