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Introduction

The synthesis of ( 3 -allyl)palladium complexes from alkenes was originally carried out with PdCl 2 under heating for hours [1] but in 1980, Trost and Metzner reported that Pd(OCOCF 3 ) 2 leads to a fast reaction at ambient temperature, exampling the role of the Pd coordination sphere on the reactivity. [2] They assumed that the difference is due to the higher electrophilicity of Pd(OCOCF 3 ) 2 , making easier the insertion into the allylic C-H bond, an hypothesis agreeing with subsequent mechanistic studies by Saunders and co-workers. [3] Besides, a large number of Pd II -catalyzed reactions is carried out with palladium acetate, [4] sometimes in the presence of acetic acid or alkali metal acetate. [5] Pd(OAc) 2 is also frequently used to perform Pd 0 -catalyzed reactions, [6] its reduction arising under the experimental conditions. [7] Reactions catalyzed with other palladium carboxylates such as Pd(OCOCF 3 ) 2 and Pd(OCOt-Bu) 2 have been reported, often with addition of an acid or/and alkali metal carboxylate but frequently without explanation concerning these choices [8] although the carboxylate unit may have a determining role on the efficiency of the process. Furthermore, the comparison of the efficiency of the different palladium carboxylates or carboxylic additives is often only developed in the supplementary section. We propose to highlight these catalytic reactions through a not exhaustive trilogy reviewing the formation of carbon-carbon bonds. The processes with amino acid additives will be discarded. [START_REF] Engle | For examples of the influence of aminoacid additives[END_REF] We will attempt to clarify the role of the carboxylate unit and its characteristics on the efficiency. The present review, which is Part A of the trilogy, is devoted to inter-and intramolecular reactions leading to a C(sp 2 )-C(sp 2 ), C(sp 2 )-C(sp 3 ) or C(sp 3 )-C(sp 3 ) bond.

Formation of C(sp 2 )-C(sp 2 ) bonds

2.1. C(sp 2 )-X/C(sp 2 )-H coupling

Intermolecular reactions

Larock and Campo disclosed in 2002 the Pd-catalyzed reaction of 2-iodo-4'-methyl-1,1'-biphenyl with ethyl acrylate. [10] A mixture of cross-coupling products was generated in a ratio depending on the additives, 3.38 with NaHCO 3 /n-Bu 4 NCl and 1.16 with t-BuCO 2 Cs (Scheme 1a). The reaction arises from arylpalladium II complex 1bA (Scheme 1b) which either adds to the acrylate to deliver the Heck product (path a) or insert into a neighboring C-H bond to afford, according to the authors, hydridopalladium IV 1bB (path b). Reductive reaction of the latter gives back to 1bA or leads to 1bC which undergoes Heck reaction giving the product arising from 1,4-palladium migration. The change of the product ratio with the nature of the base was not commented. We hypothesize exchange between 1bA and t-BuCO 2 Cs leading to 1bD and then palladacycle 1bF via concerted metalationdeprotonation (CMD) or electrophilic aromatic substitution [11] (path c). Reaction of quasisymmetric 1bF with ethyl acrylate would provide a quasi 1:1 mixture of the ethylenic adducts.

Scheme 1. 1,4-Palladium migration in a Heck reaction.

In 2006, Fagnou and Lafrance disclosed the influence of the experimental conditions, especially the addition of carboxylic acid, on the efficiency of the Pd-catalyzed reaction of pbromobenzene with benzene in the presence of DavePhos and basic media. [12a,12b] With K 2 CO 3 under acid-free conditions, catalysis with either Pd(OAc) 2 or Pd(OCOt-Bu) 2 gave rise to no more than 13% conversion but changing K 2 CO 3 for t-BuCO 2 K amplified the conversion giving 41% yield (Scheme 2a). Testing K 2 CO 3 associated to substoichiometric amounts of different carboxylic acids led to the best result, 82% yield, with pivalic acid. Lower efficiencies were observed using carboxylic acids with either lower or higher steric bulk. Two pathways were proposed (Scheme 2b). The Pd 0 complex in-situ formed from reduction of Pd(OAc) 2 [7] is oxidized with ArBr leading to 2bA. Exchange of anions between 2bA and t-BuCO 2 K produced from t-BuCO 2 H and K 2 CO 3, gives 2bB. Then, proton abstraction via CMD pathway [12] depicted in 2bC provides 2bD. Reductive elimination of 2bD gives the product and either the Pd 0 catalyst (path a) or 2bE which could lead to 2bB via oxidative addition of ArBr (path b). According to DFT studies, the presence of pivalate anion results in favorable energetics, lowering the transition state energy of the proton abstraction. [12a] Hartwig and Tan who studied the arylation of benzene with synthetized arylpalladium pivalate complexes, proposed that the C-H bond cleavage arises from "ligandless" species. [13] Calculations led Gorelsky to propose a cooperative bimetallic mechanism, [14] which is similar to the one subsequently assumed by Hong and Kim under optimum Fagnou's conditions except the palladium II -diimine complex of Scheme 2c as the catalyst. [15] The cross coupling with this catalyst also required t-BuCO 2 H additive and occurred in excellent yield. Intensive investigations led Hong and Kim to assume a cooperative bimetallic mechanism which implies the formation of Pd 0 species 2dA and Pd II pivalate 2dB under the reaction conditions (Scheme 2d). The former undergoes oxidative addition of p-bromobenzene giving 2dC while CMD reaction of the latter with benzene affords 2dD. Transmetallation between 2dC and 2dD provides diarylpalladium II complex 2dE and regenerates 2dB. Reductive elimination of Pd 0 from 2dE regenerates 2dA and gives the product. We would like to point out that the reaction pathways of Scheme 2d are probably restricted to process with Pd II catalysts and RCO 2 H additive.

Larrosa and co-workers disclosed in 2013 the Pd(PPh 3 ) 4 -catalyzed arylation, in the presence of sub-stoichiometric amounts of Ag 2 CO 3 , of (2-fluorotoluene)Cr(CO) 3 with 4-iodoanisole, leading to the best result with 1-adamantyl acid additive at 60 °C (Scheme 2e). [16a] Subsequently, the authors linked the efficiency of the carboxylic acids to their pK a [16b] (see Table 1 for pK a values) while a combination of stoichiometric and kinetic studies [16c] led them to assume that 1-AdCO 2 AgPPh 3 is responsible for the C(sp 2 )-H activation of the fluoroarene chromium complex, and to propose a mechanism similar to that of Scheme 2f. [16c,16d] The Pd II complex 2fA formed by oxidative addition undergoes transmetallation leading to arylpalladiumcarboxylate 2fB. In a parallel catalytic cycle, C-H activation of the arene complex by AdCO 2 AgPPh 3 [17] affords 2fC which undergoes transmetallation with 2fB [18] leading to 2fD. Subsequent reductive elimination of Pd 0 provides the product. The authors suspected the formation of 2fC via CMD mechanism [17a,19] depicted in 2fE. The procedure was adapted to a one-pot arylation/cyclisation reaction (Scheme 2g) [16e]. Then, the enantioselective cross-coupling of (fluorobenzene)Cr(CO) 3 with methyl 4-iodobenzoate was carried out leading mainly to the ortho-arylation product (Scheme 2h). [16d] Screening of 27 achiral and 7 chiral carboxylic acids led to optimum yield and, more important, enantioselectivity with dicyclohexylacetic acid (62% e.e.).

Scheme 2. C-arylation of arenes with aryl halides or aryltriazenes.

a The pK a attributed to CF 3 CO 2 H in the literature varies from -0.24 to 0.6.

Table 1. pK a of carboxylic acids (RCO 2 H). [16b,20-22] AgOAc was also used as oxidant for the Pd-catalyzed C8-arylation of 2-methyl-3,4dihydroisoquinolin-1(2H)-one with 1-chloro-4-iodobenzene, which occurred in fair yield in CF 3 CO 2 H (Scheme 2i). [23] This result contrasts to those of Scheme 2e, for which CF additive was detrimental to the process. We suspect that I/OCOCF 3 exchange of ligand is a step of the catalytic cycle.

Efficiency of arylation of benzo [c][1,2,5]thiadiazole with p-bromobenzonitrile using catalytic amounts of Pd(OAc) 2 in DMA was highly dependent on the base (Scheme 2j). [24] While K 2 CO 3 was ineffective, the coupling arose from 52% with KOAc to 65% with 1-AdCO 2 K and 84% with t-BuCO 2 K. Such couplings have also been efficiently carried out using a mixture of K 2 CO 3 and t-BuCO 2 H instead of t-BuCO 2 K. [25] In 2020, Fujihara's team described the synthesis of 4-methyl-1,1'-biphenyl from crosscoupling of p-bromotoluene and benzene mediated with Rb 2 CO 3 and catalytic amounts of both PdCl 2 and RCO 2 H in DMA (Scheme 2k). [22] According to results, the reaction requires bulky carboxylic acids with an efficiency not dependent on the pK a (see Table 1). The efficiency is nevertheless not closely related to their steric hindrance. Indeed, the best result (72% yield) was achieved with 3-(adamantan-1-yl)-2,2-dimethylpropanoic acid while the bulkiest tri(cyclohexylmethyl)acetic acid provided no more than 6% yield. The authors suspected that the bulkiness of the latter prevents the access of benzene to the Pd center in the intermolecular reaction.

The Heck reaction of [2.2]paracyclophane with phenyl iodide has been studied using different Pd catalysts and silver carboxylates (Scheme 2l). [26] The best result arose with PdCl 2 (PCy 3 ) 2 and AgOAc in hexafluoroisopropanol, dichloromethane and trifluoroacetic acid leading to lower yields. With this catalyst, no reaction occurred in the absence of the silver salt. Lou, Xu and co-workers proposed a C(sp 2 )-H activation with PhPdOAc formed from exchange between PhPdI and AgOAc. Thus, the latter is not here an oxidant, his role being to form a Pd species mediating a CMD process.

The Pd II -catalyzed C7-arylation of 1-(pyrimidin-2-yl)indoline with p-tolyldiazenylpyrrolidine using HPF 6 as a promoter has been recently disclosed by Liu, Zhang and co-workers (Scheme 2m). [27] Pd(OCOCF 3 ) 2 provides a better yield than Pd(OAc) 2 . The rather unclear proposed catalytic cycle [27] summarized in Scheme 2n involves Pd II -mediated C7-activation of the substrate leading to 2nA which gives rise to Pd IV complex 2nB via addition of aryl radical and hexafluorophosphoric anion produced through a set of reactions involving acidactivation of the aryltriazene, single electron transfer and possibly a Pd III intermediate. Finally, reductive elimination releases the product and the catalyst.

The efficiency of the phenylation of N-methylindole with iodobenzene using catalytic Pd(OAc) 2 and a mixture of Ag 2 O and RCO 2 H is highly dependent on the structure of the carboxylic acid additive and the solvent (Scheme 3a). [28] Larrosa and Lebrasseur noticed the inverse correlation with acid pK a (see Table 1), best results arising with ortho-nitrobenzoic acid in DMF. Attributing the important solvent specificity for DMF to its highly coordinating properties, [29] which would promote the formation of cationic intermediates, [30] they proposed the over-simplified reaction steps of Scheme 3b, but did not reject the possibility of a Pd II/IV cycle. Metathesis of phenyliodopalladium complex 3bA with AgOCOR formed from Ag 2 O and RCO 2 H, provides 3bB. Equilibrium of neutral complex 3bB towards cationic complex 3bC is favored by both DMF and a more basic carboxylate such as o-O 2 NC 6 H 4 CO 2 ⊖ . For the formation of the cross-coupling product from 3bC and indole, "the carboxylate would act as a base in the electrophilic palladation step". [28,31] Fagnou's team extended their procedure to arylation of a large number of heteroaromatics [32] and proposed a CMD mechanism. [12d,12e] The influence of t-BuCO 2 H additive on the coupling efficiency was particularly exemplified using p-bromotoluene and benzothiophene (Scheme 3c). The conversion in 3 h increased from approximatively 10% under acid free conditions, to 65% and 80% with 0.1 and 0.3 equiv., respectively of t-BuCO 2 H, 82% yield being obtained in 4 h. The optimum conditions have been subsequently used with 50 mol ppm of chlorido[(2-phenyl-κ-C 2 )-9-phenyl-1,10-phenanthroline-κ 2 -N,N′]palladium II NNC-pincer complex as the catalyst, carboxylic acids different from t-BuCO 2 H, being detrimental to the process (Scheme 3c). [33] The palladium N-heterocyclic carbine complex containing the N,N,Se pincer ligand shown in Scheme 3d required the presence of small amounts of t-BuCO 2 H for efficient catalyzedcoupling of 1-methylimidazole with p-bromobenzonitrile. [34] The regioselective C6-arylation of 3-aminoimidazo[1,2-a]pyrazine with Pd(OAc) 2 /(t-Bu) 2 PMe . HBF 4 as the starting catalyst and K 2 CO 3 as the base in toluene was more efficient using pivalic acid than mesitylenecarboxylic acid as the proton shuttle precursor (Scheme 3e). [35] Higher yield was finally achieved with PPh 3 as the ligand. Guchhait and co-workers suspected the in-situ formation of t-BuCO 2 K but exchange of the t-BuCO 2 H/K 2 CO 3 association for t-BuCO 2 Cs led to only trace of the cross-coupling product. This result is rather surprising given the efficiency of t-BuCO 2 Cs as the proton trapping reagent of Rhcatalyzed C-arylation of azoles. [36] The recently reported phenylation of 7-methyl-N-phenyl-7H-pyrrolo- [2,3-d]pyrimidine-4amine with phenylboronic acid used Pd(OAc) 2 catalyst and K 2 S 2 O 8 or TEMPO in CF 3 CO 2 H under air atmosphere (Scheme 3f). [37] The similar yield obtained with Pd(OCOCF 3 ) 2 catalyst as well as the absence of reaction in AcOH and t-BuCO 2 H led Tang, Zhang and co-workers to assume catalysis with Pd(OCOCF 3 ) 2 under the former conditions.

In contrast to the above examples, the Pd-catalyzed C-phenylation of imidazo[1,2-a]pyridine with bromobenzene arose with less than 5% yield in the presence of catalytic amounts of AcOH, PhCO 2 H or t-BuCO 2 H. [38] Scheme 3. C-arylation of heteroarenes with aryl halides or phenylboronic acid.

Both regioselectivity and yield of the Heck reaction of bromobenzene with 1,3dimethyluracil in DMF were improved by addition of t-BuCO 2 H (Scheme 4a). [39] While the reaction arises via PhPdBr under acid-free conditions, the cationic palladium intermediate PhPd ⊕ t-BuCO 2 ⊖ would be involved in the presence of t-BuCO 2 H, its formation being favored by the polarity of the solvent. [30] Thus, Kim's team suspected competition between these two Pd II species leading to either 4bA via regioselective electrophilic palladation (major process), or 4bB and 4bC via carbopalladation (minor process) (Scheme 4b). Elimination of t-BuCO 2 H from 4bA followed by reductive elimination affords the 5phenyluracil derivative. Intermediate formation of enol or palladium enolate from 4bB or 4bC, respectively is required for epimerization permitting syn-elimination of the PdH species.

Scheme 4. Heck reaction of 1,3-dimethyluracil.

Loska and co-workers disclosed in 2021 that addition of bromobenzene to N-(2-ethoxy-2oxoethylidene)methanamine oxide using Pd(OAc) 2 /PPh 3 catalyst and K 2 CO 3 in toluene required carboxylic acid additive. [40] Its structure had a dramatic effect on the efficiency (Scheme 5a), the best result arose with the bulky tri(cyclohexylmethyl)acetic acid previously used by Tsuji, Fujihara and co-workers (see below). [41] The high selectivity towards the E cross-coupling product as well as the determinant role of the carboxylate ligand led Loska's team to assume a mechanism involving coordination of the nitrone oxygen to the phenylpalladium complex as depicted in 5bA (Scheme 5b). To highlight the E selectivity, Scheme 5b differs somewhat from that published. A concerted metalation-deprotonation pathway would afford 5bB from 5bA, subsequent reductive elimination releasing the product and the catalyst.

Scheme 5. Cross-coupling of bromobenzene with aldonitrone.

Intramolecular reactions

The annelation [START_REF] Wu | The term "annelation" has been originally used by Heck's team to name the Pdcatalyzed domino reaction leading to naphthalenes from aryl iodides and diphenylacetylene[END_REF] of

1-bromo-2-(2-(4-fluorophenyl)-2-phenylethyl)benzene using catalytic Pd(OAc) 2 /2-(diphenylphosphino)-2'-(N,N-dimethylamino-)
biphenyl and K 2 CO 3 in DMA afforded a mixture of 9,10-dihydrophenanthrenes and corresponding phenanthrenes which gave rise to phenanthrenes via their treatment with DDQ (Scheme 6a). [43] Addition of a substoichiometric amount of t-BuCO 2 H improved the annelation process. Computer calculations led Maseras, Echavarren and co-workers to propose proton abstraction by either potassium or palladium pivalate, that is via an intermolecular or intramolecular process, respectively (see Scheme 6c for a similar proposal).

The influence of the addition of carboxylic acid on the efficiency of the Pd-catalyzed intramolecular arylation of 1-bromo-2-(phenoxymethyl)benzene was also studied by Fagnou's team. [44] With Pd(OAc) 2 /P(p-FC 6 H 5 ) 3 as the starting catalyst, addition of AcOH or CF 3 CO 2 H had no or slight effect while i-PrCO 2 H, 1-adamantylCO 2 H and especially t-BuCO 2 H increased the conversion (Scheme 6b). Pd(OCOt-Bu) 2 /P(p-FC 6 H 5 ) 3 led to 71% conversion that increased to 100% in the presence of t-BuCO 2 H. According to the authors, the reason for the superior reactivity of t-BuCO 2 H as an additive "may be related to both its steric bulk and the increased basicity of its conjugate base". In line of previous reports, [43,45] two plausible catalytic pathways, both involving the formation of arylpalladium complex 6cA through oxidative insertion of Pd 0 into the C-Br bond, were proposed (Scheme 6c). RCO 2 K could act as an external base cleaving an ArC-H bond to afford 6cC via transition state 6cB (path a). Subsequent reductive elimination gives the cyclization product and regenerates the catalyst. 6cC may also be produced via anion exchange providing 6cD, followed by intramolecular deprotonation mediated with the carboxy ligand as depicted in 6cE which allows the aryl palladation (path b). A set of experiments led to favor a reaction occurring via the concerted deprotonation-palladation pathway (path b), but the authors noted that the intimate mechanism may change with slight modifications of the conditions. [44] Besides, Martínez and Granell reported in 2012 the plausible role of coordinated acid molecules in the cyclopalladating C(sp 2 )-H activation and the absence of parallel between the acidity of the solvent and the reactivity observed. [46] Sun and Jiang carried out DFT calculations of the CMD process showing the key role of the electrophilicity of the Pd center and the basicity of the acid ligand on the overall C-H activation barrier. [47].

Scheme 6. Intramolecular arylation: yield dependence versus carboxylate.

Subsequently, Tsuji, Fujihara and co-workers performed a similar annelation using catalytic PdCl 2 and two sets of experimental conditions, which mainly led to similar results (Scheme 6d). [41] The very bulky tri(cyclohexylmethyl)acetic acid gave the best yields while 3-(adamantan-2-yl)-2,2-dimethylpropanoic acid was much less efficient. That strongly differs from the intermolecular reaction disclosed in Scheme 2k. [22] A catalytic cycle similar to that depicted in Scheme 6c, path b seems to be suspected by the authors. Coordination of tri(cyclohexylmethyl)acetic acid would afford a monomeric palladium complex more reactive than other Pd(OCOR) 2 complexes which would have dimer or trimer structures.

According to the authors, steric effects rather than electronic effects (basicity) of the carboxylic acid are responsible for the efficiency in the C-H arylation reactions. [41] Recently, Loska and Brześkiewicz reported efficient Pd 0 -catalyzed intramolecular reaction of (Z)-N-benzylidene-2-(2-bromophenyl)propan-2-amine oxide when t-BuCO 2 H was used as additive, especially in MeCN (Scheme 6e). [48] The reaction was performed in the presence of Cs 2 CO 3 but, surprisingly, use of t-BuCO 2 Cs instead of the t-BuCO 2 H/Cs 2 CO 3 association was detrimental to the process. The reaction would occur via oxidative insertion of palladium into the Ar-Br bond leading to arylpalladium complex 6fA, followed by ligand exchange from Br ⊖ to t-BuCO 2 ⊖ giving 6fB (Scheme 6f). Subsequent insertion of the Ar-Pd bond into the C=N bond gives 6fC which undergoes -H elimination delivering the product and regenerating the catalyst.

C(sp 2 )-X/C(sp 2 )-X coupling

Catellani's team disclosed the influence of the nature of the base on the reaction of o-aryl iodides with o-bromobenzyl alcohols in the presence of catalytic amounts of both Pd(OAc) 2 and norbornene. [49] K 2 CO 3 provided an aldehyde/pyran mixture while aldehyde was selectively produced with t-BuCO 2 Cs (Scheme 7a). The proposed mechanism implicates the insertion of norbornene into the C-Pd bond of aryl palladium 7bA followed by elimination of HI giving palladacycle 7bB (Scheme 7b). Oxidative addition of o-bromobenzyl alcohol to 7bB affords Pd IV complex 7bC. Subsequent reductive elimination leads to 7bD which undergoes norbornene deinsertion giving arylPd II complex 7bE. Intramolecular reaction of the ArPdBr unit with the neighboring alcohol group forms the seven-membered ring palladacycle 7bF. Then, reductive elimination of palladium liberates the products. The role of the base and its selectivity in these reactions are not clear. We would like to note that Larock and Kesharwani previously detailed the steps of a reaction involving a pathway corresponding to the transformation of 7bE into aldehyde mediated with t-BuCO 2 Cs with, possibly, a dependence of the efficiency on the nature of the alkali metal. [50] Scheme 7. Catellani reaction, aldehyde versus pyran.

C(sp 2 )-H/C(sp 2 )-H coupling

Intermolecular reactions a) Arene/arene coupling

In 2010, Su and Wei disclosed the oxidative cross-coupling of pentafluorobenzene with benzene using Pd(OAc) 2 catalyst under various basic conditions in DMA (Scheme 8a). [51] The yields, modest with K 2 CO 3 and Cs 2 CO 3 , increased to 74% with t-BuCO 2 Cs and to 83% with a Na 2 CO 3 /t-BuCO 2 H mixture. Exchanging either t-BuCO 2 H for AcOH or Na 2 CO 3 for other alkali carbonates was detrimental to the process. The authors suspected the in-situ formation of t-BuCO 2 Na which would be more efficient than AcONa because higher solubility. Experiments determining kinetic isotope effects led Su and Wei to propose a C-H cleavage proceeding via CMD rather than electrophilic aromatic substitution.

The same year, Dong's team reported the efficient Pd(OAc) 2 -catalyzed ortho arylation of phenyl dimethylcarbamate with 1,2-dichlorobenzene using overstoichiometric of both CF 3 CO 2 H and Na 2 S 2 O 8 (Scheme 8b). [52] They noted that substitution of CF 3 CO 2 H with less acidic acids (AcOH, CBr 3 CO 2 H, CCl 3 CO 2 H, see Table 1) was detrimental to the efficiency.

The ortho phenylation of phenylguanidine with catalytic Pd(OAc) 2 , K 2 S 2 O 8 and CF 3 CO 2 H in benzene was related by Yu's team in 2012 (Scheme 8c). [53] The absence of cross-coupling using either AcOH instead of CF 3 CO 2 H, or Cu(OAc) 2 , Ag 2 CO 3 or Ag 2 O instead of K 2 S 2 O 8 led the authors to assume a reaction catalyzed with Pd(OCOCF 3 ) 2 and arising via Pd IV intermediates. The formation of Pd IV intermediates was ascribed to the strong oxidation power of K 2 S 2 O 8 , [54] but Pd II /Pd 0 catalytic cycles have also been proposed in its presence [55] or with Na 2 S 2 O 8 . [55b] Indeed, Panda and Gupta who recently carried out the Pd-catalyzed C-4 arylation of indoles with K 2 S 2 O 8 and CF 3 CO 2 H, and noted the great dependence of the efficiency on the nature of both carboxylic acid and oxidant (Scheme 8d), proposed a Pd II /Pd 0 catalytic cycle. [56] a and co-workers studied the acid effect on the Pd-catalyzed dimerization of 2phenylpyridine, [21] a reaction previously reported by Sanford's team under acid-free conditions. [57] Even if some results were rather difficult to explain, they highlighted the dependence of the yield on both amount and pK a of the acid (Scheme 8e). The acid could lead to protonation of the substrate (pK a of protonated 2-phenylpyridine ≈ 4.4), hence the effect of its amount and pK a (see Table 1 for comparison). In the case of 0.35 equiv. of RCO 2 H, methoxyacetic acid was the best while the weaker acetic acid was the best in the case of 1.5 equiv. The efficiency could also depend on the rate of the exchange of carboxylate ligands: trifluoroacetic which, as determined from 1 H NMR kinetic experiments, rapidly exchanges with [Pd(OAc) 2 ] 3 [21] afforded low yields. The authors proposed that i) acid additive led to two opposing effects "protonation of the substrate and formation of a more active catalyst", and ii) "the most appropriate additive should have acidity close to the acidity of conjugated acid of the substrate".

Scheme 8. Oxidative C-H/C-H cross-coupling of arenes.

Recently, Jia, Wang and co-workers disclosed the intramolecular dehydrogenative coupling of two aryl C-H bonds using palladium and copper carboxylates in catalytic and stoichiometric amounts, respectively (Scheme 9). [58] The best result arose with the trifluoroacetates at 100 °C in CF 3 CH 2 OH under an air atmosphere. CMD process mediated with trifluoroacetate ligand was proposed by the authors.

Scheme 9. Oxidative intramolecular coupling of arenes.

b) Heteroarene/arene coupling

In 2007, Fagnou and Stuart disclosed the reaction of N-acetylindole with benzene using catalytic amounts of Pd(OCOCF 3 ) 2 and t-BuCO 2 H as additive. With Cu(OAc) 2 as the oxidant, the cross-coupling mainly occurred in C-3 position with an efficiency increased by catalytic amounts of both 3-nitropyridine and t-BuCO 2 Cs (Scheme 10a). [59a] The authors suspected that 3-nitropyridine stabilizes Pd 0 before re-oxidation while t-BuCO 2 Cs interacts with Pd(OCOCF 3 ) 2 to generate the more efficient catalyst Pd(OCOt-Bu) 2 . Subsequently, they reported that exchange of Cu(OAc) 2 for AgOAc modified the regioselectivity leading to C2 arylation as the main product (Scheme 10a). [59b] The dramatic change remained not obvious and could be due to the formation of different clusters. [60] The process was finally optimized in removing the 3-nitropyridine and t-BuCO 2 Cs additives and using N-pivalyl indole instead of the N-acetyl. These experimental conditions have been used for the arylation of a range of N-pivalyl indoles and pyrroles. [59b] Afterwards, DeBoef and co-workers, using catalytic Pd(OAc) 2 with AgOAc under microwave irradiation for the phenylation of 1- [2-(trimethylsilyl)-ethoxymethyl]-indole, observed the increase of conversion and yield with the amount of t-BuCO 2 H (Scheme 10b). [19] They proposed that the optimal conditions, obtained with a slight excess of AgOAc relative to t-BuCO 2 H, correspond to "buffered" conditions which would prevent the acidpromoted oxidative decomposition of indole and product. According to experimental and computational data, concerted metalation-deprotonation rather than electrophilic palladation is involved in the C-H palladation of both indole and benzene. We suspect that the above relationship between conversion and concentration could also arise with AcOH, the authors having used t-BuCO 2 H to minimize side-reactions previously observed with AcOH by Fagnou's team. [61].

In the context of these cross-couplings, it seems of interest to point out the formation, described by Shi and co-workers, of indolyl pivalatepalladacycles as the major products of the stoichiometric reaction of N-substituted indoles with palladium acetate (Scheme 10c). [62] Scheme 10. Cross-coupling of protected indoles with benzene.

Pd II -catalyzed cross coupling of benzene with -1,3,7-trimethyl-xanthine was favored by addition of t-BuCO 2 H and provided higher yield under catalysis with PdCl 2 (PPh 3 ) 2 than with Pd(OAc) 2 or Pd(OCOCF 3 ) 2 (Scheme 11a), [63] -benzo [d]oxazole required the presence of a carboxylic acid leading to yields increasing with its size (Scheme 11b), [64] -imidazo[1,2-a]pyridine was more efficient with Pd(OAc) 2 than with Pd(OCOCF 3 ) 2 , especially in DMF, and using t-BuCO 2 H additive instead of AcOH or CF 3 CO 2 H (Scheme 11c), [65] -methyl 2-phenylthiazole-4-carboxylate occurred under better conditions with t-BuCO 2 H additive than with AcOH, EtCO 2 H or CF 3 CO 2 H and using 1 equiv. of the acid rather than an excess which favored the formation of the homocoupled product (Scheme 11d), [66] -chromen-4-one using Pd(OCOCF 3 ) 2 , [67] Pd(OAc) 2 [67] or Pd(OCOt-Bu) 2 [67a] catalyst and AgOAc gave mainly 2-phenylchromen-4-one [START_REF] Choi | For computational and experimental studies of the intimate mechanism of the palladation of chromen-4-one and 1-methylquinolin-4-one as well as the divergent siteselectivity of their coupling with benzene or benzoquinone[END_REF] in a yield better with t-BuCO 2 Cs additive, especially in t-BuCO 2 H (Scheme 11e), leading Kim's team to propose Pd(OCOt-Bu) 2 as the active catalytic species, [67b] -7-methoxychromen-2-one afforded a mixture of C-3 and C-4 coupling products in improved yields using palladium, silver and cesium pivalates instead of other corresponding carboxylates (Scheme 11f), [69] -1,3-dimethyluracil using Pd(OCOCF 3 ) 2 catalyst, AgOAc and an overstoichiometric amount of t-BuCO 2 H led mainly to the 6-phenyluracil derivative (Scheme 11g). [39] Scheme 11. Cross-coupling of heteroarenes with benzene.

The regioselectivity of the cross-coupling depicted in Scheme 11g strongly differs from the corresponding Heck reaction of Scheme 4a which has been disclosed in the same publication. [39] Kim and co-workers assumed the in-situ formation of t-BuCOOPdOCOCF 3

or Pd(OCOt-Bu) 2 rather than the cationic palladium species PhPd ⊕ t-BuCO 2 ⊖ above proposed in a polar solvent (see Subchapter 2.1.1). Under conditions of Scheme 11g, a presumed CMD process mainly leads to palladation of 6-position of the uracil giving 11hA (Scheme 11h). [39,70] Subsequent reaction with benzene via a second CMD followed by reductive elimination of Pd 0 provides the product. [START_REF] Čer Ov | For the dependence of the regioselectivity of the arylation of uracils with the Pdcatalyzed conditions[END_REF] Zhang's team observed that the Pd-catalyzed C-H arylation of 1-(thiophen-2-yl)ethanone with 1,2,3,4,5-pentafluorobenzene in DMF/DMSO has an efficiency only slightly increased with t-BuCO 2 H additive (Scheme 12a). [72] Huang and co-workers firstly reported that the yield of the Pd-catalyzed C-2 arylation of quinoline with 1,2-dichlorobenzene in DMF increased from 12% with CF 3 CO 2 H additive to 50% with AcOH and 52-60% with t-BuCO 2 H (Scheme 12b). [73a] Subsequently, the team performed C-3 arylation with 1,3,5-trichlorobenzene in improved yield with 1-adamantylCO 2 H (Scheme 12c). [73b] The corresponding catalytic cycles assumed by the authors (Scheme 12d) involve catalysis with either Pd(OCOt-Bu) 2 and Pd(OCO1-Ad) 2 , and transformations arising via coordination of quinolone through the N atom. In the first report (Cycle a), they proposed that i) 12dA undergoes palladium migration to C-2 promoted by CMD process [19] leading to 12dB, ii) C-H activation of dichlorobenzene by electrophilic palladation provides 12dC, and iii) reductive elimination of Pd 0 gives the C-2 arylation product. In the second report (Cycle b), they assumed that i) 12dD undergoes reorientation to the system through trans effect process [74] giving 12dE, ii) CMD pathway provides 12dF, [75] ii) C-H activation of 1,3,5-trichlorobenzene by electrophilic palladation leads to 12dG, and iv) reductive elimination delivers the C-3 arylation product. The above dichotomy in the regioselectivity under similar experimental conditions, which is not explained in the reports, is greatly surprising. These differences cannot be due to the substitution of the chloro partner. Indeed, regioselective C-3 arylation of quinoline with 1,2-dichlorobenzene was also reported in the second paper (Scheme 12e). [73b] . E-mails asking explanation sent on February, 7 and 14, and May, 20, 2023 to the main author, Guosheng Huang, remained without answer. Thus, the reason of the regiodivergence remains to unravel. We would like to mention the Pd(OAc) 2 /1,10-phenanthroline-catalyzed reaction of i) pyridine with bromobenzene which affords 3-phenylpyridine [75] and ii) quinoline with iodobenzene which provides a 3:1 mixture of C-3 and C-2 products. [76] c) Heteroarene/heteroarene coupling

The Pd(OAc) 2 -catalyzed cross-coupling of pyridine with 2-methylthiophene benefits from t-BuCO 2 H additive (Scheme 13a). [77] In contrast to Huang's team (Scheme 12d), [73] You and co-workers proposed that coordination of pyridine to the catalyst provides cationic species 13bA which encountered a trans effect to form 13bB as depicted in Scheme 13b which corresponds to the published mechanism [77] modified in taking in consideration a report from Sawamura and Iwai. [76] Subsequent addition to 2-methylthiophene via the carboxylateassisted CMD pathway gives 13bC which undergoes reductive elimination liberating the product.

While the above cross-coupling occurred with AgOAc as the oxidant and t-BuCO 2 H additive to be efficient, that of pyridine with benzo [d]oxazole was performed with t-BuCO 2 Cs additive and organic bromides as the oxidant (Scheme 13c). [78] Surprisingly, mesityl bromide mainly led to the C3-substitution product while benzyl bromide selectively provided the C2substitution product, in increased yield using Pd(OCOt-Bu) 2 instead of Pd(OAc) 2 and a carbine ligand such as 1,3-bis (2,4,6-trimethylphenyl)imidazolium chloride (IMeS.HCl). As pointed out by Itami's team, [78] the reason for the regiodivergency is unclear. We hypothesize different coordination spheres of the active Pd species formed from catalyst regeneration, either  1 -mesityl or  3 -benzyl as one of their ligands, which could play a role in the regioselectivity. Pd-catalyzed alcohol oxidation procedures already used halides to regenerate active Pd II species, [79] but their no-coupling with pyridine and benzo [d]oxazole is unexpected.

Scheme 13. Cross-coupling and homocoupling of heteroarenes.

The efficiency of the Pd-catalyzed oxidative cross coupling of benzothiazole with N-oxide pyridine using copper II carboxylates as oxidants is very sensitive to the nature of the carboxylate (Scheme 13d). [80] Cu(OCOt-Bu) 2 provided the best results, especially in the presence of small amounts of CuBr. Surprisingly, Cu(OCO1-Ad) 2 was highly inferior to the corresponding propionic, 2,2-dimethylbutanoic and isobutyric carboxylates. Some homocoupling of the benzothiazole was observed. Liu and Ji proposed the C-H metalation of benzothiazole by copper pivalate, hence the mechanism depicted in Scheme 13e. Transmetalation of 13eA with Pd pivalate affords heroarylpalladium intermediate 13eB which undergoes homocoupling or provides 13eC via CMD process using pivalate ion as proton shuttle. Subsequent reductive elimination gives the product and Pd 0 . Regeneration of the catalyst is assumed by Cu(OCOt-Bu) 2 .

Pd(OAc) 2 -catalyzed dehydrogenative of 4-(tert-butyl)pyridine synthesis was performed at 140 °C in cyclopentyl methyl ether using AgOCOt-Bu as the oxidant leading to of 4,4'-ditert-butyl-2,2'-bipyridine in yield improved to 76% with t-BuCO 2 H additive (Scheme 13f). [81] The use of other palladium, silver and acid carboxylates resulted in lower yields.

At 90 °C under oxygen pressure and Pd(OAc) 2 catalysis and sodium carboxylates, the homocoupling of 2-methyl furoate arose in low yields, a ???? with t-BuCO 2 Na was slightly better than AcONa and CF 3 CO 2 Na (Scheme 13g). [82] While Murakami, Itami and co-workers proposed that the homocoupling of Scheme 13f occurs via addition of in-situ formed 4-(tert-butyl)pyridin-2-ylpalladium carboxylate with another molecule of 4-(tert-butyl)pyridine, [81] Lobo's team assumed a transmetalation between two Pd II -furoate intermediates (Scheme 13h) for the homocoupling of Scheme 13g, [82] a pathway previously proposed by Stahl's team for the Pd-catalyzed aerobic oxidative coupling of arenes. [83] The oxidative cross-coupling between two partners with similar structures and electronic characteristics in avoiding homo-couplings was disclosed using catalytic Pd(OAc) 2 , Ag 2 O and RCO 2 H in DMSO (Scheme 13i). [84] Best results arose with benzoic acids, especially (1,1'-biphenyl)-2-carboxylic acid. Zhang's team proposed a reaction proceeding via the CMD pathway using oPh-PhCO 2 ⊖ generated from oPh-PhCO 2 H and Ag 2 O to assist the C-H cleavage. Thus, Ag 2 O would play a dual role: base and oxidant.

The efficiency of the cross coupling in dioxane of dibutyluracil with benzofuran using K 2 S 2 O 8 /air oxidant, which was similar under Pd(OAc) 2 and Pd(OCOCF 3 ) 2 catalysis, was improved with t-BuCO 2 H additive (Scheme 14a), [85a] -pyridine-N-oxide using Ag 2 CO 3 oxidant was higher under catalysis with Pd(OAc) 2 than with Pd(OCOCF 3 ) 2 and improved with pyridine additive (Scheme 14b) [85b] but its role is not obvious. It is surprising that coupling with pyridine was not a side reaction.

We hypothesize temporary stabilization of some reaction intermediates by pyridine coordination.

Scheme 14. C(sp 2 )-H heteroarylation of N,N'-dibutyluracil.

d) Arene/alkene coupling

Among the plethora of reported intermolecular dehydrogenative Heck reactions (DHR) [5e,86] some, related to the topic of the present review, are gathered in the present sub-chapter and the next one.

Acrylates undergo Pd(OAc) 2 -catalyzed oxidative cross-coupling with -benzene under aerobic conditions with an efficiency strongly increased using propionic acid rather than acetic acid as solvent (Scheme 15a), [87] -1,2,3,5-tetrafluorobenzene in DMF with increased yield using t-BuCO 2 H rather than AcOH as additive (Scheme 15b), [88] -the benzyl ethers of Scheme 15c to mainly afford the meta-alkenylation product in low yield with AgOAc as the oxidant and better efficiency using Pd(OCOt-Bu) 2 and AgOCOt-Bu, [89] -N-([1,1'-biphenyl]-2-yl)acetamide leading to efficient selective ortho-alkenylation in CF 3 CO 2 H, no more than 10% yield being isolated in AcOH, EtCO 2 H or t-BuCO 2 H (Scheme 15d), [90] -2,2-difluoro-2-phenyl-N-(quinolin-8-yl)acetamide in 1,2-dichloroethane giving the ortho-C-H olefination product with efficiency increased with acid additive, CF 3 CO 2 H being superior to AcOH and t-BuCO 2 H (Scheme 15e), [91] -acetanilide leading to ortho-C-H olefination with yield increasing from 35% in AcOH to 61% in CF 3 CO 2 H and 72% with substoichiometric amount of TsOH (Scheme 15f), [92] -(E)-but-1-ene-1,3-diyldibenzene (Scheme 15g) [93] and 7-benzyl-8H- [1,3]dioxolo [4,5g]chromen-8-one (Scheme 15h) [94] in 1,2-dichloroethane leading to efficient regioselective C-H olefination of the exocyclic phenyl unit in the presence of CF 3 CO 2 H, weaker acids such as AcOH and t-BuCO 2 H inhibiting the reaction, -2-phenyl-4H-benzo [d][1,3]oxazin-4-one in 1,2-dichloroethane giving improved crosscoupling in presence of t-BuCO 2 H which was more efficient than 1-adamantylCO 2 H (Scheme 15i). [55b] Scheme 15. DHR's of benzene units with acrylates.

The regioselectivity of the reactions depicted in Schemes 15c-15f is due to chelation giving rise to a palladacycle as the key intermediate (see below Scheme 23b for an example).

In-situ formation of palladium species [Pd(OCOCF 3 ] ⊕ as the active catalytic species being proposed for reactions carried out with Pd(OAc) 2 and CF 3 CO 2 H, [90,93,94] the alkenylation of the styrene dimer (Scheme 15g) would arise via cationic palladium complex 15jA, which affords aryl palladium intermediate 15jB (Scheme 15j). [93] Subsequent Heck addition to the olefin is followed by -H elimination releasing the product and Pd 0 . Regeneration of the catalyst arises with CF 3 CO 2 H and O 2 . [START_REF] Gligorich | For the regeneration of active Pd II species from HPdX or Pd 0 and oxygen, see: a)[END_REF] Benzene was also implied in DHR's with -allylacetate which occurred with retention of the traditional leaving group, [96] using Pd(OAc) 2 as the catalyst, benzoquinone/Ag 2 CO 3 /air as the oxidant and linear carboxylic acids with efficiency depending on the length of the carboxylic acid tether, n-pentanoic acid being superior to longer n-decanoic acid and marginally better than smaller acetic acid (Scheme 16a), [97] ethylene using either Pd(OAc) 2 /PhCOCH 2 COPh as the catalyst, H 4 PMo 11 VO 40 . 15H 2 O/air as the oxidant in propionic acid, no reaction happening in acetic acid (Scheme 16b) [98] or Pd(OAc) 2 and Cu(OCOt-Bu) 2 through a reaction involving heterotrimetallic cyclic PdCu 2 ( 2 -C 2 H 4 ) 3 (-OPiv) 6 (Scheme 16c). [99] Scheme 16. DHR's of benzene with unactivated alkenes.

The aerobic Pd(OAc) 2 /heteropoly acid/EtCO 2 H procedure (Scheme 16b) has been used for oxidative coupling of arenes with α,β-unsaturated aldehydes [100a] and acrylonitriles. [100b] Jacobs and co-workers observed that the solvent-free Pd II -catalyzed reaction of anisole with 4-phenylbut-3-en-2-one occurred faster in the presence of benzoic acid and without induction period, affording high yield of the DHR product (Scheme 17). [101] Scheme 17. C4 arylation of 4-phenylbut-3-en-2-one.

e) Heteroarene/alkene coupling

The Pd(OAc) 2 -catalyzed DHR of pyridine (py) with n-butyl acrylate in DMF in the presence of AgOAc and RCO 2 H under oxygen at 140 °C mainly led to C2 substitution in optimum yield and selectivity using t-BuCO 2 H and the 8:1:6:5 pyridine/olefin/AgOAc/pivalic acid ratio (Scheme 18a). [102] Use of Ag 2 CO 3 instead of AgOAc seems to be prejudicial to the selectivity but the reagents ratio was different. [START_REF] Zhao | Pd/Ag-catalyzed reaction with chemodivergence mediated by different silver salts[END_REF] The selectivity towards the C2 substitution contrasts with a previous report from Yu's team which reported the C3 alkenylation as the main pathway using Pd(OAc) 2 and Ag 2 CO 3 in DMF at 140 °C under air atmosphere and RCO 2 H-free conditions. [104a] Moreover, calculations favor the C3 olefination, [105] but this preference is not entirely clear. [104b] A catalytic cycle with ionic species [(Py) 2 PdOAc] ⊕ AcO ⊖ was proposed by Ma, Huang and co-workers. [102] The yield decrease using AcOH instead of t-BuCO 2 H and the selectivity dependence on the amount of t-BuCO 2 H as well as the superiority of pivalate over the acetate to abstract a proton [12a,44,106] lead us rather suspect palladium pivalate formed from palladium acetate and pivalic acid, [107] as the active catalyst of Scheme 18b for which the intermediates are relevant to those published. [102] Ncoordination of pyridine to Pd(OCOt-Bu) 2 provides (py) 2 Pd(OCOt-Bu) 2 18bA which changes into 18bB "due to a strong trans-effect". [74,102,104b] Insertion of palladium into C2-H or C3-H bond of pyridine leads to 18bC and 18bC', respectively. Ligand exchange followed by insertion of the C=C bond into the py-Pd bond affords 18bD from 18bC. Then, -H elimination gives the C2 olefinated product. A similar pathway provides the minor product from 18bC'.

Studies on Pd-catalyzed arylation of heteroarenes in the presence of copper salts led Gorelsky to propose that "pyridine upon coordination to Cu I is expected to switch from C3 arylation to C2 arylation". [108] Thus, we suspected that the phenylation depicted in Scheme 18a could imply coordination of both C2 and N atoms of the pyridine molecule. [86b] The C2 olefination being carried out in presence of a silver salt which could play a role in the C-H cleavage step, [17b,18,109] the DHR could be catalyzed by heterobimetallic species. [89b,110] Palladium acetate exists as trimer 18bE in the solid state (Scheme 18b); [111] its structure is maintained in AcOH, [112] EtCO 2 H and EtCO 2 H/THF mixture. [113] The close donating properties of THF and DMF [114] lead to the suspicion that structure 18bE could be more [115a] or less [115b] maintained in DMF. The complexes Pd(OAc) 2 (py) 2 . H 2 O [116a] and trans-Pd(OAc) 2 (2,6-bis(2-ethylhexyl)pyridine) 2 [116b] have been characterized by X-ray crystallography. In solution, the latter evolved towards [Pd(OAc) 2 (2,6-bis(2ethylhexyl)pyridine)] 2 in which the Pd(OAc) 2 units are joined by double OAc bridges. Given the structure of these pyridine complexes and the above Gorelsky remark, [108] we propose that under experimental conditions of Scheme 18a, coordination of pyridine to Pd atoms leads to some cleavage of bridging ligands, resulting in the formation of dimer 18bG from 18bF. [117] 18bG could also be obtained from dimer or trimer [Pd(OCOt-Bu) 2 ] n (n = 2 or 3) which would have a good stability. [118] The coordinating properties of pyridine superior to those of DMF [114a] urges us to draw 18bG with ligation of pyridine rather than DMF. Next, H-abstraction by the pivalate ligand [START_REF] Lang | For C-H bond activation mediated by mono-, bi-and trinuclear palladium complexes[END_REF] would afford 18bC. The latter could be formed from heterobimetallic intermediate 18bH for which the N atom is coordinated to Ag instead of Pd. It seems necessary to note that trans-effect is not involved in these other plausible pathways to 18bC. Scheme 18. C2 versus C3 alkenylation of pyridine.

Recently, Yu and co-workers disclosed the C3 alkenylation of pyridine with ethyl acrylate in 67% yield using Pd(OAc) 2 , Ag 2 CO 3 , 1-adamantylCO 2 H and a bidentate pyridine-pyridone ligand in tert-amyl alcohol at 125 °C under air atmosphere (Scheme 18c). [120] Other carboxylic acids were less efficient. The authors proposed the formation of cationic Pd II intermediates containing the bidentate ligand which mediates the C3 regioselectivity, but did not consider the participation of 1-adamantylCO 2 H.

Acrylates, Pd(OAc) 2 catalyst and carboxylic acids have also been implied in DHR's with -N-methylindole in DMSO giving C3 alkenylation in higher yield with CF 3 CO 2 H than with HCO 2 H, AcOH or PhCO 2 H, the fair yield also obtained with Pd(OCOCF 3 ) 2 catalyst even under acid-free conditions leading Wang's team to assume a reaction catalyzed with in-situ formed Pd(OCOCF 3 ) 2 (Scheme 19a), [121] -N-mesylindole in t-BuCO 2 H leading, at 130 °C, to domino dialkenylation/ electrocyclization in lower yield with Pd(OCOCF 3 ) 2 (Scheme 19b), [122] -N-methylpyrazole in dioxane giving mainly either the C4 alkenylation or the C4,5 dialkenylation product depending on the reaction conditions with efficiency requiring the presence of RCO 2 H and depending on the reaction conditions, oxygen atmosphere and CF 3 CO 2 H for the former DHR product or Ag 2 CO 3 and t-BuCO 2 H for the second with increased yield using Pd(OCOt-Bu) 2 catalyst (Scheme 19c), [123] -2,5-dimethylpyrazine 1-oxide in dioxane which affords the C4 alkenylation product in better yield with RCO 2 H additive, t-BuCO 2 H being superior to AcOH (Scheme 19d), [124] -boron dipyrromethene of Scheme 19e with preferably t-BuCO 2 H as the solvent and AgOCOCF 3 rather than AgOAc, [125] -2-isobutylthiazole in t-BuCO 2 H which occurs in good yield, slightly improved by switch to EtCO 2 H as the solvent (Scheme 19f), [126] -3-methyl-6-phenylimidazo [2,1-b]thiazole in t-BuCO 2 H leading to good yield while no more than traces were detected in a number of solvents including a variety of other carboxylic acids (Scheme 19g), [127] -4-bromo-5,6-difluorobenzo [c][1,2,5]thiadiazole in DMF leading to selective C7 alkenylation in yield better with benzoic acid than with t-BuCO 2 H or 1-adamantylCO 2 H and increase efficiency using Pd(OCOCF 3 ) 2 catalyst with BQ additive (Scheme 19h), [128] -selenophene leading to 2-olefinated compound in yield marginally improved by t-BuCO 2 H additive (Scheme 19i), [129] -N-methyl-2-pyridone using either Cu(OAc) 2 (Scheme 19j) [130] or iron phthalocyanine/BQ/O 2 , i.e. Bäckvall's triple catalytic system (Scheme 19k) [131] as the oxidant with efficiency improved in carboxylic acids, particularly t-BuCO 2 H, -5-methoxy-2-(methoxymethyl)-1-methylpyridin-4-one in dioxane using AgOAc as oxidant and t-BuCO 2 H additive to increase the yield (Scheme 19l), [132] -2-methylpyrido[1,2-a]pyrimidin-4-one in DMF under oxygen atmosphere in yield greatly improved with t-BuCO 2 H additive (Scheme 19m), [107b] -1,3-dimethylpyrimidine-2,4-dione in DMF under air with preferentially t-BuCO 2 H additive and a lower yield with Pd(OCOCF 3 ) 2 catalyst (Scheme 19n), [133] -chromen-4-one in acidic solvents, t-BuCO 2 H for optimum results, with Cu(OAc) 2 and potassium or silver carbonate (Scheme 19o) [107a] or iron phthalocyanine/BQ/O 2 (Scheme 19p), [131b] -7-methoxycoumarin (Scheme 19q) [134] and 7-methoxybenzo [e][1,2]oxathiine 2,2dioxide (Scheme 19r) [135a] in t-BuCO 2 H under oxygen with superior productivity using Pd(OCOCF 3 ) 2 or better Pd(OCOt-Bu) 2 catalyst, -2-ethoxy-2H-benzo [e][1,2]oxaphosphinine 2-oxide which provided optimum results in t-BuCO 2 H with AgOAc as the oxidant (Scheme 19s). [135b] Scheme 19. DHR's of heteroarenes with acrylates.

DHR of styrene with 2-((3-carbamoyl-1H-1,2,4-triazol-1-yl)methoxy)ethyl acetate under Pd(OAc) 2 catalysis at 120 °C did not occurred in DMF but arose in fair yield in AcOH (Scheme 20a). [136] Only traces were obtained in t-BuCO 2 H but addition of 2 equiv. of t-BuCO 2 H to AcOH solvent improved the yield which is further augmented by temperature increase to 130 °C. Surprisingly, slight efficiency decrease resulted from use of Pd(OCOt-Bu) 2 in AcOH instead of both Pd(OAc) 2 and t-BuCO 2 H in AcOH.

Using catalytic amounts of Pd(OAc) 2 and a BQ/Cu(OAc) 2 mixture in AcOH [START_REF] Bäckvall | Acidic conditions are usually required to regenerate Pd II from Pd 0 with benzoquinone: a)[END_REF] under oxygen for the DHR of furan with styrene, we obtained erratic results but exchange of AcOH for EtCO 2 H afforded reproducible results (Scheme 20b). [113] UV-visible spectroscopy led us to suspect the formation of palladium propionate.

Pd(OAc) 2 -catalyzed reaction of styrene with 5-(4-methoxyphenyl)-1-methyl-1H-imidazole arose with efficiency higher in EtCO 2 H than in AcOH or t-BuCO 2 H, and with Cu(OAc) 2 instead of AgOAc as the oxidant (Scheme 20c), [138a] while the coupling with thieno [3,2b]thiophene arose in a better yield using AgOAc instead of AgOCOCF 3 (Scheme 20d). [138b] Recently, Huang and co-workers disclosed the DHR of benzo [b]thiophene 1,1-dioxide with styrene using various Pd and Ag carboxylates, carboxylic acids and solvents (Scheme 20e). [139] The best result arose in THF with Pd(OAc) 2 , t-BuCO 2 Ag and t-BuCO 2 H. According to the authors, the catalytic cycle begins with C2-H activation of benzo [b]thiophene 1,1dioxide with Pd(OCOt-Bu) 2 .

Scheme 20. DHR's of N-heteroarenes with styrene.

In dioxane, the cross-coupling of 6-methylchromen-4-one [START_REF] Choi | For computational and experimental studies of the intimate mechanism of the palladation of chromen-4-one and 1-methylquinolin-4-one as well as the divergent siteselectivity of their coupling with benzene or benzoquinone[END_REF] with benzoquinone under Pd(OAc) 2 catalysis in the presence of AgOAc occurred in modest yield which was greatly improved with t-BuCO 2 H additive, but use of t-BuCO 2 H as the solvent was detrimental to the process (Scheme 21). [140] Scheme 21. Chromone/quinone cross-coupling.

The formation of tert-butyl 3-(1-methyl-4-oxo-1,4-dihydroquinolin-3-yl)acrylate from 1methyl-2,3-dihydroquinolin-4-one and tert-butyl acrylate under Pd(OCOCF 3 ) 2 catalysis arose from a domino reaction -dehydrogenation [141] leading to 1-methylquinolin-4-one, activation of its C3-H bond [START_REF] Choi | For computational and experimental studies of the intimate mechanism of the palladation of chromen-4-one and 1-methylquinolin-4-one as well as the divergent siteselectivity of their coupling with benzene or benzoquinone[END_REF] and finally Heck-type reaction with the acrylate [142] -which provided the best yield in t-BuCO 2 H instead of dioxane or AcOH and using CuCO 3 . Cu(OH) 2 instead of Cu(OAc) 2 as the oxidant (Scheme 22). [143] Scheme 22. Domino dehydrogenation/cross-coupling reaction.

Other DHR's of heteroarenes using t-BuCO 2 H as additive or solvent have been reported but the influence of the nature of carboxylic acid on their efficiency was not related. [144] f) Arene/aldehyde coupling With t-BuOOH oxidant, a and co-workers observed only traces of N- (2-(4chlorobenzoyl)phenyl)acetamide from the room temperature Pd(OAc) 2 -catalyzed reaction of acetanilide with 4-chlorobenzaldehyde in methylene chloride (Scheme 23a). [21] Testing the influence of the addition of carboxylic acids they already used for the reaction depicted in Scheme 8e, they obtained the best result with CF 3 CO 2 H. 1 H NMR kinetic) " ??? addition of stronger acids to the reaction system facilitates the C-H activation experiments associated to DFT calculations and previous studies [145] led them to assume that i ??? step both kinetically and thermodynamically and ii) the reaction pathway summarized in Scheme 23b for the formation of Pd species 23bD which reacts with the aldehyde. Coordination of acetanilide to Pd(OCOR) 2 affords 23bA which forms -complex 23bB. Slipping of palladium to the ortho position of acetanilide provides 23bC which undergoes CMD leading to 23bD. [146] The dependence of the calculated Gibbs energies of the ortho-C(sp 2 )-H activation of acetanilide in methylene chloride at 25 °C on the carboxylate ligand (MeCO 2 > CH 2 ClCO 2 > CF 3 CO 2 ) agrees with the observed reactivity. Scheme 23. C2-aroylation of acetanilide.

g) Alkene/alkene coupling

Acrylates performed the Pd II -catalyzed oxidative olefination of -1-(phenylsulfonyl)-1,2,3,4-tetrahydropyridine with Cu(OAc) 2 and a co-oxidant, either O 2 bubbling in preferentially AcOH/DMA or Ag 2 CO 3 in t-BuCO 2 H (Scheme 24a), [147] --methylstyrene leading to the corresponding conjugated diene using Bäckvall's triple catalytic system and Pd(OAc) 2 rather than Pd(OCOCF 3 ) 2 with efficiency greatly depending on the acidic solvent, fair yield being obtained in acetic and propionic acids, whereas no reaction arose in pivalic acid (Scheme 24b), [131b] -(Z)-5-phenyl-N-(quinolin-8-yl)pent-4-enamide (Scheme 24c) and (E)-N-(quinolin-8yl)hex-4-enamide (Scheme 24d) for which the optimum RCO 2 H additive depends on the substitution of the enamide unit, t-BuCO 2 H for the substrate with a terminal phenyl group and 2-naphthoic acid or 2,4,6-trimethylbenzoic acid for the substrate with a terminal methyl group. [148] Scheme 26. -Phenylation of amines, the two-step procedure.

Dong and co-workers who performed the above reported phenylation of 2-tert-butylaniline (Scheme 26c), used a domino procedure with the same aldehyde and arylating agent for the phenylation of 2-butylamine in yield slightly higher under catalysis with Pd(OCOt-Bu) 2 than with Pd(OAc) 2 (Scheme 27a). [153] In fact, this protocol provided a mixture of protonated 4phenylbutan-2-amine and the corresponding imine condensed with quinoline-8-carbaldehyde.

The phenylation in AcOH of 2-methylbutan-2-amine via in-situ condensation with hydrated glyoxylic acid and reaction with phenyl iodide required the presence of a silver carboxylate, AgOCOCF 3 rather than AgOAc (Scheme 27b). [154] Pd(OAc) 2 instead of Pd(OCOt-Bu) 2 catalyst and presence of small amounts of water were beneficial to the process. The advantage of the procedure is the formation of a transient directing group [155] -that is a coupling with no requirement of a deprotection step to isolate the phenylated amine -while the drawback is the use of silver carboxylate. In fact, the drawback could result from the use of hydrated glyoxylic acid as disclosed in Scheme 27c which differs from Scheme 26b because the sensitivity to hydrolysis of phenylated imine 27cF. Cyclopalladation of chelate 27cB formed from PdX 2 and imine 27cA gives rise to 27cC which undergoes oxidative addition with PhI to produce Pd IV intermediate 27cD. Next, reductive elimination is followed by a ligand dissociation process and iodide abstraction by AgOCOCF 3 [156] leading to phenylated imine 27cF and regeneration of the catalyst. Hydrolysis of 27cF releases 2methyl-4-phenylbutan-2-amine. The absence of phenylation in the absence of Ag salt led Ge and Liu to suspect that "AgOCOCF 3 may play other roles besides iodide abstraction in this catalytic circle". According to Scheme 27c, a catalytic amount of hydrated glyoxylic acid could be sufficient. Apparently, reaction under such conditions has not been carried by Ge and Liu but has been performed by Dong's team for the reaction of Scheme 27a leading however to decreased yields. [153] Only a sub-stoichiometric amount of the 2-hydroxynicotinaldehyde has been used by Yu's team for efficient arylation of cyclohexylamine with methyl 4-iodobenzoate. [157]. The reaction arose with Pd(OAc) 2 catalyst and AgOCOCF 3 in wet 1,1,1,3,3,3-hexafluoro-2propanol/AcOH (Scheme 27d). Boc protection of the arylated amine was performed for ease of separation and analysis. Subsequently, Kamenecka's team used the procedure for the arylation of ethyl 2-aminobutanoate, but AgSbF 6 instead of AgOCOCF 3 was required for an efficient reaction which afforded the same yields with Pd(OAc) 2 and Pd(OCOt-Bu) 2 and necessitated a final re-esterification because some ester hydrolysis occurred during the arylation process (Scheme 27e). [158] Performing the phenylation of the terminal methyl group of 2-methylbutan-2-amine with phenyl iodide, Bull's team obtained the best result with (2,2-dimethoxyethoxy)benzene (which in-situ forms 2-phenoxyacetaldehyde), Pd(OCOt-Bu) 2 catalyst and AgOCOCF 3 additive in a CF 3 CH(OH)CF 3 /AcOH mixture, other Pd or Ag salts decreasing the yield (Scheme 27f). [159] A Pd II /Pd IV redox cycle similar to the one of Scheme 27c was assumed by the authors.

Scheme 27. -Phenylation of amines, the domino procedure.

Only Pd II and Pd IV intermediates have been proposed for the above arylations performed with indispensable Ag salts. Since those of Schemes 27e and 27f also occurred under Pd 0 catalysis, a competitive catalytic cycle with Pd 0 intermediates and Ag salt as oxidant could occur even with Pd II catalysts.

While the above arylations of aliphatic amines selectively occurred in -position (Schemes 26 and 27), Bannister and co-workers subsequently reported -phenylation of 2,4dimethylhexan-2-amine with phenyl iodide without requirement of an imine intermediate (Scheme 28). [160] The best yield was produced in AcOH with Ag 2 CO 3 , Pd(OAc) 2 catalyst and 2-nitrobenzoic acid additive. The process requires an Ag salt, is sensitive to its nature but is not greatly promoted by RCO 2 H additive. The importance in this process of CO 2 [161] potentially formed from Ag 2 CO 3 was suspected but control experiments rejected this hypothesis. The authors proposed the dissociation by the acid of the bis-amine palladium complex formed from coordination to Pd(OAc) 2 , thus allowing the -C(sp 3 )-H activation.

Scheme 28. -Phenylation of 2,4-dimethylhexan-2-amine.

Intramolecular reactions

In 2007, Fagnou and co-workers disclosed a Pd -catalyzed intramolecular arylation C(sp 3 )-H activation under basic conditions which was improved using carboxylic acids, notably t-BuCO 2 H (Scheme 29a). [106b] This arises from oxidative insertion of Pd 0 into the Ar-Br bond of 1-bromo-2-(tert-butoxy)benzene leading to Pd II complex 29bA which undergoes exchange of ligand with t-BuCO 2 Cs giving 29bB (Scheme 29b). According to DFT studies and deuterium kinetic isotope effect, palladacycle 29bC is formed from 29bB via CMD with three-center two-electron agostic [162] interactions between the C-H  bond and the Pd II atom. [106b] Subsequent reductive elimination affords the product. The surprising better efficiency of the process using a catalytic amount of t-BuCO 2 Cs in-situ produced, rather than its stoichiometric amount (Scheme 29a) is remarkable but not explained by the authors. We hypothesize that the use of a stoichiometric amount of t-BuCO 2 Cs leads to fast and irreversible OAc/OCOt-Bu exchange leading to sterically hindered palladium pivalate which, under the reaction conditions, would be less prone to reduction than the acetate, a process required for the formation of arylpalladium bromide 29bA.

The synthesis of cyclobutarenes in DMF was subsequently carried out in collaboration with Baudoin's team under RCO 2 H-free conditions (Scheme 29c). [163a] The authors observed yield decrease under catalysis with Pd(OCOCF 3 ) 2 instead of Pd(OAc) 2 . That could be due to competitive dehalogenation of the substrate arising from reaction of the arylpalladium bromide intermediate with the solvent. [164] Similar protocols were used to synthetize 1indanol and 1-indanamines derivatives (Scheme 29d). [163b] The formation of mainly either C(sp 2 )-C(sp 3 ) or C(sp 3 )-C(sp 3 ) bond from the Pd(PPh 3 ) 4catalyzed reaction of methyl 2-(2-bromophenyl)-2-methylpropanoate depends on the reaction conditions (Scheme 30a). [165] Preliminary experiments in toluene with K 2 CO 3 selectively provided benzocyclobutene 30a1 whereas a mixture of 30a1 and arylcyclopropane 30a2 was obtained with RCO 2 H additive in a ratio depending on the acid. Finally, 30a1 was produced in yield up to 95% using t-BuCO 2 K under acid-free conditions while 30a2 was the main product using both Rb 2 CO 3 and t-BuCO 2 H. [165b] Following careful studies including stoichiometric experiments and DFT calculations, the authors proposed that exchange of ligands leads to 30bB from Pd II complex 30bA (Scheme 30b). Subsequent C-H activation of a methyl group gives rise to five-membered palladacycle 30bC which undergoes either reductive elimination leading to the benzocyclobutene, or addition of RCO 2 H giving 30bD.

A second C(sp 3 )-H activation transforms 30bD into the four-membered palladacycle 30bE which suffers reductive elimination affording the arylcyclopropane.

Scheme 30. Arylcyclopropane versus benzocyclobutene, 1,4-Pd shift.

Baudoin's team also reported Pd 0 -catalyzed intramolecular C(sp 3 )-H alkenylations. The first results were disclosed using Rb 2 CO 3 as the base and RCO 2 H additive, t-BuCO 2 H giving the best yield (Scheme 31a). [166a] The procedure was applied with t-BuCO 2 H or t-BuCO 2 K to the synthesis of the core of various alkaloids with efficiency depending on both catalyst and base (Schemes 31b and 31c). [166].

Scheme 31. Intramolecular C(sp 3 )-H alkenylation of bromoalkenes.

C(sp 2

)-H/C(sp 3 )-H coupling

Intermolecular reactions

The Pd 0 /RCO 2 H-catalyzed coupling of benzothiophene with 1-phenylpropyne arose in fair yields using amyl, propargyl or adamantly acid but was inefficient with acetic, trifluoroacetic and aryl acids (Scheme 32a). [167] The reaction also implies a ( 3 -allyl)palladium complex. Coordination of the aryne to the catalyst followed by RCO 2 H addition provides the vinyl palladium intermediate 32bA (Scheme 32b). Subsequent -H elimination leads to allenyl complex 32bB which undergoes reinsertion of palladium giving 32bC. Then, reaction with benzothiophene affords 32bD which endures reductive elimination releasing the product and the catalyst.

Scheme 34. γ-Lactam via 1,4-Pd shift.

C(sp 2 )-H/C(sp 3 )-X coupling

Efficient Pd 0 -catalyzed allylation of fluorobenzene with cinnamyl pivalate in the presence of AgOPiv and Cs 2 CO 3 was disclosed by Hartwig and Lee (Scheme 35a). [17a] Use of other cinnamyl or silver carboxylates was detrimental to the yield. According to the authors, the reaction arises via transmetalation of the arylsilver complex 35bA, presumably formed through a CMD pathway, with ( 3 -allyl)palladium complex 35bB resulting in the formation of 35bC (Scheme 35b). Subsequent reductive elimination provides the coupling product. Given the proposed Pd/Ag mechanism depicted in Scheme 35b, it is rather surprising that the reaction was carried out with a stoichiometric amount of AgOPiv. At 100°C, the Pd-catalyzed bis-C-H glycosylation of ferrocenyl amide depicted in Scheme 36a in the presence of KHCO 3 provided a better yield with addition of catalytic amounts of AcOH than that of other carboxylic acids. [170] Decrease the reaction temperature to 60 °C and use of over-stoichiometric of AcOH with K 2 CO 3 instead of KHCO 3 improved the yield to 88%. Interestingly, the use of a 1:1 mixture of KHCO 3 and KOAc under acid-free conditions gave rise to 91% yield. These results suggested to Zhang and co-workers that the acetate anion promotes the C-H activation, hence the catalytic cycle of Scheme 36b. Chelation of the substrate favors C-H activation leading to palladacycle 36bA which undergoes addition of the glycoside chloride to afford Pd IV intermediate 36bB. 

Conclusion and outlook

A variety of Pd-catalyzed reactions involving C-H activation has their efficiency improved by addition of a carboxylic acid or an alkali metal carboxylate. Although pivalic acid and corresponding carboxylates are often used as the additives, this review highlights that other carboxylic compounds may be more adequate. Which characteristic of the additiveacidity or steric hindrance -prevails, is however unclear and could vary from one process to another. Moreover, the efficiency may also depend on the additive concentration, the nature of both the alkali metal and the solvent.

As pointed out in the introduction, the present review which outlines the Pd-catalyzed reactions forming one C-C bond, is the first part of a trilogy and will be followed by Parts B and C highlighting the dependence on a carboxylate additive of either reactions leading to both a C-H and a C-C bond or domino reactions, respectively.

Scheme 35 .

 35 Scheme 35. C(sp 2 )-C(sp 3 ) bond via ( 3 -allyl)palladium.

  Scheme 37. Synthesis of lactams. 4.2. C(sp 3 )-H/C(sp 3 )-H coupling
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Scheme 12. Cross-coupling of heteroarenes with halobenzenes.

Scheme 24. Cross-coupling of acrylates with activated or unactivated alkenes.

Intramolecular reactions

In 2008, Fagnou's team revealed the high dependence on the nature of the carboxylic acid of the selectivity of the Pd(OAc) 2 -catalyzed annelation of 3,5-dimethoxy-N-phenylaniline. [61] A low yield of a mixture of 2,4-dimethoxy-9H-carbazole and corresponding dimer was obtained in AcOH while the former was selectively produced in t-BuCO 2 H (Scheme 25a).

Subsequently, Satoh, Miura and co-workers disclosed the intramolecular reaction of 3phenoxythiophene which preferentially arose under Pd(OCOCF 3 ) 2 catalysis and in carboxylic acids, especially EtCO 2 H than in traditional organic solvents (Scheme 25b). [149a] Then, they carried out the triple cyclization of 1,3,5-tris(4-tert-butylphenoxy)benzene in yield better in t-BuCO 2 H than in EtCO 2 H (Scheme 25c). [149b] EtCO 2 H was however the optimum solvent for the intramolecular cross-dehydrogenative coupling of 4-(p-tolylthio)-2H-chromen-2-one (Scheme 25d). [150] Zhang and Szostak proposed that propionic acid promotes the reaction "by higher solubility and/or lower acidity compared to acetic acid". [150] The Pd/Ag-catalyzed synthesis of imidazo [1,2-f]phenanthridine from 1-([1,1'-biphenyl]-2yl)-1H-imidazole using CsF and copper carboxylate in DMF arose in better yield with pivalate carboxylates than with the corresponding acetates (Scheme 25e). [8c] Scheme 25. Intramolecular C(sp 2 )-H/C(sp 2 )-H couplings. 

. Intermolecular reactions

The Pd-catalyzed functionalization of C(sp 3 )-H bonds of primary amines with aryl halides has been reported via either prior or in-situ condensation of the amine with a functionalized aldehyde to provide an aldimine playing the role of directing group through chelation to palladium. [151] Murakami's team carried out a one-pot reaction consisting of firstly, condensation of 2butylamine with 3,5-di-t-butyl-2-hydroxybenzaldehyde at 110°C and secondly, phenylation of the terminal extremity of the ethyl substituent using Pd(OAc) 2 /i-PrCO 2 H catalysis and KHCO 3 (Scheme 26a). [152] Given the inefficiency of the reaction in the absence of i-PrCO 2 H, we suspect the in-situ formation of Pd(OCOi-Pr) 2 and the catalytic cycle of Scheme 26b which is similar to the one published. Formation of chelate 26bB from imine 26bA is followed by CMD process leading to palladacycle 26bC. Next, oxidative addition of ArI provides Pd IV complex 26bD. The subsequent reductive elimination forms the C(sp 3 )-C(sp 2 ) bond and the exchange with 26bA and i-PrCO 2 K liberates the arylated imine with concomitant regeneration 26bB.

A three-step procedure with quinoline-8-carbaldehyde, diphenylliodonium triflate, Pd(OAc) 2 catalyst, 1-AdCO 2 H additive and regeneration of the amine from the imine intermediate led to efficient Pd II -catalyzed phenylation of 2-tert-butylaniline (Scheme 26c). [153] The pivotal role of 1-AdCO 2 H, only trace of the product in its absence, could be due to catalysis by Pd(OCO1-Ad) 2 .

Scheme 29. Intramolecular C(sp 3 )-H arylation. Scheme 32. C(aryl)-C(sp 3 ) bond formation through ( 3 -allyl) palladium intermediate.

Chatani and co-workers observed that the Pd II -catalyzed alkylation of 2-methyl-N-(quinolin-8-yl)benzamide with N-methylmaleimide required a carboxylic acid for efficiency and occurs at the methyl C-H bond leading to 33a1, the best yield arising with Pd(OCOt-Bu) 2 in t-BuCO 2 H (Scheme 33a). [168a] A domino reaction leading to five membered cycle 33a2 may occur. The reaction starts by coordination and C(sp 3 )-H activation of the substrate to Pd(OCOt-Bu) 2 giving 33bA which inserts into the C=C bond of N-methylmaleimide leading to six-membered palladacycle 33bB (Scheme 33b). [168a,b] Protonation of the Pd-N bond of 33bB with t-BuCO 2 H provides either 33a1 and the starting catalyst (path a) or intermediate 33bC which undergoes insertion into the C3(sp 2 )-H bond giving palladacycle 33bD (path b). Subsequent reductive elimination releases 33a2 and Pd 0 , regeneration of the catalyst occurring with AgOAc/t-BuCO 2 H. According to the proposed catalytic cycle, AgOAc is not required for the formation of 33a1, but AgOAc-free conditions did not afford 33a1. The authors proposed the plausible formation of heterobimetallic Pd/Ag intermediates. Subsequently, the annulation product was selectively obtained from 2-methyl-N-(2-(methylthio)phenyl)benzamide using CuO as the oxidant (Scheme 33c). [168c] Under these conditions, a Pd/Cu complex was hypothesized. Scheme 33. C(sp 3 )-H alkylation and domino reaction.

Intramolecular reactions

The previous experimental conditions of the Baudoin's team (Schemes 30 and 31) were used to perform the cyclisation of (E)-3-(2-bromophenyl)-N,N-diisopropylacrylamide into the corresponding -phenylidene -lactam (Scheme 34a). [169] This reaction involves 1,4 Pd-shift leading to 34bB from 34bA via a four membered palladacycle (Scheme 34b). Subsequent activation of a C(sp 3 )-H bond of isopropyl unit gives the five membered palladacycle 34bC. Then, reductive elimination releases the lactam. Scheme 36. C(sp 2 )-C(sp 3 ) bond via Pd IV intermediate.

Formation of C(sp 3 )-C(sp 3 ) bonds

C(sp 3 )-X/C(sp 3 )-H coupling

Cramer's team successively reported Pd 0 -catalyzed enantioselective cyclizations to lactams of N,N-dibenzyl-2-chloroacetamide (Scheme 37a) [171a] and 2-chloro-N-cyclopropyl-N-(4methoxybenzyl)acetamide (Scheme 37b). [171b] Conversion and yield were greatly favored by addition of RCO 2 H, t-BuCO 2 H and 1-AdCO 2 H giving the best results. The dependence of the enantioselectivity on RCO 2 H formula point out that the key enantioselective step arises from a palladium carboxylate intermediate as depicted in Scheme 37c for the cyclopropane