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In the quest for sustainable processes, the selection of resources and catalysts is of central importance. Carboxylic acids, which are abundant, stable and ideally biobased feedstocks, can be considered as attractive platforms towards a range of functionalized molecules. A recent resurgence of photoinduced ligand-to-metal charge transfer (LMCT) of carboxylates led to tremendous developments in the field of earth-abundant metal mediated, visible-light induced (non)-decarboxylative transformations of carboxylic acids. These reactions combine the use of available starting materials, low-consuming energy source and abundant catalysts. Besides these undeniable advantages, they also provide mild, highly selective and innovative conditions towards complex molecule functionalization. The objective of this review is to give an overview of the recent advances in LMCT of carboxylates with a special focus on mechanistic aspects of these transformations. 1-Introduction 2-Ce(IV)-photocatalyzed reactions 2.1 Decarboxylative transformations 2.2 Non-decarboxylative transformation: lactonization of benzoic acids 2.3 Non-decarboxylative transformation: Smiles rearrangement 3-Fe(III)-photocatalyzed reactions 3.1 Decarboxylative transformations 3.2 Non-decarboxylative transformation 4-Cu(II)-photocatalyzed reactions 5-Conclusion and perspectives

Introduction

The formation of C-C bonds is of outstanding importance in organic synthesis for the construction of molecules ranging from small building blocks to more complex architectures such as bioactive compounds, natural products or functional materials. Since their emergence in the 1980's, transition metal-catalyzed crosscoupling reactions have known tremendous developments that now bring them at the forefront of C-C bond formation methods. [START_REF] Molnar | Palladium-catalyzed coupling reactions: practical aspects and future developments[END_REF] Their reliability, reproducibility, flexibility, regio-and stereoselectivity are the keys to their success, particularly in drug discovery. Palladium-catalyzed Suzuki-Miyaura cross-coupling, which is now the second most utilized reaction in medicinal chemistry, is the most relevant example of this high popularity. [START_REF] Molnar | Palladium-catalyzed coupling reactions: practical aspects and future developments[END_REF] However, in the current context of environmental awareness, these metal-catalyzed transformations suffer from some drawbacks that considerably gain in importance and start being barriers to their extensive utilization. Indeed, most of these reactions are based on toxic and/or rare metal catalysts whose extraction rises environmental, societal as well as geopolitical issues. [2] If some efforts have been made over the last decades to develop earth-abundant metal-catalyzed reactions, [3] palladium catalysts remain by far undisputed leaders in the field of C-C coupling. In addition, whatever the nature of the metal catalyst, these cross-coupling reactions generally involve sensitive organometallics together with organic (pseudo)-halides as coupling partners. The presence of low-stable and/or reactive organometallics is generally identified as an obstacle to chemoselectivity and scope extension but the extensive use of organic halides is more rarely discussed. Yet, they are often poorly stable, low available, expensive and their preparation may require low-atom economical transformations that can dramatically increase the whole environmental impact of a synthetic route. Finally, cross-coupling reactions generate stoichiometric amount of waste that can be problematic, particularly in large scale synthesis. Taken together, these drawbacks considerably affect the sustainability of metal-catalyzed cross-coupling reactions and the development of more environmentally-friendly methods for C-C bond formation has emerged as a new relevant challenge.

Compared to organic halides, carboxylic acids are readily available and possibly bio-based (ie amino-acids, fatty acids, sugar acids). [4] According to a recent analysis of commercially available building-blocks based on eMolecules library, carboxylic acids are the second most abundant molecules on the market after amines (Figure 1). [5] Particularly, a significant difference between aliphatic carboxylic acids and alkyl halides was highlighted (37643 versus 16000). Furthermore, carboxylic acids are generally air-and moisture-stable and, when present in a molecule, potentially protected as esters, they are relatively inert to a range of chemical treatments, opening the way for late-stage functionalization of complex products. These features make them very attractive partners for C-C bond formation and, indeed, treated under appropriate conditions (vide infra), carboxylic acids can undergo decarboxylative processes in which the -COOH group can be viewed as a leaving group. This attractiveness can be however tempered by the CO 2 release occurring during the decarboxylation process. Both decarboxylative C-C and C-heteroatom bonds formation have been devised and these processes have a long history in organic synthesis. [6] In a pioneering work, Kolbe et al. demonstrated that carboxyl radicals could be generated electrochemically from the parent carboxylic acid leading, after CO 2 extrusion, to a carbon-centered radical, which was shown to dimerize (Scheme 1a). [7] The restriction to dimerization as well as the need for preparative electrolysis devices were barriers for extensive developments [8] and chemical approaches were then favored. The decarboxylative halogenation of silver carboxylates entered the list of "name reactions" as Hunsdiecker-Borodin reaction and catalytic versions have been developed (Scheme 1b). [9] Barton decarboxylation is another famous reaction converting a carboxylic acid into an alkane through the intermediate formation of a Barton ester (Scheme 1c). [10] However, besides the pre-functionalization of the carboxylic acid, this method requires the use of a radical initiator (AIBN) as well as a toxic hydride donor (Bu 3 SnH). After the 2000's, Gooßen et al. research work significantly boosted the field of decarboxylative transformations by merging copper-induced decarboxylation with transition metal-catalyzed cross-coupling reactions. [11] This seminal idea led to the development of numerous C-C coupling that revealed particularly attractive for the challenging formation of unsymmetrical biaryl compounds or of aryl ketones. [12] In these reactions, the carboxylic acid was in situ converted into an aryl copper reagent, thus avoiding the use of stoichiometric organometallics. Conceptually different decarboxylative Suzuki-like [13] or Heck-like [14] couplings were also devised, in which carboxylic acids can be viewed as organic halides surrogates (Scheme 1d). Even if these approaches brought a significant improvement to more classical cross-coupling reactions, they did not address all the existing issues such as heavy metal catalysis, high temperature and poor compatibility with alkyl carboxylic acids. Another step beyond sustainability of C-C bond formation was made with the upsurge of photochemistry (Scheme 1e). Indeed, if visible-light induced organic transformations have been known for more than one century, [15] significant advances were made in the 1980s and 1990s. [16], [START_REF] König | For an historical perspective of photocatalysis[END_REF] Over the last 15 years, the increased availability of light-emitting diodes, the seek for sustainable source of energy as well as the reports by MacMillan, Yoon, Stephenson and their co-workers contributed to popularize visible-light photocatalysis. [18] Under visible-light irradiation, a photocatalyst can reach an excited state from which it proved able to transfer either energy or electrons to acceptor molecules present in the reaction mixture, finally generating reactive radical species. As such, it acts as a mediator between light energy and non-absorbing substrates, promoting unprecedented transformations. These new opportunities raised in term of chemical reactivity associated to the use of a sustainable energy source rapidly caught the attention of organic chemists and light-driven processes are becoming a major synthetic tool. [19] Decarboxylative transformations do not escape this global trend, entering as well in the photocatalysis age. [20] Classically, in such photocatalytic processes, a photocatalyst in its triplet excited state (PC*) accepts an electron from an in situ formed carboxylate, leading to a carboxyl radical that generally spontaneously evolves to a carbon-centered radical after CO 2 extrusion. This radical can be trapped with various radical acceptors allowing C-C or C-heteroatom bond formation. The key step of this reaction, ie the single-electron transfer (SET) from the carboxylate to the excited photocatalyst, requires a sufficiently long lifetime of the photoexcited state (Scheme 2). Consequently, most of the photocatalysts used in such transformations are polypyridil-ruthenium or iridium complexes that exhibit excellent photochemical properties not only in term of excited state lifetime but also in photoabsorption capacity and oxidation potential range. Again, the extreme scarcity of these metals limits the sustainability of the developed processes and taken with the high cost of the complexes, this restriction can be considered as an obstacle for their extensive spread or large-scale applications. Therefore, the design of metal photocatalysts centered on earth-abundant first-row transition metals (such as Fe, Cr, Cu, Zr) is highly desirable in the seek for the development of sustainable transformations. [21] Unfortunately, when compared to Ru-or Ir-complexes, earth-abundant metal complexes display considerably less attractive photochemical performances. Particularly, they exhibit ultra-short excited state lifetimes due to fast non-radiative decays, preventing bimolecular interactions through energy or electron transfer. [22] As a relevant example, the triplet excited state resulting from a metal-to-ligand-charge transfer ( 3 MLCT) of [Ru(bpy) 3 ] 2+ has a lifetime of 1 µs while it is inferior to 150 fs for [Fe(bpy) 3 ] 2+ . In Ru(II) photocatalyst, the strong octahedral ligand field leads to an important splitting of the 4d orbitals (t 2g versus e g * ) resulting, after photoabsorption and fast intersystem-crossing (ISC), to a relatively stable 3 MLCT (Scheme 3). In contrast, in the analog Fe(II) complex, the ligand field is much lower resulting in a small difference of energy between the t 2g and e g * orbitals. After photoabsorption and a fast ISC, the 3 MLCT excited state is reached but it undergoes an ultra-fast relaxation process towards the 3/5 MC that finally lead to non-radiative deactivation to the 1 GS. Upon increasing the ligand field and lowering the energy level of the π*, the introduction of strong σ-donor and/or π-acceptor ligands contributes to respectively destabilize 3/5 MC excited states and stabilize 3 MLCT excited state thus resulting in extended useful lifetime (Scheme 3). Based on this observation, some metal complexes were synthesized and promising results in term of excited lifetime and hence, photochemical activity were obtained. [23] Furthermore, with the original aim of developing a Fe(II) complex displaying a longlived MLCT excited state, mesoionic carbene ligands were considered. Indeed, compared to N-heterocyclic carbene ligands, mesoionic carbenes exhibit enhanced σ-donor and π-acceptor properties causing a strong ligand field. [24] However, the resulting Fe(II) complexes were readily oxidized to their Fe(III) counterparts which revealed photoluminescent. This unprecedented emission occurring at room temperature arose from a long-lived 2 LMCT state. Even if careful ligand design clearly opens opportunities in 3d metals photocatalysis and luminescence, the long and sometimes challenging synthesis of these rather sophisticated molecules could be considered as a real barrier to the widespread use of such photocatalysts. Inspired by work dedicated to alkoxy radical generation from free alcohols, [25] an alternative approach for visible-light driven, earth-abundant metal-catalyzed decarboxylative transformation recently emerged. [26] Instead of considering the ligand lability of 3d metals as a weak point, this strategy exploits this property to promote the formation of the carboxyl radical through visible light activation. Indeed, a metal carboxylate (RC(O)O-M(n)L n ) is first formed from a ligand exchange between the metal complex and the carboxylic acid. This metal carboxylate can then absorb light, thereby reaching an excited state. Upon this photoexcitation, electronic transitions (vide infra) finally result in the homolytic cleavage of the O-M(n) covalent bond, leading to the formation of the carboxyl radical (RC(O)O ) together with the reduced metal M(n-1). Electronically, the homolytic cleavage of the O-M(n) bond is due to a ligand-to-metal-charge-transfer (LMCT) causing either depopulation of the σ(O-M) orbital or population of the σ*(O-M) orbital (Scheme 4). In both cases, the inner sphere character of the redox processes at stake renders non-essential a long lifetime of the excited state, thus allowing the use of 3d metals or lanthanides. Furthermore, compared to more classical approaches based on outer sphere SET, this mechanistically distinct decarboxylative route allows a gain in regioselectivity, the O-M bond being the unique possible site of oxidation even in the presence of other easier-to-oxidize functional groups in the molecule. 
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This review is dedicated to photoinduced ligand-to-metal-charge-transfer of metal carboxylates (RCO 2 M) leading to a homolytic cleavage of the O-M bond, which results in the generation of a carboxyl radical. Depending on the nature of the carboxylic acid, the latter can either spontaneously extrude CO 2 or react intramolecularly. The review is divided into three main sections according to the nature of the photocatalyst (i.e. cerium, iron or copper-based complexes). Within these sections, both decarboxylative and non-decarboxylative transformations are discussed in details with a special focus on mechanistic aspects. Being the most abundant lanthanide element in the earth crust, cerium has stimulated an increasing interest in photocatalysis. Particularly, Ce(IV) complexes are relatively stable and display a strong absorbance in the visible spectral region due to a facile LMCT transition from ligands to empty 4f orbitals of Ce(IV). [27] In most cases, the resulting excited complexes do not display luminescent properties but readily undergo an oxidation of the ligand processing with Ce(III) release. This process typically enters into the sphere of LMCT/homolysis reaction and was first employed to induce a decarboxylation in 1968 by Sheldon and Kochi. [28] Indeed, in a pioneering study, they demonstrated that under UV irradiation, Ce(IV) carboxylates, formed upon treatment of Ce(IV) acetate with a large excess of an aliphatic carboxylic acid (RCO 2 H), can lead to the formation of a reduced Ce(III) carboxylate complex along with CO 2 release and alkane (RH) formation. The latter supposeddly came from the alkyl radical generated after a one-electron oxidation of the carboxylate ligand followed by CO 2 extrusion (Scheme 5).
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Scheme 5.

Pioneering study about LMCT/homolysis of Ce(IV) carboxylates.

C-heteroatom bond formation

Inspired by this seminal study and by recent works related to the formation of alkoxy radicals from photolysis of Ce(IV) alkoxide complexes [ie L n Ce(IV)-(OR)], [29] König and co-workers were the first to report a cerium-catalyzed, visible-light driven decarboxylative transformation involving a LMCT/homolysis process (Scheme 6). [30] Upon treatment with di-isobutyl azo dicarboxylate (DBAD), in the presence of CeCl 3 •7H 2 O and Cs 2 CO 3 under blue light irradiation (λ = 455 nm), a range of carboxylic acids was converted into the corresponding hydrazine derivatives (Scheme 6a). The transformation of primary carboxylic acids proceeded with moderate yields (2.6a-2.6f) while good yields were obtained for the hydrazination reactions involving secondary carboxylic acids (2.6g-2.6h). As an exception, the hydrazination of phenylacetic acid derivatives was less efficient (2.6i). Tertiary carboxylic acids were also competent in this decarboxylative transformation (2.6j-2.6k). Interestingly, the reaction proved chemoselective, tolerating various functional groups such as a nitrile, a bromide, an ester, a carbamate or multiple bonds. The selectivity of the oxidation step that only occurred at the O-Ce bond rendered possible the late-stage functionalization of complex molecules including active pharmaceutical ingredients such as isoxepac and fenclozic acid (Scheme 6b). Furthermore, the Boc protecting groups were easily cleaved to give the free hydrazine and, therefore, the synthetic attractiveness of the method was demonstrated thanks to the synthesis of several pharmacologically active molecules such as phenelzine hydrochloride (Scheme 6c).
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Scheme 6. Cerium-catalyzed decarboxylative hydrazination of carboxylic acids. Boc = t-butyloxycarbonyl; DBAD = diisobutylazo dicarboxylate.

To decipher the mechanism of the reaction, some control experiments were first conducted confirming the need for the cerium catalyst, the base and continuous light irradiation. 2-Cyclopropylacetic acid 2.8 was used as a radical probe and the observed ring-opening prior to hydrazination was a clue in favor of the transient formation of an alkyl radical (Scheme 7). Moreover, the addition of TEMPO under the optimized conditions resulted in a complete inhibition of the reaction. To highlight the LMCT/homolysis process, (nBu 4 ) 2 Ce(IV)Cl 6 was synthesized and an UV-Vis spectrum was recorded, first in the absence of the carboxylic acid. A broad absorption band was measured at λ = 380 nm, which is typical of Ce(IV) LMCT absorption. Cyclohexylcarboxylic acid was then added to the solution of this Ce(IV) complex and UV-Vis spectra were recorded. In the absence of light irradiation, no evolution of the spectrum was noticed while under blue light (λ = 455nm), a fast disappearance of the LMCT band was observed, which can be attributed to the Ce(IV) reduction into a Ce(III) complex. Two years later, a similar cerium-catalyzed decarboxylative hydrazination strategy was applied to αimino-oxy acids. [31] Starting with these well-designed substrates, the photoinduced LMCT/homolysis process was employed to generate, after CO 2 and acetone extrusion, a highly reactive iminyl radical. The latter could trigger either a C-C cleavage when oximes derived from cyclic ketones were involved or could add on a double bond if present at the γ position of the imine moiety. Indeed, when α-imino-oxy acids prepared from cyclic ketones 2.15 were used in the presence of CeCl 3 •7H 2 O, K 2 CO 3 and DBAD under blue light irradiation (λ = 460 nm), the initial LMCT-induced homolysis of the O-Ce(IV) bond initiated a sequential decarboxylation/acetone extrusion/C-C cleavage/hydrazination process, delivering the corresponding hydrazines 2.16 featuring a terminal alkyl nitrile moiety (Scheme 9). Due to a favorable ring-opening of small cycles, oximes derived from cyclobutanone, azetidinone or oxetanone reacted smoothly (2.16a-2.16e) but less strained 5-membered ring oximes were also compatible (2.16f). The presence of substituents including an ester or a carbamate on the cycle was tolerated, affording attractive building blocks. Apart from DBAD, other azodiformates could be used such as diethylazodicarboxylate (DEAD) or diisopropylazodicarboxylate (DIAD) (2.16g-2.16h). Alternatively, when α-imino-oxy acids derived from acyclic ketones possessing a double bond at the γ position of the carbonyl group 2.17 were used, the iminyl radical generated through the decarboxylation/acetone extrusion process was able to perform a 5-exo-trig cyclization on the alkene delivering a carbon-centered radical, which further reacted with DEAD, finally leading to the iminohydrazination products 2.18 (Scheme 10). A range of alkene-containing aryl α-imino-oxy acids were treated with DEAD in the presence of CeCl 3 •7H 2 O and Na 2 CO 3 under blue light irradiation (λ = 400 nm) to furnish the 5-membered ring cyclic imines with moderate to good yields. Compared to the previous reaction, an increased catalytic loading in the cerium salt was necessary (70 mol% versus 10 mol%) as well as a modification of the base (Na 2 CO 3 versus K 2 CO 3 ) and of the light wavelength (400 nm versus 460 nm). Introducing substituents on the aryl ring with different electronic properties did not affect the reaction (2.18a-2.18c) and a heteroaromatic thiophene ring was also tolerated (2.18d). The cyclization was not sensitive to the steric hindrance on the double bond and trisubstituted alkenes could be used as well (2.18e).
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Scheme 10. Alkene iminohydrazination through decarboxylative iminyl radical generation/5-exo-trig cyclization/hydrazination. DEAD = diethylazodicarboxylate. Besides forming the chlorydrate salt of free hydrazine upon acidic Boc cleavage (Scheme 11, eq. ( 1)), the authors also disclosed a two steps N-N bond cleavage of the hydrazine derivatives allowing the access to synthetically useful γ-amino nitriles (Scheme 11, eq. ( 2)). A first N-alkylation of the hydrazine with ethyl bromoacetate delivered the α-hydrazinoester 2.20, which, upon basic treatment at 115 °C, underwent a E1cB elimination processing with the N-N bond cleavage and carbamate release. To confirm the photoinduced LMCT/homolysis/decarboxylation process, Ce(IV) carboxylate were prepared upon mixing 2.15a or 2.17a with (nBu 4 ) 2 Ce(IV)Cl 6 and UV-visible spectra were recorded. A typical absorption band was measured around 370 nm, which is consistent with Ce(IV) LMCT transition. Furthermore, monitoring the reaction under light irradiation using gas chromatography highlighted the formation of CO 2 , discarding the hypothesis of a direct N-O cleavage of the oxime. Based on these observations and previous reports, a mechanism was suggested (Scheme 12). The active Ce(IV) catalyst could be formed by oxidation of the Ce(III) salt with photoexcited DBAD. In the presence of an α-imino-oxy acid 2.15 or 2.17, a Ce(IV) carboxylate would be generated and a photoinduced LMCT/homolysis process would deliver a Ce(III) species and carboxyl radical 2.25. The latter would undergo a fast CO 2 and acetone extrusion to give the corresponding iminyl radical 2.26. Depending on the structure of the starting material, this iminyl radical would either induce a C-C bond cleavage (path A) or add on an alkene (path B). In both cases, a carbon-centered radical R 3 would be generated and would add on the double bond of DBAD. The resulting N-centered radical would re-oxidize the Ce(III) catalyst and protonation of the resulting anion would deliver either the γ-hydrazino nitriles 2. 16 Very recently, a decarboxylative azidation based on a dual electrophotochemical approach was designed. [32] The combination of a cerium salt (CeCl 3 ) with a manganese complex [Mn(OTf) 2 /phenanthroline] in the presence of a base (2,4,6-collidine) under light irradiation (λ = 400 nm) in an undivided electrochemical cell [C(+)/Pt(-), E cell = 2.3 V] allowed the reaction between aliphatic carboxylic acids and TMSN 3 to provide the corresponding azides. The reaction conditions tolerate a wide diversity of carboxylic acids including primary and secondary arylacetic acids, secondary non-benzylic carboxylic acids and α-oxy and amino carboxylic acids (Scheme 13). An impressive chemical tolerance was highlighted, the reaction being compatible with a wide range of functional groups such as halides, ketones, aldehydes, protected amines or boronates. Particularly, thanks to the smooth electrochemical process, oxidation-sensitive electron-rich moieties (anisole, aniline derivatives) were tolerated, broadening the scope of the transformation in comparison with oxidative chemical conditions. [33] Interestingly, the design of a flow experimental set-up composed of a small electrochemical cell in-line with a large photochemical chamber gave promising results in term of reaction scale-up. The use of aliphatic acid 2.32 as a radical probe confirmed the transient formation of a radical species. Indeed, under the reaction conditions, azide 2.33, resulting from a ring-opening prior to the azidation was exclusively obtained (Scheme 14). Based on cyclic voltammetry studies and literature, a mechanism for this dual electrophotochemical transformation was hypothesized (Scheme 15). Anodic oxidation of both Ce(III) and N 3 -Mn(II)-L complexes would afford the generation of a Ce(IV) species together with N 3 -Mn(III)-L complex, which can be viewed as a persistent azide radical. As previously described, in the presence of a carboxylic acid and a base, a Ce(IV) carboxylate 2.34 would be formed, generating, under light irradiation and after CO 2 extrusion, a carboncentered radical. The latter would react with N 3 -Mn(III)-L complex to give the azide product with concomitant This LMCT-induced decarboxylation of Ce(IV) carboxylates was also harnessed to form C-O bonds through trapping of the resulting C-centered radical by dioxygen. [34] In the presence of a catalytic amount of Ce(Ot-Bu) 4 in toluene under air atmosphere and blue light irradiation (λ = 380-530 nm), a range of carboxylic acids was transformed into a mixture of the corresponding carbonyl (i.e. aldehydes from primary carboxylic acids and ketones from secondary carboxylic acids) and alcohol derivatives. The use of non-anhydrous toluene was essential to ensure good solubility of the catalyst and, among the different light sources tested (410-490 nm or 450-580 nm or 570-670 nm), blue LEDs gave the best performances. Under these optimized conditions, a range of phenylacetic acids were efficiently converted into the corresponding aldehydes and alcohols with an approximate ratio of 80:20 in favor of the carbonyl compounds (Table 1, entries 1-10). The reaction does not seem to be sensitive to electronic effects as both electron-donating and electron-withdrawing groups were well tolerated on the aryl group at para-, meta-or ortho position. The presence of halides was compatible (Table 1, entries 3, 4, 8, 10) and carboxylic acids displaying an unprotected phenol or an aniline were also successfully involved in this decarboxylative oxygenation (Table 1, entries 5-6). However, in these latter cases, toluene had to be changed for dimethylacetamide (DMA) for solubility issues and decreased yield and/or selectivity were noticed. Similarly, a significant increase of alcohol formation was observed starting from ortho-substituted phenylacetic acids (Table 1, entries 9-10). The reaction was not restricted to 2-arylacetic acids as primary carboxylic acid such as stearic acid (Table 1, entry 11) or secondary 2-phenylpropanoic acid (Table 1, entry 12) were converted into the corresponding aldehyde and ketone respectively with good total yields and modest to satisfying carbonyl/alcohol ratio. Interestingly, a lactam could also be isolated from the decarboxylative oxygenation of N-Boc proline (Table 1, entry 13). Deep mechanistic investigations were conducted to identify the effective catalyst of the transformation and suggest a catalytic cycle. When Ce(Ot-Bu) 4 was mixed with an excess of p-fluorophenyl acetic acid in toluene, an hexanuclear oxocerium(IV) carboxylate complex 2.38 was detected as the major product using ESI-MS analysis (Scheme 16, eq. 1). This cluster could not be isolated preventing the authors from confirming its catalytic activity. Instead, the hexanuclear Ce(IV) complex 2.39 of molecular formula Ce 6 O 4 (OH) 4 -(OCOCH 2 t-Bu) 12 (HOCOCH 2 t-Bu) 4 could be prepared from Ce(Ot-Bu) 4 and an excess of t-butylacetic acid (Scheme 16, eq. 2). Interestingly, when solubilized in toluene, this complex exhibits a broad absorption band below 500 nm, which could be at the origin of its photoactivity. Indeed, when this complex was used as the photocatalyst under the optimized conditions, p-fluorophenyl acetic acid was efficiently converted into the corresponding aldehyde 2.36d and alcohol 2.37d with a yield similar to the one obtained with Ce(Ot-Bu) 4 , confirming its catalytic activity (Scheme 16, eq. 3).
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Scheme 16.

Isolation of an hexanuclear Ce(IV) cluster and evaluation of its catalytic activity. (eq. 2)

F CO 2 H 2.35d HO CO 2 H 2.35e H 2 N CO 2 H 2.35f CO 2 H F 3 C 2.35g CO 2 H Cl 2.35h CO 2 H OMe 2.35i CO 2 H F 2.
(eq. 3)

Based on these observations, the mechanism depicted on Scheme 17 was suggested. Under light irradiation an hexanuclear Ce(IV) carboxylate complex 2.40 would undergo an homolytic cleavage, delivering a Ce(III) complex and a carboxyl radical. A rapid extrusion of CO 2 followed by capture of the resulting C-centered radical by dioxygen would produce alkyl peroxy radical 2.43. The latter could be responsible for the oxidation of Ce(III) into a peroxo Ce(IV) species 2.44, which would release an alkyl peroxide 2.45 and regenerate the active catalyst after a ligand exchange with a carboxyl acid. In the presence of Ce(III) or Ce(IV) complexes, the alkyl peroxide could decompose into the aldehyde and alcohol compounds. [35] Scheme 17. Proposed mechanism for the Ce(IV)-photoinduced decarboxylative oxygenation.

C-C bond formation

This attractive photoinduced LMCT/homolytic cleavage-based decarboxylative approach was also exploited to form C-C bonds. In 2020, Xu, Song and co-workers proposed a new oxidant-free decarboxylative C-H functionalization of N-heteroarenes through an elegant merging of electrochemistry with Ce(IV)-induced photocatalysis. [36] In this Minisci-type reaction, the carbon-centered radical resulting from the homolytic cleavage of a Ce(IV) carboxylate would add on an activated N-heteroarene, resulting in the formation of a C-C bond. The active Ce(IV) catalyst would be regenerated from released Ce(III) species through anodic oxidation. Proton reduction would occur at the cathode triggering hydrogen evolution and thus driving the reaction. The electroregeneration of the active catalyst would avoid the need for stoichiometric strong chemical oxidant. This strategy is based on previous works by Ackermann [37] and Li, [38] which both described an oxidant-free decarboxylative C-H alkylation of N-heteroarenes photocatalyzed by acridinium-or iridium-based photocalyst in the presence of a cobaloxime complex as proton reducing agent. While promising, these methods suffer from a limited scope due to Co-promoted side reactions involving the carbon-centered radical.

To develop this electrophotocatalytic Minisci-type transformation, the reaction between lepidine (1 equiv) and cyclohexanecarboxylic acid (2 equiv) was first investigated (Scheme 18). The reaction was carried out in an undivided cell including a reticulated vitreous carbon (RVC) anode and a platine cathode (10 W, 2 mA) under near-visible light irradiation (λ = 392 nm). The use of the low-expensive CeCl 3 •7H 2 O as photocatalyst (5 mol%), HCl as acid additive (1 equiv), n-Bu 4 NCl as the supporting electrolyte (0.5 equiv) in a solution of HFIP and TFE (2:3) efficiently promotes the decarboxylative lepidine alkylation furnishing 2.48a with a good yield of 91%. It was shown that electricity, LED irradiation and catalyst were all crucial to the successful decarboxylative C-H functionalization of lepidine. It should be noted that the product 2.48a could also be prepared on a multigram scale (13 g, 89%) under the same conditions using a smaller amount of cyclohexanecarboxylic acid (1.5 equiv). It is worth noting that these conditions were also extended to the carbomoylation of N-heteroarene with a 4CzIPN complex instead of the cerium complex.

Scheme 18. Optimization of the decarboxylative C-H functionalization of N-heteroarenes on lepidine and cyclohexanecarboxylic acid. Cy = cyclohexyl; HFIP = hexafluoroisopropanol; TFE = trifluoroethanol. Many other C2-alkylated lepidine derivatives were then prepared from primary, secondary, tertiary and αalkoxy aliphatic acids with low to excellent yields, only a few examples are depicted here (Scheme 19a, 2.48b-2.48q). Due to an undesired over-oxidation of the C-centered radical formed after the decarboxylation process, a larger excess (5 equiv) of tertiary and α-alkoxy aliphatic acids was generally required.
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The decarboxylative C-H functionalization was tolerant to many N-heterocycles (Scheme 19b, 2.48r-2.48ae). N-heterocycles possessing two accessible C2 positions led to a mixture of mono-and bis-alkylated products, which were easily separable (2.48aa/2.48aa' and 2.48ab/2.48ab' ca. 50% for mono-alkylated product plus 17% to 45% for bis-alkylated products). The sturdiness of the reaction was assessed by the successful alkylation of a range of drug molecules featuring N-heterocycle (2.48ac-2.48ae). Interestingly, the presence of aryl halides (Cl, F) was well tolerated and the oxidant-free conditions were compatible with non-protected amine as shown with the alkylation of fasudil (2.48ac). Overall, a very large scope was demonstrated for this decarboxylative electrophotochemical Minisci-type reaction both in term of carboxylic acids and heteroarenes diversity. This generality significantly outperforms existing direct electrochemical carboxylate oxidation (via Kolbe and non-Kolbe electrolysis mechanism), which usually suffer from dimerization or over-oxidation of the transient Ccentered radical generated after the decarboxylation step. [39] Scheme 19. Scope of the decarboxylative C-H functionalization of N-heteroarenes. Cy = cyclohexyl; HFIP = hexafluoroisopropanol; TFE = trifluoroethanol. 2.48v (81%)
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2.46

(2 equiv) Mechanistic studies were then conducted to get a better understanding of the whole process. Treatment of lepidine with a radical probe, 2-cyclopropylacetic acid 2.8, under the optimized conditions led to the ringopened product 2.49 in 21% yield. This result would confirm the formation of a carbon-centered radical intermediate even if the low yield in 2.49 could be questionable (Scheme 20). Afterwards, a mechanism for the decarboxylative C-H functionalization of heteroarenes was proposed (Scheme 21). First, the Ce(III) pre-catalyst would be oxidized to a photoactive Ce(IV) complex at the anode. Upon reaction with the carboxylic acid RCO 2 H, a Ce(IV) carboxylate (2.50) would be formed. Under light irradiation, a photoinduced ligand-to-metal charge transfer would occur leading to the formation of a Ce(III) complex together with a carboxyl radical, which spontaneously decarboxylate to furnish radical R and CO 2 . The C-centered radical would react with protonated lepidine 2.51 to deliver intermediate 2.52. The latter would lose a proton (2.53) and, after oxidation by a Ce(IV) species, C2-alkylated pyridinium 2.54 would be formed. The regeneration of the photoactive Ce(IV) complex would be performed through anode oxidation of Ce(III) species while protons would be reduced at the cathode leading to H 2 release.

2.47 (1 equiv) + N H N R 2.48n (67%) a,b 2.48l (n = 1, 60%) a,b 2.48m (n = 2, 86%) a,b

Scheme 21. Hypothesized mechanism for the electrophotochemical decarboxylative C-H alkylation of N-heteroarene.

Inspired by these previous reports, Roy and co-workers anticipated that a photoinduced, cerium-mediated decarboxylation process could be used to perform the alkylation of quinoxalin-2(1H)-ones. [40] Indeed, although C3-alkylated quinoxalin-2-ones core is frequently found in pharmaceutically relevant compounds, [41] existing methods for quinoxalinone alkylation generally require either stoichiometric strong oxidant, expensive metal (photo)catalyst or harsh reaction conditions. [42] An alternative was thus proposed, based on the generation of a carbon-centered radical through an LMCT/homolysis/decarboxylation sequence applied to a Ce(IV) carboxylate. The C-centered radical would add on the quinoxalin-2-one core to conduct to the desired C3-alkylated product. After an optimization survey, the use of anhydrous CeCl 3 in the presence of KOt-Bu in CH 3 CN under air and light irradiation (λ = 427 nm) was shown to promote the reaction between pivalic acid and N-methyl quinoxalin-2(1H)-one, leading to 2.57a with an excellent yield of 92% (Scheme 22). The cerium catalyst, light irradiation and aerobic conditions were all essential for the success of the reaction. Besides tertiary carboxylic acid, acyclic and cyclic secondary acids were also competent in this decarboxylative alkylation (2.57c-2.57f). Interestingly, α-amino acids and α-oxo acids can be used as alkylating radical precursors, furnishing the resulting alkylated quinoxalin-2-ones 2.57e and 2.57f with decent to good yields. Primary C-centered radical could also be generated from primary alkyl carboxylic acids and added on the quinoxalin-2-one to give the alkylated moiety albeit with moderate yields (2.57g). Surprisingly, an arylation of the quinoxalin-2-one ring could be achieved using benzoic acid (2.57h), which is generally particularly reluctant to decarboxylation. [43], [44] The quinoxalin-2-ones scope was also investigated (not shown) and various substituents both on the aryl group and on the nitrogen atom proved to be compatible with the decarboxylative alkylation reaction conditions. Scheme 22. Cerium-mediated photoinduced decarboxylative alkylation of quinoxalin-2-ones. Boc = t-butyloxycarbonyl.
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Based on previous reports and UV-Vis absorption measurements, a mechanism was hypothesized involving the formation of a Ce(IV) carboxylate followed by a photoinduced LMCT/homolysis process generating a Ce(III) species and the carboxyl radical. An oxygen mediated oxidation of the Ce(III) complex into the active Ce(IV) complex was proposed, releasing superoxide anion. Even though this aerobic oxidation of Ce(III) does not seem thermodynamically favorable (E 1/2 (Ce(IV)/Ce(III) = 0.41 V vs. SCE in MeCN; E 1/2 (O 2 /O 2 -) = -0.56 V vs. SCE in MeCN), a partial regeneration of Ce(IV) from Ce(III) was experimentally observed by UV-Vis experiments through exposition of a Ce(III) solution to O 2 . The presence of carboxylate ligands coordinated to the Ce(III) complex may affect drastically its redox properties. The released superoxide anion may deprotonate the carboxylic acid to give the corresponding carboxylate 2. 58 In a recent study, Yu and co-workers developed a novel access to amide derivatives relying on a decarboxylative process. [45] In the presence of CeCl 3 and tetra-butyl ammonium chloride (TBACl), a carboncentered radical was generated from a carboxylic acid and added onto an aryl isocyanate to finally provide the corresponding N-aryl amides. Despite the suggested mechanism differing from the ones previously hypothesized for Ce(IV)-induced decarboxylation (vide infra), the transformation is supposed to go through a LMCT/homolysis process. The optimization of the reaction conditions showed that the combination of CeCl 3 with TBACl under blue light irradiation (λ = 460 nm) in CH 3 CN gave the best result in amide formation. The scope of the reaction was investigated and a range of carboxylic acids was set to react with isocyanates under the conditions mentioned above (Scheme 24a). In the presence of p-tolyl isocyanate, secondary as well as primary carboxylic acids furnished the corresponding N-tolyl amides with good to excellent yields (2.65a-2.65e). Particularly, α-oxygenated carboxylic acids were very good substrates, probably due to a stabilization of the radical intermediate by the heteroatom. The transformation of tertiary carboxylic acids was also possible delivering for example the bulky amides 2.65f and 2.65g, albeit with moderate yields. Worthy of note, amide 2.65g was obtained from the lipid-lowering drug colifibric acid. Various aryl isocyanates were suitable partners and the reaction tolerates both electron-donating and electron-withdrawing groups on the phenyl ring in para and/or meta position (Scheme 24b, 2.65h-2.65l). Interestingly, the presence of halogen atoms (F, Cl, Br) is compatible, opening the way for further functionalization of the corresponding products. The reaction was limited to aryl isocyanates as no product was obtained in the presence of cyclohexyl isocyanate (2.65m). Scheme 24. Ce-catalyzed photoinduced decarboxylative synthesis of amides. TBA = tetra-butylammonium.
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When radical scavengers such as TEMPO and 1,1-diphenylethylene were introduced in the reaction between carboxylic acid 2.63c and 4-tolyl isocyanate 2.64a, a partial inhibition was observed, the corresponding amide 2.65c being isolated with low yields of 18% and 39% respectively versus 85% in the absence of any additive (Scheme 25). In addition, the adducts resulting from the radical trap by TEMPO or 1,1-diphenylethylene could be detected by HRMS, thus supporting a radical pathway. 

2.65c

Ar = p-Me-C 6 H 4 0.41 V vs SCE in CH 3 CN) by the isocyanate may be considered. Hence, the formation of Ce(IV)Cl 6 2-was hypothesized. According to a recent study by Schelter et al., [46] under light irradiation, Ce(IV)Cl 6

2-could undergo a LMCT/homolysis sequence delivering Ce(III)Cl 5 2-species with release of a Cl radical. Based on this report and in contrast with the previous mechanisms depicted for cerium-induced decarboxylative processes, the authors proposed that this Cl radical generated from Ce(IV)Cl 6 2-would abstract an hydrogen atom to the carboxylic acid to give the carboxyl radical, which would extrude CO 2 to deliver the carbon-centered radical R . An addition of this radical on the isocyanate would lead to the amidyl radical 2.68 that would oxidize the Ce(III) complex, generating amide 2.69 and closing the catalytic cycle. A protonation of amide 2.69 would deliver the final product 2.65 (Scheme 26a). This hypothesis based on a crucial role of Cl radical and which does not involve the transient formation of a cerium carboxylate clearly opens a debate about the mechanism of CeCl 3 -induced decarboxylative transformations. Furthermore, in this particular case, a thermally activated direct addition of the carboxylic acid on the isocyanate followed by a decarboxylation could not be fully discarded and the two mechanisms should co-exist (Scheme 26b). Indeed, some amide product 2.65 was observed in darkness (44% yield versus 92% yield with light) or in the absence of CeCl 3 (34% yield versus 92% yield with CeCl 3 ).

Scheme 26. Hypothetic competitive mechanisms for the decarboxylative amide synthesis. HAT = hydrogen atom transfer.

Non-decarboxylative transformation: lactonization of benzoic acids

In the course of their studies dedicated to decarboxylative oxygenation of aliphatic acids (Table 1), Tsurugi, Satoh, Mashima and co-workers evaluated the reactivity of benzoic acids under their optimized conditions [Ce(Ot-Bu) 4 cat., O 2 or air atmosphere, toluene, blue LEDs]. [34], [START_REF] Li | A similar transformation Mg, Ni or Fe catalysts has been reported but the suggested mechanism does not involve a LMCT of a metal carboxylate[END_REF] Due to the high bond dissociation energy of the C(sp 2 )-C(sp 2 ) bond of the carboxyl radical, no decarboxylation was observed. The authors took advantage of the stability of the benzoyloxy radical to perform a 1,5-hydrogen atom transfer on an alkyl group positioned at the ortho position of the carboxylic acid (Table 2). Thus, starting from 2-isopropylbenzoic acid, peroxo lactone 2.71 and lactone 2.72 were formed with excellent total yields. The selectivity of the reaction was highly dependent of the catalytic loading in Ce(IV) catalyst and was slightly affected by the nature of the atmosphere (O 2 or air). Working at low catalytic level (1 mol%) in Ce(Ot-Bu) 4 under O 2 favored the formation of the peroxo lactone 2.71 (Table 2, entry 1) while increasing the amount of Ce(Ot-Bu) 4 (20 mol%) under air led to the inverted selectivity towards the lactone 2.72 (Table 2, entry 3). Furthermore, the addition of a cobalt complex co-catalyst, Co(acac) 2 . 2H 2 O (5 mol%) also led to the major formation of the lactone 2.72 (Table 2, entry 4). Based on 18 O labeling, mechanistic pathways were considered to explain the formation of both peroxo lactone 2.71 and lactone 2.72. A LMCT/homolytic cleavage applied to a Ce(IV) benzoate would deliver carboxyl radical 2.73. A 1,5-HAT would be favored over the decarboxylation step, leading to the stabilized tertiary benzylic radical 2.74. At this stage, two evolutions could be proposed. On the one hand, reaction between this C-centered radical and dioxygen would produce peroxyl radical 2.75, which would oxidize a Ce(III) complex to give the corresponding alkyl peroxide 2.76 (Scheme 27, pathway (a)). The latter would conduct either to peroxo lactone through a dehydration pathway or to alcohol 2.77 through Ce(III or IV)catalyzed decomposition. A dehydration/cyclization sequence applied to alcohol 2.77 would generate lactone 2.72. On the other hand, an oxidation of radical 2.74 by the Ce(IV) complex would deliver benzylic carbocation species 2.78 and, after cyclization, lactone 2.72 would be formed (Scheme 27, pathway (b)). These mechanistic hypotheses are in total agreement with the observed selectivity dependence to atmosphere and catalytic loading in Ce(IV) complex. While pathway (a) would be favor under O 2 atmosphere, the oxidation of radical in pathway (b) would be facilitated by concomitant reduction of dioxygen concentration and increase in Ce(IV) oxidizing agent. Scheme 27. Hypothetic mechanism for the formation of (peroxo) lactones from benzoic acids. HAT = hydrogen atom transfer.

Apart from inducing 1,5-HAT, benzoyloxy radicals formed from 2-arylbenzoic acids were used as key intermediates in a dehydrogenative lactonization leading to benzo-3,4-coumarins (Scheme 28). [48] In this case, the slow decarboxylation of benzoic acids was exploited to favor an addition of the carboxyl radical on the aryl ring present at the ortho position of the carboxylic acid. In the presence of CeCl 3 , of NaHCO 3 as a base, under air atmosphere and under blue LEDs irradiation (λ = 455 nm), a diversity of 2-aryl benzoic acids was transformed into the corresponding benzo-3,4-coumarins with moderate to good yields. Different substituents were well tolerated on the Ar 2 group at para position of the Ar 1 group, including halides (2.80a-2.80c). The presence of substituents on Ar 2 at meta position regarding to Ar 1 raised regioselectivity issues. If mixture of regioisomers were formed with electron-rich substituents (2.80d/2.80d'), a unique regioisomer was obtained with moderate yield in the presence of electron-withdrawing groups (2.80e). Arylcinnamic acids can be involved in this transformation (2.80f) and three members of the urolithin family of natural products were prepared through this dehydrogenative lactonization. To account for the formation of benzo-3,4-coumarins from 2-arylbenzoic acids, a mechanism was proposed based on previous reports (Scheme 29). The benzoyloxy radical 2.82 formed upon LMCT/homolytic cleavage applied to the Ce(IV) carboxylate 2.81 would cyclize on the Ar 2 aromatic ring to form radical 2.83. A dioxygen-mediated oxidation of the latter would provide the corresponding cation and rearomatization would occur after loss of a proton. The Ce(IV) active photocatalyst would be regenerated upon Ce(III) species oxidation by dioxygen. 
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2.80d/2.80d' (1:1, 81%) 2.80e (63%) 2.80f (73%) Urolithin-A (R 1 =R 2 =H, R 3 = OMe, 68%) Urolithin-B (R 1 =R 2 =R 3 = OMe, 54%)* Urolithin-C (R 1 =R 3 =OMe, R 2 =H,

Non-decarboxylative transformation: Smiles rearrangement

In 2021, Yatham and co-workers successfully transformed 2-aryloxy benzoic acids into their corresponding aryl-2-hydroxybenzoates using a Ce-photoinduced Smiles rearrangement. [49] In this case, the stable carboxyl radical generated from the benzoic acid proved able to perform an ipso addition on the ortho-aryl ether moiety, thus triggering a 1,5-aryl migration through a spirocyclic intermediate (vide infra). An optimization of the reaction conditions identified CeCl 3 (10 mol%) in combination with NaHCO 3 (20 mol%) and(NH 4 ) 2 S 2 O 8 (20 mol%) as the best catalytic system. Under blue light irradiation, a range of 2-aryloxy benzoic acids featuring various electron-donating or electron-withdrawing substituents on both aryl groups was efficiently converted into the corresponding benzoates (Scheme 30). In the suggested mechanism, a Ce(IV) carboxylate would be formed and would lead to a carboxyl radical under light activation (Scheme 31). This radical would be stable enough to attack the adjacent aromatic group through an ipso addition, giving the spirocycle 2.89. A subsequent fragmentation would deliver the phenoxy radical 2.90, which would lead to the final product after a reduction and a protonation. The active Ce(IV) catalyst would be regenerated either by oxidation from the external additional oxidant (NH 4 ) 2 S 2 O 8 or by the phenoxy radical. 
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Iron(III)-photocatalyzed reactions 3-1 Decarboxylative transformations

The photosensitivity of some iron complexes has been known for almost a century. In 1929, Allmand and Webb [50] reported the photolysis of potassium ferrioxalate under light irradiation from a quartz-mercury lamp forming a ferrous oxalate along with potassium oxalate and carbon dioxide (Equation 1). The use of this complex as an actinometer in replacement of uranium complexes has been documented from 1953 by Parker [START_REF] Parker | Proc. R. Soc. Lond. A[END_REF] and extensively studied by him and others along the years. [START_REF] Hatchard | Proc. R. Soc. Lond. A[END_REF] Recently, ultra-fast analytic technics were deployed for a better understanding of the mechanism of this light-induced decomposition, [52d-e] demonstrating the interest of chemists in this complex, and the little still known so far.

Equation 1. Light-induced decomposition of potassium ferrioxalate.

C-C bond formation

Despite the interest in this photoactivated reaction, other reactions involving the photoexcitation of an iron complex as the catalyst are still rare. One of the first examples has been brought by Sugimori and Yamada, who reported an iron-promoted Minisci-like alkylation of activated pyridine rings using carboxylic acids as alkylating agents. [53] Under the irradiation of a Xe lamp, the authors showed the tremendous effect of the addition of an iron salt on the upcoming of the decarboxylative alkylation of lepidine 3.2a. While only traces of product were found in the absence of any metallic reagent (Table 3, entry 1), higher yields were observed in the presence of iron(III) sulfate. Thus, under acidic conditions, in the presence of 0.9 equivalent of this iron salt and a large excess of an aliphatic carboxylic acid (used as the solvent), the C2-substituted lepidines 3.3a-3.3d were obtained upon irradiation with visible light with yields ranging from 32 to 76% (Table 3, entries 2, 4, 6 and8). 3.1b (Et) Fe 2 (SO 4 ) 3 (0.9 equiv) 3.3b (74%) 5

3.1c (n-Pr) none 3.3c (21%) 6

3.1c (n-Pr) Fe 2 (SO 4 ) 3 (0.9 equiv) 3.3c (76%) 7

3.1d (iPr) none 3.3d (14%) 8

3.1d (iPr) Fe 2 (SO 4 ) 3 (0.9 equiv) 3.3d (67%)

In order to explain its role in this reaction, iron(III) sulfate was mixed with propionic acid. The authors described a brownish solution displaying an absorption band in the near UV region, while no color was obtained when the iron salt was mixed with the heteroarene. The authors thus postulated a 'sort of iron(III)alkanecarboxylic acid (or alkanecarboxylate) complex' that could be a key intermediate in the transformation. They suggested that upon light irradiation, the colored carboxylate complex 3.4 would split into a carboxyl radical 3.5 and an iron(II) salt. This assumption is supported by the inhibition of the reaction in the presence of oxygen, known to scavenge radicals. This hypothesis is also in full accordance with the light-induced LMCT/homolysis process proposed for Ce(IV) carboxylates (see Section 2). The unstable carboxyl radical tends to extrude carbon dioxide to form the alkyl radical R , which could perform an addition over the protonated heteroaromatic ring 3.6 at the C2-position. The authors suggested that iron(III) would be capable to

2 K 3 Fe(C 2 O 4 ) 3 2 FeC 2 O 4 + 3 K 2 C 2 O 4 + 2 CO 2 hν N Me R-COOH N Me R hv (500 W Xe lamp) H 2 O / R-COOH (80/20 ; v/v), 20 h Catalyst H 2 SO 4 (0.033 M) 3.1 3.2a 3.3
oxidize the radical cation intermediate 3.7 to give the protonated substituted pyridine ring 3.8 thus explaining the need for non-catalytic amounts of iron (III) to drive the reaction to completion (Scheme 32). In this regard, it could be wondered how yields over than 50% were obtained with a sub-stoichiometric amount of iron salt in the absence of any external oxidant. The outcome of a reaction led in the presence of 2 or more equiv of iron(III) sulfate has not been discussed.

Scheme 32. Mechanism proposal for the light-driven, iron-induced decarboxylative Minisci alkylation of heteroarenes.

The field of iron-catalyzed photodecarboxylation was then left unexplored for three decades, until Jin and coworkers echoed Sugimori's and Yamada's results and developed a catalytic version of this Minisci-like alkylation. [54] Indeed, when the authors reacted a solution of lepidine 3.2a in the presence of a 10-fold excess of isobutyric acid 3.1d, a catalytic amount of iron(II) sulfate (5 mol%) and sodium bromate (2 equiv) as an oxidant under blue light irradiation (456 nm), no product was observed. (Table 4, entry 1) The addition of picolinic acid as a ligand (1 equiv with respect to iron) to the mixture led to a dramatic effect as the C2-substituted lepidine 3.3d was obtained with a NMR yield of 60% (Table 4, entry 2). A very nice 94% yield in 3.3d was even reached with 2 equiv of ligand with respect to iron (Table 4, entry 3). From their optimization experiments, the authors also identified two potent oxidants (NaBrO 3 and NaClO 3 ) and two active wavelengths (440 nm and 456 nm)(Table 4, entries 4 and 5). All the blank experiments showed the necessity of the triptych iron-ligand-light to reach some reactivity (not shown). The scope of the reaction was found to be quite broad as primary, secondary and tertiary carboxylic acids were reacted under one of the two sets of conditions to obtain alkyl-substituted lepidines 3.3 (33-94% yield). Functional groups such as free alcohol, ketone, ether, alkyl-or aryl-halide as well as carbon-carbon insaturation were well tolerated under these conditions (Scheme 33). A diversity of nitrogen-containing aromatic rings 3.2 has also been alkylated such as electron-deficient orenriched (iso)quinolines, phthalazines, pyridazines, pyrimidines and benzothiazoles with yields ranging from 46% to 97% (Scheme 34). Of note, a purine derivative was also efficiently alkylated in the presence of isobutyric acid (3.9r, 80%). If the scope is unarguably large and the method of great utility, the authors gave no explanation about the use of disparate reacting conditions depending on the substrate. 

N R O OH + N R

3.2a

Scheme 34. Scope of photoinduced iron-catalyzed Minisci reaction -Heteroarenes. DMSO = dimethylsulfoxide.

The authors postulated that two catalytic cycles could take place simultaneously, one for the decarboxylation, in which the iron-carboxylate 3.4 would be homolytically cleaved under light irradiation to form the carboxyl radical 3.5, and one for the oxidation of the heteroarene radical 3.12 to 3.13 (Scheme 35). Both cycles would produce iron(II) salts which are inactive under the conditions used and the addition of an oxidant in the medium would regenerate active Fe(III) complex to close the cycles. In place of using an external inorganic oxidant to complete the catalytic cycle, Wang et al. very recently reported the efficient combination of an iron-catalyzed photodecarboxylation with an electrochemical setup. [55] By applying an electrical current to the solution via graphite electrodes, the iron(II) salt, produced by the photoinduced homolytic cleavage of the O-Fe(III) bond of the iron carboxylate, can be oxidized to iron(III) species. Thus, using a low-power source, the authors have been able to perform a decarboxylative oxidant-free alkylation of activated heteroarenes. The authors screened several iron salts and identified the unusual iron(II) ammonium sulfate Fe(NH 4 ) 2 (SO 4 ) 2 as the most powerful one for this transformation, along with 2-picolinic acid as the ligand. The catalytic loadings are rather high (20 and 40 mol% for iron and ligand respectively) but are not a real hurdle to the development of the reaction considering their low prices and high availability. With irradiation of the vessel with blue light (435-445 nm), moderate to high yields were obtained in Minisci products.

The authors explored the substrate scope of the reaction. It appeared that the reaction is efficient with secondary and tertiary aliphatic carboxylic acids, with yields in alkylated heteroarenes 3.15 ranging from 57 to 93% (Scheme 36). It can be noted that no benzylic acids are presented as reacting partners. From the heteroarene point of view, Wang et al. showed that, along with quinoxalinones bearing various substituents at the N'-position or on the aromatic ring, quinolines and pyridines were suitable substrates (yielding 3.15j and 3.15k respectively) as well as more complicated heteroarenes such as caffeine (3.15l). As previously described, the combination of the starting carboxylic acid with the iron(III) salt would lead to the formation of an iron(III)-carboxylate species. Under appropriate light irradiation, this complex would be homolytically cleaved to yield an iron(II) salt and the carboxyl radical. The latter would spontaneously decompose to the R radical with carbon dioxide release. The transient radical would then add on the heteroarene to form radical adduct 3.16. This radical can be oxidized at the anode to give cation 3.17, which would lead to the alkylated product after proton elimination. In the meantime, the iron(II) species would also be oxidized to an iron(III) salt, thus closing the catalytic cycle. While it has not been mentioned by the authors, the oxidation of the heteroarene radical 3.16 by iron(III) as previously described may not be totally ruled out (Scheme 37). Apart from addition to heteroarenes in Minisci-like reaction, the C-centered radical formed by iron-catalyzed photoinduced decarboxylation can be trapped by electron-deficient olefins. Jin's group reported the Giese-type reaction of such a radical with benzylidene malononitrile 3.19. [56] While the use of Fe 2 (SO 4 ) 3 (2.5 mol%) and picolinic acid (5 mol%) as the catalytic system under light irradiation did not yield any product, changing the ligand for the richer di-(2-picolyl)amine led to an almost quantitative yield in Giese adduct 3.20a without the need for an external oxidant, in contrast with their previously reported Minisci reaction protocol (Scheme 38). [54] This result shows the dramatic importance of the ligand choice in iron-photocatalyzed decarboxylative transformations, which is also evidenced by the significant changes in the UV-Vis absorbance spectra performed on iron and ligand solutions. These conditions revealed to be adequate for the decarboxylative Giese addition of a large number of primary carboxylic acids. The addition products were overall obtained in good to excellent yields (Scheme 39). Both the phenoxy and the methoxy methylene carboxylic acids yielded the expected addition product (3.20b and 3.20c) in good yields. Phenylacetic acids derivatives were also good reaction partners furnishing the Giese adducts (3.20d to 3.20j) in excellent yields, up to 89%, except in the presence of the electron-deficient p-CF 3 substituent (3.20e, 30%). Secondary carboxylic acids were poorer reactants under these conditions (3.20k to 3.20m). Finally, tertiary carboxylic acids were also found suitable for this reaction, as shown by the isolation of 3.20n to 3.20p, albeit with low to moderate yields. The presented scope of the Giese acceptor is scarcer. Benzylidene malononitriles, no matter the substitution of the aromatic ring, were found to be good reacting partners, again with the exception of the p-CF 3 substituted phenyl ring (3.21b) (Scheme 40). Interestingly, an alkyl-substituted malononitrile was also reacted under these conditions and the product 3.21e was obtained in a good yield of 83%. When the ethoxy-malononitrile 3.22 was reacted with the p-chlorophenoxy acetic acid 3.18, the authors observed the formation of 3.23, resulting from a double radical addition. rationalize the formation of this product, an elimination of EtOH occurring on the Giese-adduct was proposed leading to 3.25. A second radical addition on the latter would furnish 3.23. Scheme 40. Scope of the decarboxylative Giese-type addition -Electron-deficient alkenes.

Only one example involving a malonate derivative as radical acceptor was reported (Scheme 41). Phenylacetic acid 3.18 was reacted under the optimized conditions with chromene 3.26 to afford the substituted oxo-chromane 3.27 with a good yield of 69%. The choice of this particular malonate was not explained. To account for their results, the authors suggested a light-induced LMCT/homolytic cleavage applied to an iron(III) carboxylate 3.4 proceeding with concomitant release of iron(II) and a C-centered radical (Scheme 42). The latter would add to the insaturation of the electron-deficient alkene 3.19a. The resulting electrophilic radical 3.28 is then supposed to be oxidant enough to regenerate the iron(III) catalyst through a single-electron transfer, providing the corresponding anion 3.29. A protonation would afford the expected adduct 3.20. Thus, the whole process is redox neutral, without the need of an external oxidant. 

C-N bond formation

In the course of their study on iron-photocatalyzed decarboxylative transformations, Jin and co-workers then switched their attention to the formation of C-N bonds, via the addition of a C-centered radical coming from a carboxylic acid to azodicarboxylates to afford hydrazines 3.31 (Scheme 43). [56] A catalytic system similar to the one used in the Giese-type addition on electron-deficient alkenes proved efficient in this decarboxylative hydrazination. Primary, secondary as well as tertiary carboxylic acids were identified as suitable partners with di-tert-butyl azodicarboxylate. In contrast with the observations made in the Giese-type addition, even the p-CF 3 substituted phenylacetic acid led to hydrazine 3.31b in a good yield (72%). Of interest, the amide 3.31j was obtained from the phenylglyoxilic acid with an excellent yield of 78%.

Scheme 43. Iron-catalyzed photoinduced decarboxylative hydrazination. Boc = t-butyloxycarbonyl. CBz = benzyloxycarbonyl.

In the exact same fashion as for the formation of C-C bonds, the addition of the transient radical R , formed in the decarboxylation step, over the azodicarboxylate 3.30 would produce a N-centered radical 3.32 which would be able to reoxidize the iron(II) to iron(III) furnishing anion 3.33 which would be readily protonated in situ to give 3.31 (Scheme 44). Another iron-catalyzed photoinduced decarboxylative C-N bond formation has been recently presented by the group of Xie. [57] In an elegant photocatalyzed transformation involving benzylic acids and nitroarenes, the authors achieved the formation of tertiary amines, offering an attractive alternative to challenging S N 2 nucleophilic substitution of anilines (Scheme 45). The reaction medium contained an unusual mixture of Fe(II)tetraphenylporphine (Fe-TPP, 10 mol%) with 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4-CzIPN, 1 mol%) as photocatalysts and a silane hydride as a reductant. The essential role of 4-CzIPN is however unclear: the reaction was shown to proceed in the sole presence of FeI 2 /TPP as the catalytic system, although with longer reaction times.

Nevertheless, several di-benzyl-anilines 3.36 were obtained in good to excellent yields from the corresponding nitroarenes 3.34 and benzyl carboxylic acids. Other alkyl carboxylic acids were found to be poor reacting partners due to the short lifetime of the corresponding radicals. The authors took advantage of differences in term of decarboxylation rate and radical stability to synthetize non-symmetric tertiary amines through three components reactions. Indeed, when two distinct carboxylic acids, differing by their electronic properties, were engaged in the reaction along with the nitroarene, unsymmetrical amines 3.36g -3.36i were obtained with moderate yields, as the major product of a mixture also containing both of the symmetrical amines (omitted for clarity).

Fe(II)

Fe(III) The authors proceeded to study the mechanism of this reaction. They noticed that the nitroarene cannot be reduced to the corresponding aniline under light irradiation in the presence of FeI 2 and (EtO) 3 SiH. They also showed that the reaction of nitrosobenzene, in place of nitrobenzene, with phenylacetic acid (2 equiv) under their optimized catalytic system, led to the desired dibenzyl aniline with a reasonable yield of 45%.
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According to their results, the authors suggested that the nitroarene 3.34 could be reduced by the silane in the presence of iron(II) to form an iron(II)-nitroso complex 3.37 as presented in recent literature (Scheme 46). The alkyl radical R , coming either from a LMCT/homolysis of an iron carboxylate or from a 4-CzIPNphotocatalyzed oxidation/decarboxylation sequence applied to a carboxylate, could add to this complex to produce an iron(III) species 3.38. An anion exchange with a carboxylate could lead to the hydroxylamine 3.40 and to the photosensitive iron carboxylate 3.39. The latter can be excited by light irradiation to trigger the homolytic cleavage of the O-Fe(III) bond with subsequent formation of a R radical and regeneration of the iron(II) salt. The delivered hydroxylamine 3.40 can then be reduced by iron(II)TPP and triethoxysilane to yield an aniline and iron(III) species. In the presence of an iodide ion, the later would recombine with aniline to produce the iron-amide complex 3.41. Under light irradiation and in the presence of a R radical, this complex would form the desired tertiary amine 3.36 along with iron(II)TPP. While the authors do not document the utility of 4CzIPN in this process, one can consider it could be helpful to provide R radical via a light-induced decarboxylation proceeding through carboxylate oxidation at least as an initiation step. 

C-O bond formation

An iron photoinduced decarboxylative oxygenation occurring with a sequential ring-opening of cyclic carboxylic acids was recently disclosed. [58] In the presence of a catalytic amount of Fe(acac) 3 (2-5 mol%) associated to 1,4-diazabicyclo[2.2.2]octane (DABCO) (0.5-1 equiv) light irradiation (λ = 390 nm), a large diversity of cyclic tertiary carboxylic acids was converted into 1,n-dicarbonyl compounds with n depending on the size of the ring of the starting acid (Table 5). Carboxylic acids with ring sizes ranging from four to twelve were compatible and carbo-(Table 5Table 5, entries 1-5, 9) as well as heterocycles (Table 5, entries 6-8) were efficiently ring-opened. Diversely substituted (hetero)aromatic rings, alkyl groups or carbamates can be present at the α position of the carboxylic acid. When primary or secondary acyclic or cyclic carboxylic acids were reacted under similar reaction conditions, no fragmentation was observed and the corresponding aldehydes or ketones resulting from a decarboxylative oxygenation were isolated with good yields (Scheme 47). Interestingly, the transformation could be applied to bioactive ingredients such as isoxepac or ioxoprofen. Again, when tertiary carboxylic acids such as 3.44f were used, a fragmentation occurred leading to a regioselective cleavage of the methyl group. Scheme 47. Decarboxylative oxygenation of primary, secondary and tertiary acyclic acids. acac = acetylacetonate; DABCO = 1,4-diazabicyclo[2.2.2]octane.

The reaction of the radical probe 3.44g demonstrated the transient formation of a tertiary C-centered radical that proved able to perform a 5-exo-trig cyclization prior to the oxygenation process (Scheme 48a). Interestingly an EPR signal that could be attributed to a peroxy radical was measured when 3.44h was treated under the reaction conditions using 5,5-dimethyl-1-pyrroline (DMPO) as a radical trapping agent (Scheme 48b). Based on these observations and literature data, a mechanism was hypothesized to account for the formation of dicarbonyl compounds 3.43 from cyclic tertiary carboxylic acids 3.42 (Scheme 49). In the presence of Fe(acac) 3 and DABCO, an iron(III) carboxylate 3.47 would be formed and subsequently excited under light irradiation. The resulting carboxyl radical 3.48 would extrude CO 2 to give C-centered radical 3.49, which would react with dioxygen, leading to a peroxy radical intermediate (3.50). The latter would abstract an hydrogen through an intramolecular 1,4 hydrogen atom transfer (HAT) resulting in radical 3.51. An oxidation of this radical followed by a cyclization/deprotonation sequence would deliver dioxetane 3.52, which could be cleaved to furnish the final dicarbonyl compounds (Scheme 49). Scheme 49. Hypothetical mechanism of the photoinduced ring-opening of tertiary cyclic carboxylic acids. acac = acetylacetonate.

C-X bond formation

While the formation of C-C, C-O or C-N bonds from radicals issued from decarboxylation is well documented, examples of C-X bonds formation are much scarcer. Very recently, an iron-catalyzed decarboxylative fluorination of aliphatic carboxylic acids was disclosed. [59] The authors reasoned that a radical issued from a decarboxylation step could be scavenged by a fluoride radical donor to furnish the desired product. 1-Tosylpiperidine-4-carboxylic acid was chosen as the model substrate and an extensive optimization process was conducted, including the screening of iron salts, ligands, bases, fluorine donor and light wavelength. While different iron salts were suitable catalysts for this transformation, iron(II) acetate was found to be the most effective one. 2,6-Lutidine was chosen as an organic base and Selectfluor® was selected as the fluorine source. As pointed out by Jin et al., [56] a strong ligand effect over the outcome of the reaction was observed. Several bipyridines were tested in this regard and yields ranging from 8 to 73% were obtained in the desired fluorinated piperidine depending on the position and electron density of the substituent of the pyridine rings, the best result being found with 4,4'-bismethoxy bipyridine L2 (Table 6). Irradiation at 400 nm or at 455 nm both delivered the fluorinated piperidine with comparable yields. These optimized conditions were applied to a series of secondary carboxylic acids with success, allowing the formation of the corresponding fluorinated molecules in moderate to good yields (Scheme 50). The conditions showed tolerant towards a variety of functional groups, as illustrated for example by the isolation of the lactam 3.54c (55%), the bis-diphenyl phosphite 3.54d (42%) or the phthalimide 3.54e (88%). Of note, 3.54g was obtained (61%) from benzylsuccinic acid with only one carboxylic acid moiety reacting with total selectivity. Tertiary carboxylic acids were equally well transformed into their fluorinated counterparts, which were obtained with good yields, even on gram-scale (3.54i, 0.845 g, 88%). Primary carboxylic acids revealed more reluctant partners in this transformation. The authors found that the addition of a large excess (6 equiv) of Selectfluor was beneficial to the reaction and were thus able to isolate several primary fluorinated derivatives with moderate yields. More complex carboxylic acids were engaged under the same conditions to exemplify the late-stage fluorination of drug-like substrates. For example, 3.54m and 3.54n were obtained in moderate yields (41 and 50% respectively) from Gabapentin and Isosteviol respectively. Better success was found with the fluorination of a ribosic acid to generate 3.54o (77%).

Fe(III)(acac) 3 R OH O R O O Fe(III)(acac) 2 Fe(II)(acac) 2 R O O O 2 acac - O 2 R -CO 2 O 2 R O O R O OH R O O R O O H 3 3.
N N N N MeO OMe N N F 3 C CF 3 L1 L2 L3
Scheme 50. Scope of the decarboxylative fluorination.

In order to gain some insights in the reaction mechanism, the authors conducted a series of studies. Classical experiments using TEMPO as a radical trap or involving a radical probe highlighted the formation of transient radicals (not shown). In addition, the tri(2-ethylhexanoate)iron(III) complex 3.55 was subjected to irradiation in the presence of Selectfluor® and a base. The authors observed the formation of 3-fluoroheptane 3.56, indicating that such a carboxylate complex might be an active species in this system even if the low yield in 3.56 can be questioned (Scheme 51). Finally, UV-Vis monitoring of Fe(OAc) 2 /L2/Selectfluor® mixture showed that Selectfluor® was able to oxidize an Fe(II) complex into a Fe(III) species. Based on these observations and literature data, the authors suggested a mechanism involving the formation of an iron(III)-carboxylate upon mixture of iron(II) acetate with the ligand, the carboxylic acid and SelectFluor®. Under light irradiation, the O-Fe bond would be homolytically cleaved to give rise to a carboxyl radical 3.58 and to an iron(II) species. The R radical issued from the extrusion of CO 2 from 3.58, would react with SelectFluor® to furnish the observed fluorinated product and the radical cation 3.61. The latter could be the oxidant needed to regenerate the iron(III) catalyst. Although an on/off experiment showed that the reaction stops in the dark the authors did not totally ruled out a short radical chain mechanism through the H abstraction from radical cation 3.61 to the carboxylic acid (Scheme 52). Scheme 52. Suggested mechanism of the photoinduced decarboxylative fluorination.

Non-decarboxylative transformation

In contrast with aliphatic acids, aromatic carboxylic acids are known to be much less prone to decarboxylation. [43], [44] Thus, the light-induced homolytic cleavage of a O-M bond of an aryl carboxylate yields a relatively stable radical carboxylate which will not lead to the aryl radical but can, for example, react intramolecularly to form lactones (Scheme 53).

Scheme 53. LMCT/homolysis process applied to metal benzoates.

Upon treatment of 2-aryl benzoic acids, Xia et al. demonstrated the formation of benzo-3,4-coumarins. [60] The reaction conditions include iron(III) nitrate as the catalyst, a pyridine-based ligand and an external oxidant, NaBrO 3 , to regenerate the catalyst, in HFIP or MeCN as the solvent, under blue LED irradiation.

The reaction was found poorly sensitive to the substitution of both aromatic rings. Coumarins bearing electron-donating or -withdrawing groups on the Ar 1 group (3.66b and 3.66c) or the Ar 2 group (3.66e and 3.66f) were thus obtained in good yields (Scheme 54). It has to be noted that different ligands were used depending on the substrate without any rationalization provided. Surprisingly, the presence of a methyl group at C3 position of the Ar 1 group was detrimental to the reaction as no product was observed (substrate 3.65g), although the same group on the C6 position did not affect the reaction (3.66d, 76%). The formation of 7-membered lactones was not possible as shown by the absence of reactivity of 3.65h. Finally, the 2-vinyl-substituted benzoic acid 3.65i did not lead to any products. The use of similar 2-alkenyl benzoic acids possessing more substituted double bonds has not been discussed. Scheme 54. Iron-catalyzed lactonization of 2-aryl benzoic acids. HFIP = hexafluoroisopropanol.

Copper(II)-photocatalyzed reactions

Early reports describing the photochemistry of Cu(II) malonate complexes demonstrated that a photoinduced LMCT/homolysis process can be applied to Cu(II) carboxylates. [61] Recent developments harnessed the photochemistry of copper(II) carboxylate complexes to trigger decarboxylative transformations of aliphatic as well as benzoic acids.

From aliphatic carboxylic acids

In 2022, Yoon et al. developed a decarboxylative cross-coupling reaction between aliphatic carboxylic acids and a range of carbo-and heteronucleophiles. [62] Their strategy was based on the anticipated combination of a photoinduced LMCT-mediated decarboxylation of a Cu(II) alkyl carboxylate 4.2 followed by a subsequent Cu(II)-mediated oxidation of the resulting carbon centred radical 4.4 into a carbocation species 4.5. The latter would be trapped with an external nucleophile present in the reaction mixture to give the coupling product 4.6 (Scheme 55). To test the validity of this hypothesis, the reaction between 1-phenylpropanoic acid 4.1a and 4-methoxybenzenesulfonamide 4.7 in the presence of Cu(OTf) 2 was first investigated (Scheme 56). Sodium phosphate was selected as a base to generate the carboxylate and irradiation was performed at λ = 427 nm. While running the reaction in several classical organic solvents (THF, Et 2 O, EtOAc, toluene, CH 2 Cl 2 , DMF) only delivered traces of the expected product 4.8a, the addition of 5 equivalents of CH 3 CN in CH 2 Cl 2 proved highly beneficial, as the coupling product was isolated with an encouraging 40% yield. The nitrile should play the role of a copper ligand, favoring the formation of photoactive monomeric Cu(II) carboxylates over dimeric complexes (vide infra). Increasing the amount of acetonitrile affected the yield of the transformation due to the formation of product resulting from a Ritter reaction and, among the nitriles which were evaluated, iPrCN (5.5 equiv) exhibited the best performances (4.8a, 73%). A control experiment confirmed the essential role of light irradiation and thus discarded a thermal activation for this transformation. The scope of the reaction was then examined, first focusing on sulfonamide nucleophiles (Scheme 57). Electron-rich arylacetic acids gave the corresponding products with higher yields than electron-poor probably because of an easier oxidation of the transient radical by Cu(II) (4.8b versus 4.8c). Primary, secondary and tertiary aliphatic acids reacted equally conferring a broad scope to the transformation. Particularly, a proline derivative (4.1f) as well as a cyclobutane-containing acid (4.1g) could be involved providing the coupling products respectively with a good (4.8f) and moderate (4.8g) yields. A large panel of sulfonamides was successfully involved in the coupling reaction. (Hetero)aryl sulfonamides were competent nucleophiles with a preference for those bearing an electron-donating substituent on the aryl group (4.8h versus 4.8i). Alkyl sulfonamides could also be used as attested by the formation of 4.8j with an excellent yield of 94%. A range of functional groups such as aryl halides, esters or carbamates proved compatible with the reaction conditions. This chemoselectivity was further exploited in the late-stage functionalization of a selection of non-steroidal anti-inflammatory drugs like ketoprofen or fenoprofen. Besides sulfonamides, several N-, O-and C-nucleophiles were shown to react smoothly in this decarboxylative coupling (Table 7). Treatment of 1-(4-methoxyphenyl)propanoic acid with t-butyl carbamate or with benzamide in the presence of Cu(OTf) 2 in CH 3 CN under blue light irradiation led to the corresponding coupling products 4.10a and 4.10b with respectively good (84%) and moderate yield (54%) (Table 7, entries 1-2). When the reaction was carried out in a solvent featuring a nitrile moiety in the absence of any other nucleophile, a Ritter reaction took place delivering the corresponding amides with good yields (Table 7, entries 3-4). With alcohols as nucleophiles, a novel optimization of the reaction conditions was required and using pyridine as a base and CH 3 CN as an additive in toluene resulted in an efficient decarboxylative etherification. This reaction was compatible with a large panel of alcohols such as proline or sugar derivatives (Table 7, entries 6-7). Apart from heteronucleophiles, electron-rich (hetero)aromatics were also engaged in a Friedel-Crafts type reaction delivering the alkylation products with high yields (Table 7, entries 8-9). Friedel-Crafts reaction conditions: Na 3 PO 4 (3 equiv), Nu-H ( 1.5 equiv), CH 3 CN 8 4.10h (95%) 9 4.10i (93%) a 1 equiv of alcohol was used. b 3 equiv of alcohol was used. Boc = t-butyloxycarbonyl; Bz = benzoyl; Tf = triflate; Ts = tosyl.

To support the initial mechanistic hypothesis, several experiments were conducted. When the styrenyl carboxylic acid 4.11 was reacted under the decarboxylative Ritter conditions, the five membered-ring 4.15 was observed as the unique product. The latter would come from a 5-exo-trig cyclization of the carbon centred radical 4.12 released after the decarboxylation step followed by an oxidation of the newly formed benzylic radical 4.13 and subsequent reaction of the carbocation 4.14 with acetonitrile. The use of this radical probe thus confirmed the transient formation of a radical intermediate after the decarboxylation step (Scheme 58). The order of the copper(II) carboxylate (ie monomeric or dimeric) was supposed to play a crucial role in its photoactivity and, as a direct consequence, in the efficiency of the targeted transformation. To gain insights into the nature of the photoactive carboxylate, sodium carboxylate derived from 1-phenylpropanoic acid was added stepwise to a solution of Cu(OTf) 2 and UV-vis spectra were recorded. At low concentration in carboxylate, an absorption band at λ = 304 nm was observed, which is characteristic of the LMCT band of monomeric Cu(II) carboxylates. An appropriate overlap between this band and the emission spectrum of the blue LEDs used to promote the decarboxylative coupling was noticed, supporting a photoinduced LMCT/homolysis process. Interestingly, an increase in the concentration of the sodium carboxylate led to a significant blue shift of this band (λ=260 nm) that can be due to the formation of dimeric carboxylates. This new band did not overlap well with the blue LED emission spectrum, rendering the photoactivation inefficient. These experiments thus demonstrate that a monomeric copper(II) carboxylate should be the photoactive species which undergoes the decarboxylative step upon blue light irradiation.

To corroborate this conclusion, the reaction between 1-phenylpropanoic acid 4.1a and p-OMe-phenyl sulfonamide was performed using increasing 4.1a:Cu(OTf) 2 ratios. While the reaction reached its optimal efficiency for a ratio of ca. 0.5, a very fast drop of the yield was observed with increasing 4.1a:Cu(OTf) 2 ratio. This result can attest the deleterious formation of an inactive dimeric copper(II) carboxylate in the presence of an excess of carboxylic acids compared to the copper complex. However the need for at least two equivalents of Cu(OTf) 2 can also be attributed to the intrinsic hypothetical mechanism of the transformation, which consumes two equivalents of copper(II) (decarboxylation and oxidation steps) with no possibility of regeneration.

The determining importance of the structure of the copper(II) carboxylate was further discussed and demonstrated by Reiser et al. [63] The superior photoactivity of monodentate copper carboxylate towards dinuclear paddle-wheel type Cu(II) carboxylates was clearly highlighted using well-defined isolated complexes in a decarboxylative oxygenation reaction. While irradiation (λ = 367 nm) of phenylacetic acid 4.16 in the presence of monodentate carboxylate 4.19 under oxygen atmosphere led to benzaldehyde 4.17 with a good yield, dinuclear paddle-wheel type complex 4.18 proved unable to promote efficiently the decarboxylation (4.17, 11%) (Scheme 59a). This significant difference of reactivity could be due to a fast recombination of the carboxyl radical with the coordinated Cu(I) center, preventing an efficient decarboxylation step to occur (Scheme 59b). A combination of Cu(OAc) with 2,9-dimethyl-1,10-phenanthroline (dmp) also proved efficient to promote the UV-light induced decarboxylative oxygenation of benzylic or secondary carboxylic acids including bioactive molecules (Scheme 60). 

From benzoic carboxylic acids

All the examples of LMCT induced decarboxylative transformations presented in the previous sections involved aliphatic carboxylic acids. In comparison, the radical decarboxylation of benzoic acids is much more challenging and consequently rather limited in literature reports. [64] Two reasons can be invoked to rationalize this scarcity: first, kinetically, CO 2 extrusion is much slower from benzoic carboxyl radical (k ≈ 10 6 s -1 ) [43] than from alkyl carboxyl radical (k ≈ 10 9 s -1 ) [44] . The rather long lifetime of the benzoic carboxyl radical has been harnessed to perform intramolecular additions or hydrogen-atom-transfer (HAT) furnishing lactone-containing molecules (vide supra). [34], [48], [49] However, when decarboxylation is targeted, the slow CO 2 extrusion can favor competitive reactions such as HAT to solvent or back electron transfer (BET), resulting in the re-formation of the starting carboxylic acid or carboxylate respectively and thus rendering the process inefficient. Secondly, the reduced nucleophilicity of aryl radicals compared to alkyl radicals restricted the possible reaction partners and hence the scope of benzoic acids radical decarboxylative transformations. [64] To overcome these two burdles, Ritter et al. designed an elegant strategy enabling decarboxylative fluorination of benzoic acids (Scheme 62). [65] They postulated that a LMCT/homolysis process applied to a Cu(II) aryl carboxylate 4.31 would generate an aryl carboxyl radical 4.32. A stoichiometric pre-formation of the Cu(II) carboxylate should minimize BET while the use of a poor hydrogen-donating solvent should disfavor HAT. Hence, the decarboxylation would occur, delivering an aryl radical 4.33 that would be rapidly trapped by another copper complex. In the presence of fluoride anion, an aryl copper(III) fluoride would be formed and a reductive elimination would release the corresponding aryl fluoride. Starting with this work hypothesis, the decarboxylative fluorination of 4-fluorobenzoic acid was first investigated. A thorough examination of the reaction conditions demonstrated that, in the presence of Cu(OTf) 2 (2.5 equiv), Cu(MeCN) 4 BF 4 (2.5 equiv) and TBAF.(t-BuOH) 4 , after 6 h in MeCN under light irradiation (λ = 390 nm), 1,4-difluorobenzene was formed as the major product (70%) (Scheme 63). Besides this compound, aryl benzoate 4.37 was the major side-product (20%) while traces of protodecarboxylation product 4. 36 observed (4%). The former hypothetically resulted from a reductive elimination occurring on an aryl copper(III) carboxylate while fluorobenzene arose from undesired H abstraction from the aryl radical. The choice of the fluorine source appeared crucial as the use of non-anhydrous or low-soluble fluoride salts resulted in a significant increase in 4.37 formation. Among the range of solvents that were evaluated, only nitriles afforded 1,4-difluorobenzene 4.35a, potentially due to a stabilizing coordination to the copper complexes and to non-favorable H abstraction. Among different Cu(II) complexes, using Cu(OTf) 2 proved to be essential and addition of a Cu(I) complex significantly improved the selectivity of the reaction by lowering the amount of fluorobenzene formed. Light irradiation was essential and switching from purple LEDs to blue LEDs inhibited the reaction. Finally, a preliminary stirring of the reaction mixture prior to irradiation was beneficial, ensuring a complete formation of the copper carboxylate. With these optimized conditions in hands, a diversity of benzoic acids was successfully involved in this decarboxylative fluorination reaction (Scheme 64). As previously observed with other metal carboxylates, the LMCT/homolysis process allowed the reach of a high degree of chemoselectivity and several functional groups such as halides, aldehydes, nitriles or esters were well tolerated (4.35b-4.35e). Some heteroaromatic fluorides were also prepared in good yields (4.35f-4.35h). The fluorination was applied to complex molecule such as a D-glucose derivative (4.35i) or fluorescein diacetate (4.35j). To support the anticipated mechanism, a Cu(II) carboxylate was prepared upon mixing 4-fluorobenzoic acid with basic TBAF.(t-BuOH) 4 and Cu(OTf) 2 and the UV/Vis. spectrum was recorded. Two characteristic band were observed: the first one (370-470 nm) can be attributed to the LMCT band of the Cu(II) carboxylate while the second (550-900 nm) is characteristic of d-d transitions carboxylate led to a progressive disappearance of the second band, indicating the reduction of Cu(II) into Cu(I) species. Furthermore, when 2-phenyl benzoic acid 4.30k was treated under the standard conditions, lactone 4.38 resulting from an addition of the carboxyl radical 4.32k on the adjacent phenyl ring was formed as the major product (Scheme 65). This result highlighted the formation of an aryl carboxyl radical. These experiments confirmed the postulated mechanism depicted on Scheme 62. Two scenarios can be considered for the formation of the aryl copper (III) fluoride 4.34 from the aryl radical 4.33. A reaction between the aryl radical and a Cu(II) complex could deliver, in the presence of fluoride anions, the aryl copper(III) fluoride complex. Alternatively, the aryl radical could first react with a Cu(I) species to give an aryl copper(II) fluoride that can be subsequently oxidized to its copper(III) counterpart.

In the course of the previous decarboxylative fluorination study, a side-reaction delivering benzoate 4.37 was observed. When fluoride anion was omitted, this decarboxylative hydroxylation became dominant, providing benzoate 4.37 in a very high 98% yield (Scheme 66a). This transformation appeared as a rare example of decarboxylative esterification of benzoic acids, thus opening the way to a straightforward synthesis of phenol derivatives after saponification of the benzoate. To avoid the sacrificial use of one equivalent of the benzoic acid, which acted here both as radical donor and nucleophile, a range of oxygen-based anions (hydroxides, phenoxides, alkoxides) was evaluated as alternative nucleophiles. [66] However, aryl carboxylates demonstrated the best efficiency, raising selectivity issues. Indeed, in the presence of a Cu(II) complex, both carboxylates (i.e. radical donor and nucleophile) could potentially led to the corresponding carboxyl radicals following a LMCT/homolysis/decarboxylation process. To avoid undesired homocoupling products, the CO 2 extrusion of the carboxyl radical coming from the nucleophilic carboxylate had to be slow enough to favor BET or HAT processes, which would re-form the initial carboxylate (Scheme 66b). To affect the rate of this decarboxylation step in reinforcing the strength of the C-COOH bond, electron-rich aryl carboxylates were selected and, among them, thiophene-2-carboxylate (TC) was identified as the best nucleophilic partner. In addition, a preliminary preparation of a lithium carboxylate from the expected radical donor proved beneficial, facilitating the formation of the Cu(II) carboxylate. Thus, when 4.39a was treated in the presence of Cu(OTf) 2 (2.5 equiv) and CuTC (1.5 equiv) under light irradiation (λ = 390 nm), a mixture of benzoate 4.40a (51%) and benzoate 4.40a' (20%) was obtained. Upon treatment with LiOH, phenol 4.41a was isolated with a good yield of 70%. If carboxylate 4.39a partially reacted as a nucleophile, no traces of oxydecarboxylation or protodecarboxylation products of TC were observed, confirming the judicious choice of this carboxylate in the reaction design (Scheme 66c). Starting from this promising result, a large panel of aryl lithium carboxylates was involved in this decarboxylative esterification leading after saponification to the corresponding phenols (Scheme 67). Electrondeficient phenols were generally obtained with better yields than electron-rich derivatives (4.41b, 4.41c versus 4.41d, 4.41e), potentially due to an easier decarboxylation step. Apart from oxidizable or strongly coordinating ability moieties such as phenols or amines, a large diversity of functional groups was tolerated including nitriles (4.41c), aldehydes (4.41f), sulfonamides (4.41g, 4.41k) and even alkyl esters (4.41h). Heteroaromatic lithium carboxylates could be turned into their phenolic counterparts albeit with moderate yields (4.41i, 4.41j). The method could be used to functionalize complex small molecules such as celecoxib, a non-steroidal antiinflammatory drug (4.41k). Scheme 67. Copper-mediated decarboxylative esterification of (hetero)aryl lithium carboxylates followed by saponification. TC = thiophene-2-carboxylate; Tf = triflate.

As previously observed during the mechanistic investigation of decarboxylative fluorination, the treatment of aryl lithium carboxylate 4.39l under the optimized conditions led to the formation of lactone 4.38, thus confirming the transient formation of an aryl carboxyl radical (Scheme 68). In addition, monitoring the evolution of a mixture of lithium carboxylate 4.39a, CuTC and Cu(OTf) 2 under light irradiation using UVvisible spectrometry clearly shows the progressive decrease of the d-d transition band at 550-900 nm, which is characteristic of Cu(II) species. This observation demonstrates the reduction of Cu(II) carboxylates into Cu(I) complexes upon a LMCT/homolysis process. Despite the high attractiveness of these copper-induced decarboxylative transformations, the need for an excess of the copper complex (up to 4 equiv) can be viewed as a restriction when considering atom economy. Mac Millan and co-workers recently devised an alternative catalytic approach that bypasses this limitation. [67] The introduction of a stoichiometric oxidant in the reaction conditions enables the use of a catalytic amount of the copper complex responsible for the LMCT-based decarboxylation process. This strategy was first applied to a general decarboxylative halogenation of (hetero)aryl carboxylic acids. The decarboxylative bromination of 4fluorobenzoic acid was first investigated. The combination of [Cu(MeCN) 4 ]BF 4 (20 mol%) with one equivalent of 1-fluoro-2,4,6-trimethylpyridinium tetrafluoroborate (NFTPT) in the presence of a bromination reagent [1,3dibromo-5,5-dimethylhydantoin (DBDMH)] proved efficient to access 4-fluorobromobenzene under UV-light irradiation (λ = 365 nm). Control experiments confirmed that light, copper catalyst and stoichiometric oxidant were all essential to the success of the reaction. Under these conditions, a large panel of (hetero)aryl carboxylic acids was efficiently turned into their brominated counterparts (Scheme 70). Electron-poor (4.46a-4.46c) as well as electron-rich benzoic acids could be used but, in the case of electron-donating substituents (4.46g), a modification of the bromination reagent proved necessary (bromotrichloromethane instead of DBDMH) to avoid undesired overbromination through electrophilic substitution of the enriched aryl group. Para-, meta-and ortho-substituted benzoic acids were all compatible delivering the corresponding aryl bromides in comparable yields (70-80%). This reaction enables the preparation of a collection of brominated heteroaryl compounds including diversely substituted bromo-pyridines, pyrimidine and pyrazoles (4.46d-4.46f, 4.46h, 4.46i). A similar scope was obtained for decarboxylative iodination of (hetero)aryl benzoic acids using Niodosuccinimide (NIS) and similar catalytic system (Scheme 71). In accordance with previous reported works, the mechanism of both reactions -i.e. bromination and iodination -was supposed to involve the formation of an aryl radical from a light induced LMCT/homolytic cleavage of the Cu-O bond of a Cu(II) carboxylate followed by CO 2 extrusion. This aryl radical would then abstract a halogen atom to the halogenation reagent and this atom transfer would provide the corresponding aryl halide (Scheme 72, path A). The transient formation of the aryl radical was confirmed by subjecting 4fluorobenzoic acid to the previous conditions without halogenation reagent either in CH 3 CN or CD 3 CN. Under these conditions, proto-or deuterodecarboxylations respectively delivered fluorobenzene and 1-fluoro-4deuterobenzene. The photoreduction of the Cu(II) complex into a Cu(I) species was confirmed by UV-Vis. spectroscopy. This atom transfer-based mechanism explains the difficulties that were encountered when attempts to apply the strategy to decarboxylative chlorination using N-chlorosuccinimide (NCS) were conducted. The larger strength of the N-Cl bond in NCS compared to the strength of N-Br and N-I bonds in DBDMH and NIS renders the atom transfer poorly efficient, opening the way to side reactions. As a result, when 4-fluorobenzoic acid was treated by NCS in the presence of NFTPT and [Cu(MeCN) 4 ]BF 4 (20 mol%) under light irradiation, the chlorinated compound was obtained as a mixture with fluorobenzene and benzoate 4.37. As previously rationalized by Ritter et al., [65] this latter would come from a capture of the aryl radical by a Cu(II) carboxylate generating a Cu(III) complex that would evolve to the benzoate through reductive elimination (Scheme 63). This aryl radical capture was considered as an opportunity to design an alternative approach to decarboxylative chlorination. Thus, by using ZnCl 2 as a chlorine donor, in the presence of [Cu(MeCN) 4 ]BF 4 (20-100 mol%) and NFTPT under light irradiation, diverse benzoic acids were converted into the corresponding (hetero)aryl chlorides (Scheme 73). The reaction was thought to process via the intermediate formation of the ArCu(III)ClL n complex from reaction between the aryl radical, the Cu(II) complex and ZnCl 2 (Scheme 72, path B). Despite the presence of an oxidative agent, stoichiometric amount of the copper complex seems necessary for the decarboxylative chlorination of some (hetero)aromatic acids to efficiently occur. Based on the same mechanism (Scheme 72, path B), a decarboxylative fluorination was finally designed using NFTPT as both oxidant and fluorination reagent (Scheme 74)). However, in this case, an excess (3 equiv) of the copper complex was required and the addition of CsF was necessary in some cases. A wide range of (hetero)aryl fluorides were obtained in yields ranging from 40 to 77%. Interestingly, some heteroaryl fluorides such as 4.51e and 4.51f could be in situ engaged in a S N Ar reaction with O-, N-or S-nucleophiles to provide attractive aromatic building blocks (not shown). The major strength of this work lies in the unified approach towards valuable (hetero)aryl halides from a common simple feedstocks, namely benzoic acids. This synthetic feat was well illustrated by the decarboxylative halogenation of benzoic acid 4.52, which was converted into the iodinated, brominated, chlorinated or fluorinated pyridine depending on the reaction conditions (Table 8). Decarboxylative halogenation methods have already been reported in the literature including metal-free processes. [68] However, the application to benzoic acids represents a significant challenge and existing reactions often suffer from scope limitation. The generality of the Cu-mediated decarboxylative halogenation is the main strength of this method even if the use of an excess of copper as well as rather expensive oxidizing agents can be viewed as residual drawbacks. Based on this successful study, an extension to copper-catalyzed LMCT decarboxylative borylation of (hetero)aryl acids was further developed. [69] In the presence of bis(pinacolato)diboron (B 2 Pin 2 ) and under near-UV light irradiation (λ = 365 nm), the same copper complex [Cu(MeCN) 4 ]BF 4 associated to excess of Nfluorobenzenesulfonimide (NFSI) as an oxidant proved efficient to convert 4-fluorobenzoic acid into its boronate counterpart. The addition of NaF and LiClO 4 was beneficial as they probably allowed an activation of B 2 Pin 2 into its lithium fluoroborate form. Under these conditions, the fluorinated boronate 4.55a was obtained with a yield of 80%, estimated on the corresponding phenol after an oxidative workup. A large collection of (hetero)aromatic boronic esters were prepared using this method and a large functional group tolerance was observed (Scheme 75).

Scheme 75. Copper-catalyzed decarboxylative borylation of (hetero)aryl acids. BPin = pinacolborane; NFSI = Nfluorobenzenesulfonimide.

To go one step further in versatility and molecular diversity generation, a one-pot decarboxylative borylation/Suzuki-Miyaura sequence was then developed. A bromide partner, Pd(PPh 3 ) 4 , K 2 CO 3 and water were thus directly introduced in the reaction mixture resulting from the decarboxylative borylation and the coupling products were isolated in good yields (Scheme 76). (Hetero)aryl-(hetero)aryl (4.56a-4.56c) as well as aryl-vinyl (4.56d) and aryl-benzyl (4.56e) coupling could be performed resulting in the fast generation of structurally diverse molecules. These studies finally culminate with the merge of copper-catalyzed decarboxylative halogenation with copper-catalyzed decarboxylative borylation to furnish both partners of the Suzuki-Miyaura coupling through a LMCT-induced process. A very nice result was obtained for the cross-coupling of bromide 4.46h, obtained from the bromination of picolinic acid 4.45h, with boronate 4.55a, prepared from 4-fluorobenzoic acid 4.30a (Scheme 77).

Scheme 77. Double-decarboxylative cross-coupling of two (hetero)aryl acids. Bpin = pinacolborane; DBDMH = 1,3dibromo-5,5-dimethylhydantoin; NFSI = N-fluorobenzenesulfonimide.

Conclusion perspectives

The photoinduced ligand-to-metal charge transfer of metal carboxylates leading to the generation of a carboxyl radical is a long-standing transformation, one oldest application being actinometry using potassium ferrioxalate. Nevertheless, over the past five years, as highlighted by this review, an impressive upsurge of this process in synthetic chemistry has been noticed. This approach, based on the intrinsic photoactivity of the metal carboxylate generated in situ, offers an alternative to bimolecular electron transfer processes. Consequently, it bypasses the requirement for sufficiently long excited state lifetimes, thus opening the way to earth-abundant metal photocatalysis. The cerium-photoinduced decarboxylative hydrazination developed by König et al. marked the coming of this strategy based on a visible-light induced homolytic cleavage of carboxylate. Since them, tremendous developments have been accomplished using cerium then iron and more recently copper photocatalysts. The selective photoactivation of metal carboxylate through a LMCT charge transfer renders the decarboxylative reactions highly tolerant towards functional groups, allowing the late-stage transformations of complex molecules. A large diversity of partners can be used in such decarboxylative reactions and C-C, C-O, C-N, C-X as well as C-B bonds can be formed in an efficient manner using appropriate radical acceptors. The scope of the methods are generally broad and carboxylic acids thus appear as stable and available precursors of a wide range of functionalized molecules. If benzoic acids are generally more reluctant to decarboxylation process than their aliphatic counterparts, the resulting benzoyloxy radicals can be involved in intramolecular reactions such as lactonizations or aryl migrations. In addition, Ritter et al. and MacMillan et al. showed that, under appropriate reaction conditions, copper benzoates can undergo decarboxylative processes to finally give aryl halides, phenols or aryl boronates.

As attested by the high density of articles dedicated to LMCT of metal carboxylates over the last five years, this research area is under very fast development. However, it can be still considered in its infancy when compared to iridium or ruthenium photocatalyzed decarboxylative transformations. The high regioselectivity of the metal carboxylate photoactivation associated to the high versatility of radical chemistry would stimulate chemist creativity in term of complex molecule functionalization.

If some efforts have been made in term of rationalization of the developed reactions using UV-Vis spectrometry, cyclic voltammetry or radical probe, the mechanisms of the existing transformations are still under debates. In particular, the existence of the LMCT/homolytic cleavage sequence has not been always evidenced. In addition, the role of the Cl radical when metal chloride catalysts are used, [46] the exact redox events, the role of the ligands are still not clear. Particularly in iron-photocatalyzed decarboxylative transformations, a large diversity of conditions (i.e. iron catalyst, ligand, additive) the nature of the carboxylic acid and/or of the reaction partner. By allowing a better understanding of the processes at stake in these decarboxylative reactions, some deeper mechanism investigations would contribute to establish guidelines in term of catalytic system choice considerably facilitating the popularization of the methods.

The development of appropriate technology allowing a significant scale-up of these reactions will be necessary to target industrial applications. Particularly, the combination of these photocatalyzed transformations with flow chemistry is a promising approach. [70] Flow chemistry would facilitate the design of reliable, reproducible and scalable reactions and would go one step further towards sustainability. Furthermore, this technology could facilitate the CO 2 recycling and thus address one of the main drawbacks associated to decarboxylative processes. Indeed, if CO 2 has been identified as one of the responsible for climate change, it is also considered as a promising C1 building-block. [71] In that sense, designing an experimental set-up allowing at the same time a decarboxylative reaction and CO 2 valorization will constitute a formidable challenge for the future. In the same vein, the association of earth-abundant metal photocatalysis with electrochemistry for the clean regeneration of catalyst warrants significant attention.

This highly dynamic research area well illustrates the great inspiring power of sustainable method development in synthetic chemistry. If metal resource depletion can be first viewed as a significant constraint, it can also be considered as an outstanding driving force for the development of innovative chemical processes.
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 1 Figure 1. Monofunctional commercially available reagents in eMolecules library.

Scheme 1 .

 1 Scheme 1. Historical overview of decarboxylative C-C bond formation. DCC = dicyclohexylcarbodiimide; DMAP = 4dimethylaminopyridine; AIBN = azabisisobutyronitrile; Tf = triflate; Ts = tosyl.

  Scheme 2. General mechanism of photocatalyzed decarboxylative reactions -example of the Giese addition.

  Scheme 3. Comparison of photoactivation/deactivation processes of [Ru(bpy) 3 ] 2+ and [Fe(bpy) 3 ] 2+ . GS = ground state; ISC = intersystem crossing; MC = metal centred; MLCT = metal-to-ligand-charge-transfer.

Scheme 4 .

 4 Scheme 4. General principle of LMCT/homolysis process applied to decarboxylation -example of the Giese addition. LMCT = ligand-to-metal-charge-transfer
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 7 Scheme 7. Synthetic evidence towards the transient formation of a radical intermediate. Boc = t-butyloxycarbonyl; DBAD = di-isobutyl azodicarboxylate.

Scheme 11 .

 11 Scheme 11. Transformations of hydrazines 2.16. Boc = t-butyloxycarbonyl.

Scheme 13 .

 13 Scheme 13. Scope of the electrophotochemical decarboxylative azidation. Bn = benzyl; Bpin = pinacolborane; Bz = benzoyl; DMF = dimethylformamide; phen = phenanthroline; TBA = tetra-butylammonium; Tf = triflate; TFE = trifluoroethanol; TMS = trimethylsilyl; Ts = tosyl.

Scheme 14 .

 14 Scheme 14. Reaction with radical probe 2.32. DMF = dimethylformamide; phen = phenanthroline; TBA = tetrabutylammonium; TFE = trifluoroethanol; TMS = trimethylsilyl.
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 48 a) In TFE without HCl (b) 5 equiv of carboxylic acid (c) 10 equiv of carboxylic acid HFIP/TFE : 2:3 Purple LEDs (392 nm) 2 mA, 4.2 F.mol -1

Scheme 20 .

 20 Scheme 20. Treatment of lepidine with a radical probe. HFIP = hexafluoroisopropanol; TFE = trifluoroethanol.

Scheme 25 .

 25 Scheme 25. Experimental evidences in favor of a radical pathway. TBA = tetra-butylammonium; TEMPO = (2,2,6,6tetramethylpiperidin-1-yl)oxyl.

Scheme 30 .

 30 Scheme 30. Ce(IV)-photoinduced 1,5-aryl migration on 2-aryloxy benzoic acids.

Scheme 33 .

 33 Scheme 33. Scope of photoinduced iron-catalyzed Minisci reaction -Carboxylic acids. DMSO = dimethylsulfoxide.

  (53%) a,c 3.3h (89%)b,c (a)[Fe] (5 mol%), picolinic acid (10 mol%), NaBrO 3 (2 equiv);(b) [Fe] (10 mol%), picolinic acid (20 mol%), NaClO 3 (3 equiv); (c) 440 nm ; (d) 456 nm.

Scheme 35 .

 35 Scheme 35. Postulated mechanism for the catalytic version of the iron(III)-catalyzed decarboxylative Minisci-alkylation.

Scheme 36 .

 36 Scheme 36. Scope of the electrophotochemical Minisci-type reaction. DMSO = dimethylsulfoxide.

Scheme 37 .

 37 Scheme 37. Hypothetical mechanism for the decarboxylative photoelectrochemical Minisci-type reaction.

Scheme 38 .

 38 Scheme 38.Giese-type addition on benzylidene malononitrile.

Scheme 39 .

 39 Scheme 39. Scope of the decarboxylative Giese-type addition -Carboxylic acids.

Scheme 41 .

 41 Scheme 41. Decarboxylative addition of a phenylacetic acid over chromene 3.26.

Scheme 42 .

 42 Scheme 42. Proposed mechanism for the iron-catalyzed photoinduced Giese addition.

Scheme 44 .

 44 Scheme 44. Proposed mechanism for the iron-catalyzed light induced addition of carboxylic acids over azodicarboxylates. Boc = t-butyloxycarbonyl.

Scheme 45 .

 45 Scheme 45. Iron-photocatalyzed decarboxylative formation of tertiary amines from nitroarenes. 4-CzIPN = 1,2,3,5tetrakis(carbazol-9-yl)-4,6-dicyanobenzene; TPP = tetraphenylporphine.

Scheme 46 .

 46 Scheme 46. Hypothetical mechanism for the double alkylation of nitroarenes.

Scheme 48 .

 48 Scheme 48. Experimental evidence of the transient formation of radical intermediates. acac = acetylacetonate; DABCO = 1,4-diazabicyclo[2.2.2]octane; DMPO = 5,5-dimethyl-1-pyrroline.

Scheme 51 .

 51 Scheme 51. Photoinduced fluorination of a pre-formed iron carboxylate.

Scheme 55 .

 55 Scheme 55. Copper(II) mediated decarboxylative coupling: working hypothesis.

Scheme 56 .

 56 Scheme 56. Optimization of the decarboxylative coupling between 1-phenylpropanoic acid and a sulfonamide. PMP = pmethoxyphenyl; Tf = triflate.

Scheme 57 .

 57 Scheme 57. Scope of the decarboxylative coupling reaction with sulfonamides. Tf = triflate.

Scheme 59 .

 59 Scheme 59. Influence of the Cu(II) carboxylate structure on photoactivity.

Scheme 60 .

 60 Scheme 60.Copper-catalyzed UV-induced decarboxylative oxygenation. Boc = t-butyloxycarbonyl; dmp = 2,9-dimethyl-1,10-phenanthroline.

  Scheme 61. Hypothetical mechanism for the Cu(II) photoinduced decarboxylative oxygenation. dmp = 2,9-dimethyl-1,10phenanthroline.

Scheme 62 .

 62 Scheme 62. Designed strategy targeting copper-mediated decarboxylative fluorination of benzoic acids. BET = backelectron transfer.

Scheme 63 .

 63 Scheme 63. Copper-mediated decarboxylative fluorination of 4-fluorobenzoic acid. TBAF = tetra-butylammonium fluoride; Tf = triflate.

Scheme 64 .

 64 Scheme 64. Scope of the decarboxylative fluorination of benzoic acids. TBAF = tetra-butylammonium fluoride; Tf = triflate.

Scheme 65 .

 65 Scheme 65. Evidence for carboxyl radical formation. TBAF = tetra-butylammonium fluoride; Tf = triflate.

F 4 Scheme 66 .

 466 Scheme 66. Decarboxylative esterification of benzoic acids: discovery and optimization. TC = thiophene-2-carboxylate; Tf = triflate.

Scheme 68 .

 68 Scheme 68. Evidence for the transient formation of an aryl carboxyl radical. TC = thiophene-2-carboxylate; Tf = triflate.

  Scheme 70. Copper-catalyzed decarboxylative bromination of (hetero)aryl acids. DBDMH = 1,3-dibromo-5,5dimethylhydantoin; NFTPT = 1-fluoro-2,4,6-trimethylpyridinium tetrafluoroborate.

Scheme 71 .

 71 Scheme 71.Copper-catalyzed decarboxylative iodination of (hetero)aryl acids. NFTPT = 1-fluoro-2,4,6trimethylpyridinium tetrafluoroborate; NIS = N-iodosuccinimide.

  Scheme 72. Hypothetic divergent mechanisms for the decarboxylative halogenations. DBDMH = 1,3-dibromo-5,5dimethylhydantoin; NFTPT = 1-fluoro-2,4,6-trimethylpyridinium tetrafluoroborate; NIS = N-iodosuccinimide.

Scheme 73 .

 73 Scheme 73. Copper-induced decarboxylative chlorination of (hetero)aryl acids. NFTPT = 1-fluoro-2,4,6trimethylpyridinium tetrafluoroborate.

a

  Cu(MeCN) 4 BF 4 (20 mol %). b Cu(MeCN) 4 BF 4 (100 mol %).

Scheme 74 .

 74 Scheme 74. Copper-induced decarboxylative fluorination of (hetero)aryl acids. NFTPT = 1-fluoro-2,4,6trimethylpyridinium tetrafluoroborate.

Scheme 76 .

 76 Scheme 76. One-pot decarboxylative borylation/Suzuki-Miyaura cross-coupling. BPin = pinacolborane; NFSI = Nfluorobenzenesulfonimide.

  These experiments well demonstrate the homolysis process undergone by the Ce(IV) carboxylate, delivering a Ce(III) intermediate together with a carboxyl radical. Based on these mechanistic studies and literature reports, a mechanism was hypothesized (Scheme 8). Photoexcited DBAD would oxidize the initial Ce(III) pre-catalyst to deliver the active Ce(IV) complex [E 1/2 (Ce(IV)/Ce(III) = 0.41 V vs. SCE in MeCN; E 1/2 (DBAD*/DBAD -= 1.66 V vs. SCE in MeCN]. In the presence of a base and carboxylic acid, a Ce(IV) carboxylate 2.10 would be formed. Irradiation of this species would induce the dissociative LMCT step furnishing a Ce(III) complex and a carboxyl radical 2.11. A fast CO 2 extrusion would deliver the alkyl radical 2.12 that would add on the double bond of DBAD to give a nitrogen-centered radical 2.13. The latter could re-oxidize the Ce(III) to regenerate the Ce(IV) catalyst while, after protonation, the resulting anion 2.14 could deliver the expected hydrazine.

Scheme 8. Hypothesized mechanism for the decarboxylative hydrazination. Boc = t-butyloxycarbonyl; DBAD = diisobutylazo dicarboxylate.

or the 5-membered ring imine 2.18.
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	Scheme 12. Hypothesized mechanism. Boc = t-butyloxycarbonyl; DBAD = di-isobutylazo dicarboxylate.
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Table 1 .

 1 Ce(IV)-photoinduced decarboxylative oxygenation.

	entry Acid 2.35	NMR yield (2.36) NMR yield (2.37)
	1	84%	13%
	2	74%	26%
	3	79%	21%

(a) DMA was used instead of toluene.

  and HO 2 radical. After a LMCT/homolysis sequence applied to Ce(IV) carboxylate 2.59, the C-centered radical 2.61 would add on the quinoxalin-2-one ring 2.56 to give the N-centered radical 2.62. The latter would be oxidized, hypothetically by HO 2 , to provide the desired alkylated product together with hydrogen peroxide. The formation of H 2 O 2 during the reaction was confirmed by a KI-Starch test. The strong hydroperoxyl radical HO 2 could also be involved into the oxidation of Ce(III) into Ce(IV) instead of dioxygen (Scheme 23).
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 2 Ce(IV)-induced lactonization of benzoic acids.
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 28 Ce(IV)-photoinduced dehydrogenative lactonization of 2-arylbenzoic acids.
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  Proposed mechanism for the dehydrogenative lactonization.
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  Suggested mechanism of the photoinduced 1,5-aryl migration.
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Table 3 .

 3 Photoinduced decarboxylative Minisci-like reaction of lepidine.

	Entry 3.1 (R)	Catalyst	3.3 (yield)
	1	3.1a (Me) none	3.3a (1%)
	2	3.1a (Me) Fe 2 (SO 4 ) 3 (0.9 equiv) 3.3a (32%)
	3	3.1b (Et)	none	3.3b (8%)
	4			

Table 4 .

 4 Optimization of the iron-catalyzed photo-induced Minisci reaction.

	Entry	[Fe]	L	Oxidant	λ	3.3d
		(mol%)	(mol%)	(x equiv)	(nm )	(NMR yield)
	1	5		0	NaBrO 3	456 0%
					(2 equiv)	
	2	5		5	NaBrO 3	456 60%
					(2 equiv)	
	3	5		10	NaBrO 3	456 94%
					(2 equiv)	
	4	5		10	NaBrO 3	440 85%
					(2 equiv)	
	5	10		20	NaClO 3	440 90%
					(3 equiv)	
	[Fe] = FeSO 4	. 7H 2 O; L = picolinic acid; DMSO = dimethylsulfoxide.

Table 5 .

 5 Photoinduced iron-catalyzed ring opening of tertiary cyclic carboxylic acids.

	Entry	3.42	3.43	Yield
	1			3.43a
				(72%)
	2			3.43b
				(68%)
	3			3.43c
				(62%)
	4			3.43d
				(58%)
	5			3.43e
				(98%)
	6			3.43f
				(85%)
	7			3.43g
				(82%)

Table 6 .

 6 Optimization of the decarboxylative fluorination.

	Entry	L	λ	yield 3.54a
	1	L1	455 nm	16%

Table 7 .

 7 Decarboxylative coupling reactions with N-, O-and C-nucleophiles.

	R 1 + R 3 4.1 OH O R 2		Cu(OTf) 2 (2.5 equiv) Na 3 PO 4 (3 equiv) iPrCN (5.5 equiv) CH 2 Cl 2, 25 °C, 24 h Blue LEDs (427 nm)	R 1 R 2	R 3	4.8 H N O S O R 4
	H 2 N	S	R 4			
		O	O			
			4.7			
	MeO						OMe	F	OMe
				H N Me O O S		H N Me O O S
				4.8b (99%)		4.8c (77%)
		S		H N Me O O S	CO 2 Me	MeO	H N O O S Me	Me	Me
				4.8d (56%)		4.8e (76%)
							Me	Me
				N Boc	H N O O S		Cl	O O H N S
				4.8f (79%)		4.8g (42%)
							OMe	CF 3
				H N Me O O S		H N Me O O S
				4.8h (73%)		4.8i (45%)
				Ph	H N O O S		Ph	O	H N Me O O S Me Me Me
				4.8j (94%)		4.8k (57%) from ketoprofen
								Cl
						PhO	H N Me O O S	S Cl
							4.8l (44%)
							from fenoprofen

  Experimental evidence in favor of the formation of a radical intermediate. Tf = triflate.

			R 1 R 2	O 4.1 R 3 OH	Cu(OTf) 2 (2.5 equiv) conditions solvent, 25 °C, 8-24 h Blue LEDs (427 nm)	R 1 R 2	4.10 Nu R 3
				+	Nu-H
						4.9
			O				Me	O
	Scheme 58.	H 2 N			Ot-Bu	N H	Ot-Bu
		4.9a		MeO
			O		Me	O
		H 2 N 4.9b Ph	MeO	N H	Ph
							Me	O
		CH 3 CH 2 CN 4.9c	H N	Me
							F 3 C
							Me	O
		PhCN 4.9d		N H	Ph
							Me
		MeOH 4.9e	OMe
							MeO
		HO				N Ts	O Ph	N Ts
				4.9f
	MeO HO	O	OMe OMe	O Ph	O	OMe
			OMe	MeO	OMe
			4.9g	OMe
							Me
							Ar
		N Bz	4.9h	MeO	N Bz
							Ar = p-CF 3 C 6 H 4
			OMe	OMe
							N
	MeO	4.9i	OMe	Boc	MeO	OMe

  were

							Cu(OAc) 2
											Ar	OH	, dmp
											O
											4.20
				H 2 O	Ar			O	2	Cu(II)(dmp)
		ArCH 2 CO 2 H					O	4.22	Ar	O
		Cu(II)OC(O)CH 2 Ar(OH)(dmp)		O	4.23
		ArCHO 4.21	4.30					+ Cu(I)OC(O)CH 2 Ar(dmp) 4.24
	Ar	O	O Cu(II)OC(O)CH 2 Ar(dmp)	CO 2
		4.29	Ar		O	O	4.27	Ar + Cu(I)OC(O)CH 2 Ar(dmp) 4.25 4.26
				+ Cu(I)OC(O)CH 2 Ar(dmp) 4.28	O 2
											hν
	Ar	O 4.30 OH	Cu(II), F --HF		Ar	O 4.31 O	LMCT/homolysis Cu(II) BET	Ar	O 4.32 O	+	Cu(I)
											-CO 2
				Ar-F	Reductive elimination	Ar-Cu(III)-F	Cu(n)	, F -	Ar
				4.35	-Cu(I)				4.34	n = I, II	4.33

  in Cu(II) complexes. Irradiation of this pre-formed

	F	CO 2 H	TBAF⋅(t-BuOH) 4 (2.5 equiv) Cu(OTf) 2 (2.5 equiv) Cu(MeCN) 4 BF 4 (2.5 equiv) CH 3 CN, 35 °C, 6 h Purple LEDs (390 nm)	F	4.35a	F	F	4.36	H
	4.30a					(70%)		(4%)
										F
									O
							F		O	4.37 (20%)
	Ar	O 4.30 OH		TBAF⋅(t-BuOH) 4 (2.5 equiv) Cu(OTf) 2 (2.5 equiv) Cu(MeCN) 4 BF 4 (2.5 equiv) CH 3 CN, 35 °C, 6-24 h Purple LEDs (390 nm)	Ar-F 4.35
	F			F					F
		Br			F				
					H		CN	
				O					OBz
	4.35b (83%)	4.35c (64%)	4.35d (73%)		4.35e (56%)
		N	F	F	N		F	N
		N						
					OMe			
		4.35f (74%)	4.35g (68%)		4.35h (57%)
		OAc					O		
		O	O	F		O			F
	AcO		OAc					
		OAc			AcO				OAc
		4.35i (66%)			4.35j (58%)

  Thus, reaction between the aryl lithium carboxylate 4.39 and Cu(OTf) 2 would deliver a Cu(II) carboxylate 4.31. Under light irradiation, the latter as well as CuTC would undergo a LMCT/homolysis sequence leading to aryl carboxyl radicals 4.32 and 4.43. While a fast decarboxylation of radical 4.32 would occur giving aryl radical 4.33, the electron-rich thiophene ring would considerably slow down the decarboxylation process of 4.43, favoring BET or HAT reactions and thus the re-formation of thiophene carboxylate. Aryl radical 4.33 would be trapped by a copper carboxylate (mainly CuTC) to deliver a copper(III) complex 4.42. Reductive elimination would release the desired benzoate that could be saponified in a subsequent step to deliver phenol 4.41 (Scheme 69). Hypothesized mechanism of the copper-mediated decarboxylative esterifiation of benzoic acids. BET = backelectron transfer; HAT = hydrogen atom transfer.

	R	O	OLi	1/ Cu(OTf) 2 (2.5 equiv) CuTC (1.5 equiv) CH 3 CN, 35 °C, 16 h Purple-LEDs (390 nm)	R	OH
				2/ LiOH aq.	
	4.39		THF/MeOH, 40 °C	4.41
		OH		OH		OH	Me	OH
	F 3 C		NC		MeO
							Me
	4.41b (71%)	4.41c (77%)		4.41d (54%)	4.41e (62%)
	OHC	OH			OH		OH
			H 2 NO 2 S		
	4.41f (73%)		4.41g (73%)		Me	O	O	4.41h (62%)
	Cl	OH		N	OH	Me
	N			N			Me
	Cl						OH
	4.41i (51%) Scheme 69.		4.41j (33%)	F 3 C	N N
						4.41k (52%)	SO 2 NH 2
					from celecoxib
	O						O
	OLi		Cu(OTf) 2 (2.5 equiv) CuTC (1.5 equiv)	O
			CH 3 CN, 35 °C, 16 h Purple LEDs (390 nm)	
	4.39l			81%			4.38

Table 8 .

 8 Unified approach towards (hetero)aryl halides from carboxylic acids.

	Entry X [Cu]	NFTPT	R-X	4.53
			mol%	equiv		(yield) a
	1	I	20	1	NIS	4.53a
					(1 equiv)	(56%)
	2	Br 20	1	DBDMH	4.53b
					(0.75 equiv)	(70%)
	3	Cl 100	1.5	ZnCl 2	4.53c
					(1 equiv)	(62%)
	4	F	300	2	-	4.53d
						(51%)
	a NMR yields; NFTPT = 1-fluoro-2,4,6-trimethylpyridinium tetrafluoroborate

  is employed depending on

		CO 2 H			
	F	4.30a	HO 2 C	N 4.45h	CF 3
	Cu(MeCN) 4 BF 4 (20 mol%) B 2 Pin 2 (3 equiv)		Cu(MeCN) 4 BF 4 (20 mol%) NFSI (1 equiv)
	NFSI (3 equiv)			DBDMH (0.75 equiv)
	NaF (1 equiv) LiClO 4 (1 equiv)			CH 3 CN, 25 °C, 6 h near-UV LEDs (365 nm)
	CH 3 CN, 25 °C, 6 h				
	near-UV LEDs (365 nm)				
		BPin			
	F	4.55a	Br	N 4.46h	CF 3
			Pd(PPh 3 ) 4 (2 mol%) K 2 CO 3 (15 equiv) H 2 O, 80 °C, 12 h
			N	CF 3	
		F	4.57		
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