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Wacker-type reactions of terminal alkenes mainly lead to methyl ketones rather than aldehydes. The selective formation of aldehydes usually requires alkenes containing a suitable coordinating fragment. A few procedures however provide fair to high aldehyde/methyl ketone ratios in the absence of a directing group. This review, which is focused on the formation of aldehydes, summarizes the methods reported since 2007 and, with personal comments, the mechanisms and intermediates proposed to rationalize the regioselectivity.

Introduction

The craze for the Pd-catalyzed synthetic procedures of carbonyl compounds from oxidation of alkenes finds its origin in the study by Francis C. Phillips of the PdCl2-mediated oxidation of ethylene to acetaldehyde, published in 1894 [1]. This report sank into oblivion until the stoichiometric to catalytic evolution of the reaction by researchers from Wacker Chemie AG, leading to an industrial process [2,3]. An acidic aqueous solution of catalytic amounts of both PdCl2 and CuCl2 or CuCl under oxygen was mainly used and effective for a large panel of olefins [4]. The reaction produced Pd 0 species. Regeneration of the catalyst was assumed by CuCl2 producing CuCl which was easily reoxidized with oxygen (Scheme 1) [2]. The key steps of the addition of water on the η 2 -Pd-alkene complex depend on the reaction conditions and have led to long controversy [5].

Progress in the synthesis of aldehydes from Pd-catalyzed Wacker-type reactions of terminal olefins. Scheme 1. The Wacker reaction.

The name "Wacker process" has been subsequently attributed to the method. Reaction of the terminal alkenes mainly led to the corresponding methyl ketones, aldehydes being usually produced in low yields [6][START_REF] Tsuji | Palladium reagents and catalysis, innovations in organic synthesis[END_REF][START_REF] Cornell | [END_REF]. To increase the anti-Markovnikov/Markovnikov products ratio (Scheme 2), various modifications of the experimental conditions, especially the use of other oxidants and oxygenated nucleophilic species have been reported. We reviewed these methods in 2007 [9], and we now highlight the subsequent literature [START_REF] Michel | For reviews containing examples[END_REF], remembering however a few previous reports for comparison. The present review, which only concerns the methods leading to some anti-Markovnikov products, is organized according to the identity of the reagents. The schemes of the catalytic cycles will be mainly limited to those leading to aldehydes. A worrying mechanistic problem with some procedures is the use of both water and alcohol as components of the reaction mixture. Under such conditions, the identity of the nucleophilic species may remain uncertain. Scheme 2. Wacker reactions of terminal alkenes.

2) Pd/Cu/O2/H2O or/and ROH

With the use of oxygen and catalytic amounts of both PdCl2 and CuCl2 in aqueous DMF, Selwitz and Clement proposed in 1964 a convenient laboratory method based on the Wacker Chemie procedure [2,3] (Scheme 1) for the oxidation of 1-dodecene into 2-dodecanone [11]. Twenty years later, Tsuji's team reported the same reaction and suggested to use CuCl rather than CuCl2 as co-oxidant, the latter being in situ formed under the reaction conditions [6,12]. In 2001, Wong and Yick disclosed an approach towards the synthesis of eudesmanolides, using for one of the steps the Pd/Cu/O2/aq. DMF procedure, that they inadequately named "Wacker-Tsuji reaction" [13]. This name was, a few years later, used for a reaction in a different solvent [14] and then under different conditions [15] leading to attribute the inappropriate name "Wacker-Tsuji (or Tsuji-Wacker) reaction (or oxidation)" to various Wacker-type procedures even in a book devoted to the reaction names [START_REF] Li | In Name Reactions for Functional Group Transformations[END_REF].

The Wacker oxidation of styrene may lead to acetophenone, phenylacetaldehyde and benzaldehyde [9]. In 2006, Spencer's team reported that PdCl2-catalyzed oxidation of 4methoxystyrene in the presence of 1 equiv. of CuCl under oxygen in aqueous DMF led to the 1:8.4 mixture of corresponding arylacetaldehyde and methyl ketone (Eq. 1) while the aldehyde was the main product with 2 equiv. of PdCl2 in the absence of reoxidant (Eq. 2) [START_REF] Wright | [END_REF]. Comparison with the stoichiometric Wacker reaction of vinyladamantane showed the crucial role of the aryl group on the regioselectivity, leading the authors to propose that the stoichiometric Wacker reaction of styrenes involves a η 4 -complex such as 3A formed from coordination of the substrate to palladium (Scheme 3). Subsequent attack of water at the terminal carbon rather than at the 2-postion would be favored by the formation of η 3benzylpalladium complex 3B more stabilized than η 1 -complex 3C. Both complexes undergo β-H elimination to provide the aldehyde and ketone, respectively. Under catalytic conditions with different palladium salts and reoxidants, the authors observed aldehyde/ketone ratios depending on the coordination sphere of palladium.

Scheme 3

In 2016, Ura's team obtained phenylacetaldehyde in up to 88% selectivity from the reaction of styrene with catalytic amounts of PdCl2(MeCN)2, CuCl and maleimide in aqueous tertamyl alcohol at 40 °C under oxygen atmosphere (Eq. 3) [18]. Changing maleic anhydride for maleimide or benzoquinone decreased the yield, while PPh3 inhibits the oxidation. No catalytic character of the reaction was observed in the absence of the Cu salt (Eq. 3). The selectively was similar in aqueous tert-butanol, and relatively independent on the substitution of the aryl core (Eq. 4). The authors suggested that benzaldehyde was produced from further oxidation of phenylacetaldehyde catalyzed by palladium [19] or copper [20] species. Such hypothesis was subsequently confirmed by Liu's team [21].

Ura and co-workers stated that maleimide could "operate as a ligand to stabilize the in situ formed Pd 0 species" [18]. Indeed, the results of the oxidation of styrene catalyzed with CuCl2 and either Pd(η 2 -maleic anhydride)2(η 2 -cyclopentene) or Pd2(dba)3 . CHCl3 exemplified the positive role of maleic anhydride on the catalytic activity (Eq. 5). Citing above Spencer's report, the authors nevertheless proposed reaction intermediates similar to those of Scheme 3, but noted that maleimide and maleic anhydride "possibly stay on palladium during the whole catalytic cycle". Coordination of both maleimide and a η 4 -ligand to PdCl2 would however lead to a rather unusual 18 electron palladium complex. Consequently, we suspect the formation of either the cationic η 4 -complex 4A or the neutral 16 electron complex 4B as intermediate (Scheme 4). Both 4A and 4B could afford the η 3 -benzylpalladium 4C from alcohol addition. Subsequent β-H elimination delivers 4D and enol ether 4E. Pd 0 species produced from 4D by reductive elimination are oxidized with CuCl2, whereas hydrolysis of 4E leads to phenylacetaldehyde. Scheme 4. Maleimide-assisted Wacker oxidation of styrene.

Ley and Bourne performed the oxidation of p-chloro and p-methoxystyrenes using catalytic amounts of both PdCl2(MeCN)2 and CuCl2 in aqueous tert-butanol at 85 °C under 10 bar pressure of oxygen (Eq. 6) [19]. Selective anti-Markovnikov addition arose but with large over-oxidation leading to arylaldehyde. Decreasing the over-oxidation was not successful by lowering the oxygen pressure but arose by decrease of the amount of CuCl2. Then, the authors proposed a flow-mode process [19]. The two catalysts plus water and a PhOMe/t-BuOH mixture were separately injected into an oxygen-pressurized reactor and then passed through a 30-mL stainless steel reaction coil to afford the arylacetaldehydes in up to 95% selectivity (Eq. 7). The incomplete conversion observed in using sub-stoichiometric of water indicates its role in the flow-mode process.

The PdCl2/CuCl/O2 association in a biphasic solvent made up of supercritical carbon dioxide and poly(ethylene glycol), noted scCO2/PEG, was proposed by He's team for selective oxidation into methylketones of terminal alkenes, especially styrenes (Eq. 8) [22]. The poly(ethylene glycol) was the nucleophile under these conditions. Its exchange for methanol greatly increased the amount of benzaldehyde.

Catalytic amounts of both CuCl and Pd-Fe3O4 heterodimer nanocrystals prepared from thermolysis of a mixture of iron acetylacetonate, palladium acetylacetonate, oleylamine and oleic acid [23] were used to catalyze the aerobic oxidation of styrene in aq. EtOH [24], leading to acetophenone and traces of phenylacetaldehyde without production of benzaldehyde or benzoic acid (Eq. 9). After reaction, the nanocrystal catalyst can be collected using a magnet and then recycled.

Liu's team reported the oxidation of styrenes with catalytic amounts of both a copper salt and a dimeric Pd II complex bearing 8-hydroxyquinolinonate ligands in aqueous iso-propanol or tert-butanol at 50 °C under oxygen atmosphere [21].The method mainly led to the cleavage products (Eq. 10)1 . Under these conditions, phenyl acetaldehyde also afforded benzaldehyde and the authors discarded the plausible formation of styrene oxide or 1-phenyl-1,2-ethanediol 2 as intermediate. Phthalimide as additive provided similar results but its use in water mainly gave acetophenone (Eq. 10). The Pd catalyst/CuCl2/phthalimide/i-PrOH/O2 conditions led to effective synthesis of arylaldehydes from various vinylarenes except p-aminostyrene, but were inactive towards 4-vinylpryidine and 1-vinylimidazole.

With catalytic amounts of both palladium nanoparticles supported on carbon nanotubes (named PdCNT) and CuCl at room temperature in THF/H2O under oxygen, Doris, Namboothiri and co-workers oxidized styrene into phenylacetaldehyde in 93% yield [26]. The selectivity was however strongly dependent on the substitution of the aromatic core, 1-nitro-3vinylbenzene for an example leading mainly to 3-nitrobenzaldehyde (Eq. 11). According to the authors, the benzaldehyde derivatives result "from oxidative cleavage of the alkene unit". This reaction was minimized by working in air. The interest of this heterogeneous procedure lies in the recyclability of the catalyst.

The PdCNT/CuCl/THF/H2O/O2 method has also been used for oxidation of (allyloxy)methyl)benzene leading a 4/6 mixture of the anti-Markovnikov and Markovnikov products (Eq. 12). The authors ascribed the formation of the former "to palladium coordination to the allylic oxygen atom, which causes water to attack the terminal position" . In fact, the chelation-controlled regioselectivity was already reported by Tsuji's team for oxidation of internal olefins [27].

Kulkarni and co-workers proposed Pd/C as recyclable catalyst of Wacker-type reactions in also aqueous THF [28]. Various terminal alkenes provided the corresponding methyl ketones in good yields; the formation of a ketone/aldehyde mixture was restricted to one example (Eq. 13) 3 .

We suspect that the above aerobic Wacker-type reactions carried out in THF (Eqs 11-13) could involve the in situ Pd-catalyzed production of 2-tetrahydrofuryl hydroperoxide as observed by the teams of Alper [29] and Sigman [30], hence a plausible catalytic cycle involving peroxy intermediates. The no acetophenone production of the PdCNT-catalyzed oxidation of styrene when THF was changed for PhMe or EtOH (Eq. 11), seems to agree with the hypothesis, even if CuCl is a required additive for oxidation in aq. THF. Moreover, the oxidative cleavage of the alkene unit assumed by Doris, Namboothiri and co-workers [26] could thus occur via a pathway similar to that depicted in Scheme 21 (Chapter 10). The yield in DMF lower than in THF (Eq. 11) indicates a role of the solvent suggesting a different mechanism.

Coordination of the allylic oxygen could be also involved in the PdCl2/CuCl2-catalyzed oxidation of allyl phenyl ether at 60 °C under air atmosphere [31]. These conditions led however to low conversion and to some deallylation of the substrate (Eq. 14). The deallylation could arise from competitive reaction leading to a η 3 -allylpalladium intermediate due the in-situ formation of Pd 0 species [32].

Under conditions which effectively afforded 2-decanone from 1-decene, that is catalytic amounts of PdCl2 and CuCl or CuCl2 under oxygen atmosphere in aqueous DMF [11,12], terminal olefins bearing a directing functional group may lead to selective formation of aldehydes [9] as exemplified with Eqs 15 to 18 [33][34][35][36][37]. These reactions proceed with retention of stereochemistry and provide precursors of the total synthesis of natural products, (-)-herbaric Acid (Eq. 16) [34] and (4S,5S)-4,8-dihydroxy-3,4-dihydrovernoniyne (Eq. 17) [35]. The presence of a proximal heteroatom is however not a sufficient requirement for the formation of the anti-Markovnikov product as exemplified previously [9] and with the oxidation leading to the C1-C9 segment of amphidinolides C and F (Eq. 19) [38].

3) Pd/BQ/(O2)/H2O or/and ROH

The synthesis of acetaldehyde and 1,1-diethoxyethane from Pd-catalyzed reaction of ethylene with benzoquinone (BQ)-mediated regeneration of active Pd species was reported in 1960 by Moiseev's team [39] while, in 1964, Selwitz and Clement proposed this oxidant in aqueous DMF as solvent for the PdCl2-catalyzed conversion of 1-dodecene into 2-dodecanone [11]. These conditions, that is PdCl2/BQ/aq. DMF, were used for the same oxidation by Tsuji's team in 1984 [6,12].

2-Arylacetaldehydes were synthetized from vinylarenes in yields up to 96% by Grubbs team using catalytic PdCl2(MeCN)2, stoichiometric BQ and H2O in t-BuOH at 85°C (Eq. 20) [40]. The authors postulated the formation of a t-butyl vinyl ether intermediate and its acidcatalyzed hydrolysis [40,41]. The nonzero aldehyde yield in the absence of added water was attributed to nonanhydrous t-BuOH or to atmospheric moisture. BQ was required for catalysis while exchange of t-BuOH for a less bulky alcohol such as i-PrOH was dramatic to the selectivity. The PdCl2(MeCN)2/BQ/H2O/t-BuOH protocol has been subsequently used for the oxidation of p-chloro and p-methoxystyrenes by Ley and Bourne who however detected the formation of slight amounts of the over-oxidation products (Eq. 6) [19]. For the oxidation of terminal alkenes, addition of catalytic amounts of CuCl increased the efficiency of the method (see Chapter 4, Eq. 34) [42].

The high selectivity towards the 2-arylacetaldehydes urged Grubbs and Bronner to perform a one-pot reaction leading to N-(2-arylethyl)amines from styrenes [43]. Treating the substrate with the PdCl2(MeCN)2/BQ/H2O/t-BuOH association was followed by addition of a primary or secondary arylamine and Ir-catalyzed imine reduction using the commercial formic acidtriethylamine complex as the hydride source (Eq. 21).

Under experimental conditions close to those disclosed by or using a dicationic complex obtained from Pd(OAc)2 and HBF4, [44] Grubbs and co-workers mainly obtained the anti-Markovnikov product from 4,4,4-trifluoro-1-butene (Eqs 22 and 23) [45]. Considering the relatively noncoordinating power of the trifluoromethyl group, the authors attributed the regioselectivity to its inductive effect. In fact, regioselective formation of the anti-Markovnikov product mediated by an electron-withdrawing substituent was disclosed as early as 1980 by Sturtz and Pondaven-Raphalen, who performed the Wacker oxidation of vinylic and allylic phosphonates [46].

Feringa's team examined the influence of various allylic O-groups on the selectivity of the PdCl2(MeCN)2-catalyzed Wacker reaction of terminal olefins [47]. While an allylic hydroxyl or ether mainly led to the methyl ketone, selective aldehyde formation arose from allylic esters (Eqs 24 and 25). Water as additive resulted in slight selectively decrease (Eq. 24). A side reaction, the 1,3-transposition of the ester and the Wacker oxidation of the resulting internal C=C bond (Eqs 24 and 25), increased when PdCl2 was used instead of PdCl2(MeCN)2 or PdCl2(PhCN)2 (Eq. 24). Allyl ester rearrangements mediated by Pd II [48] or Pd 0 [49] catalysts involve [3,3] sigmatropic rearrangements or η 3 -allylpalladium intermediates, respectively. Feringa's team observed the partial loss of enantiomeric excess in the benzoylprotected alcohol reaction depicted in Eq. 26. The absence of products containing the CD3C(=O) moiety when the reaction was carried out in the presence of deuterated acetic acid would exclude η 3 -allylpalladium intermediates and led to propose that 1,3-transposition and racemization of Eqs 24-26 arose via [3,3] sigmatropic rearrangements mediated by Pd II species.

Interestingly, the PdCl2(PhCN)2/BQ/t-BuOH procedure also selectively afforded the anti-Markovnikov products from 2-furoyl protected homoallylic alcohols (Eq. 27) [47].

Subsequently, the same method produced high yields of β-amino aldehydes from variously protected allylic amides (Eq. 28); incomplete conversion of the substrate and/or isomerization into the enamine was responsible to the lower yields of some reactions [50]. The efficiency was however very sensitive to the catalyst identity, PdCl2 and ClPd(NO2)(MeCN)2 leading to low conversion while no reaction arising with Pd(OAc)2 (Eq. 28).

GC monitoring of the oxidation of allylic esters and allylic amides revealed the presence of isobutene formed by dehydration of t-BuOH [50]. Oxidation of the allylic amide using stoichiometric 2-phenyl-2-propanol as nucleophilic species (Eq. 29) allowed the quantification of the transformation of the tertiary alcohol. Stoichiometric formation of 2phenyl-1-propene and a loss in the selectively were observed. The selectivity decrease was likely due to the in-situ formation of water which competes with PhCMe2OH more effectively than with less hindered t-BuOH. Besides, deuterium incorporation into the oxidation products was not observed when (D3C)3COD instead of t-BuOH was used. That rejects the plausible formation of an enol ether as intermediate. Indeed, its hydrolysis would lead to incorporation of deuterium in the enolic position. The above data led Feringa's team to propose an interesting pathway for the transformation of enol ethers of tertiary alcohols into aldehydes [50]. In contrast to the published catalytic cycle [50], Scheme 5 takes into account the plausible coordination of the protective group to palladium [9,36]. Addition of t-BuOH to substrate-Pd complex 5A affords 5B which undergoes β-H elimination giving η 2 -complex 5C. Insertion of the C=C bond into the Pd-H bond led to 5D. Subsequent elimination of isobutene delivers the aldehyde and HPdCl. Regeneration of the active Pd species involves BQ which is reduced into hydroquinone [51].

Scheme 5. Allylic-directing group with t-BuOH as the nucleophile and BQ as the oxidant.

In DMA/MeCN/H2O, the Pd(OAc)2/HBF4 association catalyzed the oxidation of the allylic phthalimide shown in Eq. 30 to selectively afford the anti-Markovnikov product [44]. In contrast, these conditions afforded 2-decanone in 86% yield from 1-dodecene.

4) Pd/Cu/BQ/(O2)/H2O or/and ROH

Grubbs and co-workers isolated a mixture of phenylacetaldehyde and (2-(tertbutoxy)vinyl)benzene from oxidation of styrene with BQ and catalytic amounts of both PdCl2(MeCN)2 and CuCl2 in t-BuOH (Eq. 31) [41]. The reaction carried out with addition of Shvo's catalyst [52] and water in a mixture of i-PrOH and t-BuOH provided 2-phenylethanol as the main product (Eq. 32). Experiments with i-PrOH, t-BuOD, i-C3D7OD and under anhydrous conditions agreed with the formation of the enol ether, acid-mediated and subsequent Ru-catalyzed hydrogen transfer from i-PrOH (or i-C3D7OD) to the aldehyde. A series of vinylarenes was submitted to the oxidation system leading to 2-arylethanols in yields up to 84% which however depended on the substrate concentration. Reaction of 1-octene (Eq. 33) and allylbenzene produced mixtures of the corresponding terminal and internal alcohols, the formers being the main products.

Subsequently, Ura's team used BQ and catalytic amounts of both PdCl2(MeCN)2 and CuCl in aq. t-BuOH under oxygen [42].These conditions led to selective oxidation at the terminal carbon even in the absence of heteroatom-mediating regioselectivity (Eqs 34 and 35)4 . Subsequent dehydrogenation of the aldehyde may however occur, leading to the corresponding α,β-unsaturated aldehyde [53]. The selectivity decreased in the absence of either CuCl or BQ, or when substrate and water were not slowly added to the PdCl2(MeCN)2/CuCl/BQ/t-BuOH mixture (Eq. 34). Changing BQ for maleimide was also prejudicial to the selectivity. That contrasts with a previous Ura procedure [18] which provided the best results with maleimide (Eq. 3). The selectivity was also depending on the size of the alcohol as observed with an alcohol either less (i-Pr2CHOH) or more (EtCMe2COH, Et3COH) crowed than t-BuOH (Eq. 34). A side-reaction was the isomerization of the substrate into internal alkenes, especially when it was all at once added.

Given the results of DFT calculations of the reaction of a directing group-free terminal alkene, Ura and co-workers proposed that the catalytically active species is a µ-chloro Pd II -Cu I bimetallic species with BQ coordinated to Cu such as 6A (Scheme 6) [42]. A Pd-Cu bimetallic complex bearing chloride bridges was already proposed as active catalytic species of PdCl2/CuCl2 Wacker reactions [START_REF] Kiers | [END_REF]55], while ESI-MS studies of PdCl2/BQ Wacker reactions revealed the participation of dinuclear palladium complexes but did not detect BQ coordination [56]. Besides, interaction of BQ with cationic complex [(η 3allyl)Pd(acetone)2] ⊕ BF4 Θ complex was observed by 1 H NMR, but was not detected from [(η 3allyl)PdCl]2 because the presence of strong binding chloride ligands [57]. From 6A, ligand exchange with the substrate provides 6B. Subsequent attack of t-BuOH affords alkylpalladate 6C which undergoes β-H elimination leading to 6D. The authors suggest that the attack of 6D by water arises before dissociation of the alkenyl ether. That results in the formation of the aldehyde and Pd 0 species. The latter are oxidized to the Pd II catalyst with CuCl2/HCl/O2 or BQ/HCl a depicted in Schemes 4 and 5, respectively. Scheme 6. A Pd-Cu-BQ species as the active catalyst.

5) Pd/Cu/MNO2/O2/ROH

Feringa disclosed that the nitro palladium complex ClPd(NO2)(MeCN)2 used by the teams of Andrews and Heumann for the catalytic aerobic of terminal olefins into the corresponding methyl ketones [58,59], mainly led to the anti-Markovnikov product when the nitro catalyst was associated to CuCl2 in t-BuOH [60]. Moreover, the system strongly suppressed the substrate isomerization [START_REF] Kiers | [END_REF]61]. In fact, the right catalyst differs from ClPd(NO2)(MeCN)2. Indeed, the ClPd(NO2)(MeCN)2/CuCl2/t-BuOH mixture was beforehand heated at 55 °C under oxygen [62], leading to a brown solid named L2ClPdNO2 (L = MeCN, CuCl2 or t-BuOH) [START_REF] Kiers | [END_REF]61] which was then used to catalyze the oxidation [60]. In agreement with literature [58, 59,63], Feringa proposed the formation of the aldehyde via cycloaddition of the catalyst to the alkene followed by β-H elimination (Scheme 7). That leads to palladium nitrosyl complex 7A which reacts with oxygen to regenerate the active catalytic species [START_REF] Kiers | [END_REF]60,61]. According to this scheme, the formal oxidation state of palladium does not change during the oxidation. Consequently, the role of CuCl2 differs from that in the traditional Wacker reaction. A chloride bridged binuclear Pd-Cu complex [START_REF] Kiers | [END_REF] with a t-BuOH ligand [60] was suspected. Scheme 7. NO2 as the oxygen source.

As above depicted in Eq. 28, selective formation of the aldehyde but with moderate conversion was reported from ClPd(NO2)(MeCN)2-catalyzed oxidation of an allylic amide with BQ in t-BuOH . In contrast, the ClPd(NO2)(MeCN)2/CuCl2/t-BuOH/O2 association allowed both high conversion of a phthalimide protected allylic amine and high selectivity towards the aldehyde (Eq. 36) [36]. Other protective groups led to lower conversions and/or selectivities.

Wenzel [64] having suggested the in-situ formation of t-butyl nitrite under Feringa's conditions [60], that is from the ClPd(NO2)(MeCN)2/CuCl2/t-BuOH mixture, Grubbs team examined the room temperature PdCl2(PhCN)2-catalyzed oxidation of 1-dodecene in the presence of CuCl2 and various nitrite sources in t-BuOH/MeNO2 (Eq. 37) [65]. No reaction occurred in the absence of t-BuOH, while the presence of MeNO2 increased the selectivity. Best results arose with silver nitrite, leading to a 3.8 aldehyde/ketone ratio5 . Use of the Feringa complex as both catalyst and nitrite source decreased this ratio to 0.9 (Eq. 37) [65]. Thus, the authors suspected "that the nitrite anion does not simply undergo salt metathesis to form PdNO2Cl in situ and that instead a more complex synergistic interaction between the metals occurs." The optimized conditions were successfully used to provide aldehydes from various substrates bearing distal functionality showing the functional-group tolerance of the method (Eq. 38). Next, N-allyl and N-homoallyl phthalimides were submitted to the procedure (Eq. 39), highlighting its high regioselectivity and its plausible specificity towards the anti-Markovnikov product. Indeed, the procedure of Chapter 2, that is PdCl2/CuCl/O2/H2O/DMF, led to the same high regioselectivity from the 3-methylallyl substrate (Eqs 18 and 39) but was less regioselective from the allyl and homoallyl substrates, the aldehyde/ketone ratio decreasing from 99:1 to 60:40 (Eqs 39/18) and from 90:10 to 15:85 (Eq. 39) for the allyl and homoallyl substrates, respectively.

To elucidate the origin of the aldehydic oxygen atom, Grubbs team performed the reaction of 4-phenyl-1-butene with stoichiometric 18 O-labeled NaNO2 under oxygen-free conditions [65]. The effective incorporation of 18 O into the aldehyde (Eq. 40) illustrated the transfer of the oxygen atom from the nitrite salt to the terminal position of the 1-alkene 6 The authors proposed that the high anti-Markovnikov regioselectivity is due to "a metal-mediated delivery of an NO2 radical species across the alkene". The hypothesis is notably proposed from the well-known addition of radicals to the extremity of 1-alkenes [66] and to the generation of nitro radical from AgNO2 [67]. The no alkene conversion with a stoichiometric mixture of CuCl2 and AgNO2 suggested to Grubs and co-workers that Pd rather than Cu mediates the NO2 delivery [65].

Given the fair aldehyde selectivity obtained from aliphatic 1-alkenes (Eq. 38), Grubbs and Bronner carried out one-pot reactions (Eq. 41) similar to those depicted in Eq. 21 except the use of the oxidation conditions of Eq. 38 [43]. Interestingly, the formal hydroamination of 4phenyl-1-butene with N-methylaniline arose in 64% yield while experimental conditions effective for styrenes (Eq. 21) provided the product in 24% yield (Eq. 41).

The oxidation of terminal alkenes substituted in 3, 4 or 5 position by an ether moiety (Eqs 42-44) [68] or a fluor atom (Eqs 45-47) [69] was then carried out by Grubbs and co-workers under their experimental conditions. Comparison with reactions under Selwitz/Tsuji's conditions [11,27] highlighted the innate selectivity of the Grubbs procedure (Eqs 42-44). Coordination of the Lewis basic oxygen atom to palladium was suspected [68], while enhancement of the regioselectivity by fluoride substitution (Eq. 45) was attributed to inductive effect of this atom [69]. The reaction depicted in Eq. 47 arose without erosion of enantioselectivity; that showed the absence of Pd-catalyzed isomerization on the time scale of the oxidation [69]. Aldehydes were also selectively obtained under palladium/copper/nitrite catalysis from terminal alkenes bearing sterically demanding quaternary carbons at the allylic (Eq. 48) or homoallylic position (Eq. 49) while methyl ketone was the main product under traditional Wacker conditions (Eq. 50) [70]. Interestingly, the allyl β-ketoester depicted in Eq. 51 afforded the aldehyde as the main product without cleavage of the allyl-ester bond [71]; only traces of the enal due to Pd-catalyzed dehydrogenation of the aldehyde [53] were detected.

A
Grubb's procedure was used for the synthesis of atomoxetine (Scheme 8) [68], (±)vibralactone (Scheme 9) [72] and the cyanthiwigin natural product core (Scheme 10) [73].

Scheme 8. Synthesis of atomoxetine.

Scheme 9. Synthesis of vibralactone.

Scheme 10. Synthesis of the cyanthiwigin natural product core.

Density functional theory (DFT) studies on the mechanism of the palladium/copper/nitrite/t-BuOH oxidation procedure have been conducted by Yu, Fu and co-workers to explore the origin of the aldehyde selectivity [74]. According to the investigations, syn addition of the oxidation species to the C=C bond is kinetically more favorable than anti addition, and t-BuOH-ligated heterobimetallic Pd-Cu complexes are involved. Scheme 11 summarizes the results of the DFT studies. Interaction of the alkene with complex 11A formed from the Pd II /Cu II /nitrite/t-BuOH mixture leads to the key transition state 11B 7 . From 11B, the radical 1,2-H shift is more favorable than the β-H elimination. That affords the aldehyde and NOcoordinated complex 11C. The aerobically reaction of the latter regenerates the active catalyst. The no conversion in the absence of t-BuOH [65] highlights its determining role on the process. According to 11B, t-BuOH is in a distant position from both the Pd atom and the C=C bond, hence a remote effect on the reactivity and a role which remain obscure. It seems interesting to note that complex 11A is very similar to the chloride bridged binuclear Pd-Cu complex with a t-BuOH ligand suspected by Feringa's team [START_REF] Kiers | [END_REF]60], while the radical character of the pathways leading to the products remembers the radical intermediacy proposed by Grubbs team [65].

Scheme 11. The calculated key transition state of the Pd/Cu/MNO2/t-BuOH/O2 procedure.

6) Pd/RONO/O2/ROH (H2O)

Having previously observed that tert-butyl nitrite is a NO-source [75] and may replace nitrite salts [76], Kang's team performed the PdCl2(PhCN)2-catalyzed oxidation of allyl ethers and allyl amines using t-BuONO8 , t-BuOH and O2, leading to aldehydes in up to 30:1 regioselectivity (Eqs 52 and 53) [77].

In the absence of t-BuONO, exchange of PdCl2(PhCN)2 for ClPd(NO2)(MeCN)2 (the starting catalyst used by Feringa [60]) afforded traces of the oxidation products (Eq. 51), suggesting to Kang and co-workers that NO2-containing Pd complexes were not active species under Agand Cu-free conditions. Kinetic studies indicated that "t-BuONO should not directly bond to Pd and stay outside of the catalytic cycle" [77]. Inhibition of the oxidation by a radical trap led the authors to propose a Pd II /Pd 0 catalytic cycle with t-BuONO as a redox cocatalyst (Scheme 12). Activation of the alkene via coordination to the catalyst leads to 12A, and is followed by main attack of the alcohol on the alkene extremity to afford 12B which undergoes β-H elimination leading to enol ether 12C and hydridopalladium complex 12D. Protonation of 12C gives 12E which evolves towards the aldehyde or the acetal (Eq. 52) [START_REF]formation of terminal acetals from Pd-catalyzed oxidation of 1-alkenes[END_REF] depending on the size of the alcohol. Reductive elimination of HCl from 12D gives Pd 0 species. Regeneration of the catalyst is assumed by NO2 which is obtained from aerobic oxidation of NO produced from t-BuONO. Water formed during the catalyst regeneration or adventitious water is involved in the generation of the aldehyde. 9 The participation of water in the formation of the carbonyl compound has been subsequently demonstrated in the course of the study of Wacker reaction of internal olefins using the same method. According to the authors, 12B (R = t-Bu) as intermediate is supported by the first-order dependence of the initial rate on the amount t-BuOH [77]. We nevertheless suspect that intermediates 12A and 12B will be better depicted with intramolecular coordination of the heteroatom to Pd.

Scheme 12.

Alcohol-depending Wacker product and tert-butyl nitrite as reoxidant.

In a subsequent report, Kang, Qu and co-workers related the dependence of the selectivity on the solvent identity [80]. The oxidation of homoallyl phenyl ether as the substrate showed that the aldehyde selectivity depended on the size of the alcohol, the aldehyde yield decreasing from 80% in t-BuOH to 23% in MeOH (Eq. 54). The best ketone yield, 67%, arose in EtOH and was increased to 76% by addition of water. Thus, various terminal alkenes bearing heteroatomic groups in 4-or 5-position were submitted to the conditions leading selectively to either the aldehyde or the ketone (Eqs 55-57), while only the ketones were obtained from styrene and 1-octene.

Comparison of the oxidation results of alkenylbenzoates in t-BuOH (Eqs 52/55) showed that the aldehyde regioselectivity decreased with the remoteness of the C=C bond, the A/K ratio dropping from 26:1 for allyl benzoate to 4.8:1 for homoallyl benzoate and to 2.1:1 for pent-4en-1-yl benzoate. Such behavior was also observed with N-alkenylated isoindoline-1,3-diones (Eqs 53/57) and the phenoxy compounds (Eqs 52/55).

In this second report, the authors proposed that addition of t-BuOH to η 2 -alkenylpalladium 13A leads to 13B while that of the smaller alcohol (EtOH) gives 13C (Scheme 13) [80]. These intermediates undergo β-H elimination leading to enol ethers 13D and 13E, which suffer acidic hydrolysis to afford the corresponding aldehyde and ketone, respectively.

-Scheme 13. Alcohol size-depending regioselectivity.

While the proposed t-BuOH reaction pathway of Scheme 13 agrees with that of Scheme 12, those of EtOH strongly differs. Indeed, the EtOH reaction mainly arises at either the terminal position (Scheme 12) or the internal position (Scheme 13) and produces either an acetal (Scheme 12) or a ketone (Scheme 13). No explanation was provided by the authors. The difference between the two reports [77,80] seems only lie in the C=C bond/heteroatom distance of the substrates. We suspect a role of the coordination sphere of palladium. Indeed, the t-BuOH reaction which mainly affords the aldehyde from substrates of Eqs 54-57 led to ketone from heteroatom-free substrates such as styrene and 1-octene [80]. Moreover, the selectivity is inversely proportional to the heteroatom/C=C bond distance. These results plead for the ligation of the heteroatom to palladium, that is for the formation of η 2alkenylpalladium intermediates 14A and 14B from substrates of Eqs 52, 53 and Eqs 54-57, respectively (Scheme 14). According to the second report [80], the regioselectivity depends more on the alcohol size than on the water concentration (Eq. 54). Thus, a low steric hindrance would favor the reaction in 2-position. Anti-alkoxypalladation is usually assumed for Wacker-type reactions with alcohols [10c,78b]. The different sizes of 14A and 14B lead to different steric hindrances of the respective 1-and 2-positions of the alkenyl ligand and, consequently, different reactivities with the alcohol. We suspect that the 2-position of 14A is more crowded than the 1-position, hence the higher reactivity in the terminal position. The 1and 2-positions of 14B would be less crowded than those of 14A, favoring the formation of the Markovnikov product. The formation from 14D of the methyl ketone rather than the ketal could arise from a more difficult reaction of EtOH with enol ether 14D than with 14C, due to steric reasons [START_REF] March | Advanced Organic Chemistry[END_REF].

Scheme 14. Plausible regioselectivity dependence on the steric hindrance of the η 2alkenylpalladium intermediate.

Whatever the intimate mechanism, the procedure has been efficient to prepare an aldehyde intermediate of the synthesis of the C9' epimer of sinefungin (Scheme 15) [START_REF] Decultot | [END_REF].

Scheme 15. Synthesis of C9'-epi-sinefungin.

7) Pd/H5PV2Mo10O40/O2/H2O

Wacker-type reactions have been carried out in the presence of catalytic amounts of polyoxometalates [83,84]. Polyoxometalates are able to regenerate active Pd II species and they are themselves regenerated with oxygen. Thus, the oxidation of styrene into mainly phenylacetaldehyde has been previously reported [9,[START_REF] Wright | [END_REF]. More recently, Hong and co-workers used different polyoxometalates, especially H5PV2Mo10O40/air instead of CuCl2/air (Eq. 14) to perform the Pd-catalyzed oxidation of allyl phenyl ether (Eq. 58) [31]. The conversion increased (Eqs 14/58), the methyl ketone remaining the main product. Similar results were obtained from para-substituted (allyloxy)arenes.

8) Pd/KBrO3/H2O

Kulkarni's team, which proposed Wacker-type reactions of terminal alkenes using Pd/C and CuCl2/O2 (Eq. 13), has subsequently performed such reactions with potassium bromate as the oxidant [85]. As previously [28], the procedure usually led to the methyl ketone (Eq. 59) and the catalyst was recyclable. Substrates boring an allylic ether substituent may undergo selective oxidation into aldehydes (Eqs 60 and 61) but this reaction pathway was not general (Eq. 62). We add that no product was detected when the PdCNT-catalyzed oxidation of styrene depicted in Chapter 2 (Eq. 11) was carried out with KBrO3 instead of CuCl [26].

9) Pd/(Ag or Cu)/peroxide/H2O

In 1980, Mimoun's team related the synthesis of methyl ketones from cocatalyst-free Pd IIcatalyzed oxidation of terminal olefins with t-BuOOH [86] or H2O2 [87], and proposed a catalytic cycle (Scheme 16)] which involves peroxypalladium species 16A and 1,2-hydrogen shift from 16B [30]. The same year, Tsuji's team related the formation of acetophenone from styrene and H2O2 under Na2PdCl4 catalysis [88]. Subsequently, neutral and cationic palladium complexes containing various ligands were used to catalyze the oxidation of styrene with peroxides affording also acetophenone as the main compound [89][90][91].

Scheme 16. Mimoun's catalytic cycle of Wacker-type reactions using hydroperoxides.

In 2011, Wu and co-workers disclosed the use of a functional metal-organic framework assembled from palladium-porphyrin building blocks and cadmium connecting nodes, [Cd1.25(Pd-H1.5TCPP)(H2O)] . 2DMF, to catalyze the oxidation of styrene with an acidic aqueous solution of H2O2 (Eq. 63) [92]. Both conversion and selectivity greatly depended on the acid. While no conversion was observed with AcOH, the acetophenone/benzaldehyde ratio varied from 52:47 with HCl to 95:5 with H2SO4. A high selectivity towards the ketone also arose with HClO4 and the catalyst was recyclable without efficiency decrease. Switching to Pd/C as the catalyst decreased the conversion and led to a 49:51 ratio of the two products, while Pd(OAc)2 provided a high amount of benzoic acid.

In 2009-2011, Sigman and co-workers reported the Pd(Quinox)Cl2/AgSbF6-catalyzed oxidation with aqueous t-BuOOH of 1-alkenes having an heteroatomic substituent in allylic position. [37,93,94] According to the authors, the reaction involves the insertion of the C=C bond of the substrate into the Pd-O bond of a cationic t-butyperoxypalladium complex bearing the bidentate ligand, followed by a rearrangement similar to that of 16B. The method essentially provided methyl ketones as exemplified with the oxidation of N-alkenylated phthalimides shown in Eq. 64 [37]; this regioselectivity strongly differs from those obtained with the other conditions (Eqs 18, 30, 36, 39, 53 and 57). Noticeable amount of the aldehyde was only obtained from N-methyl benzoyl allyl amine (Eq. 65) but with competitive deallylation resulting from either Pd-allyl chemistry or decomposition of the aldehyde. [37]. Oxidation of allylic esters using t-BuOOH instead of BQ also resulted in decrease of the aldehyde/ketone ratio (Eq. 66) [47]. According to both catalytic cycles of Scheme 18, use of H2O 18 would afford 18 O-labelled lactone. In fact, such a reaction afforded a 1:1 mixture of labelled and unlabelled lactones (Eq. 70). Thus, we envisaged a catalytic cycle based on above Mimoun's proposal, but Scheme 17 describes a regeneration of the active Pd II species without CuCl2 while this additive was required for catalytic lactonization (Eq. 69). That led us to hypothesize that, in the lactonization process, the role of CuCl2 instead to be an oxidant, is to form heterobimetallic Pd-Cu intermediates which would be more stable or/and effective catalytic species than monometallic complexes. In fact, Wacker-type reactions with PdX2-CuX2 catalysts under oxygen [55,96] We are conscious that the lactonization also arose when t-BuOOH when replaced with O2 or BQ (Eq. 69) [95]. These experimental conditions led however to a reaction with almost no catalytic character which could occur via one of the pathways depicted in Scheme 17. The extremely low efficiency of CuCl2/O2 and CuCl2/BQ associations to regenerate active Pd species is nevertheless surprising.

Various transition metal-catalyzed reactions have been carried out in ionic liquids; these procedures often present the advantage of the recycling of both catalyst and solvent [97]. The PdCl2-catalyzed oxidation of styrene using either 30% H2O2 in [bmim][X] (bmim = 1-butyl-3-Pd 0 complex which would be subsequently oxidized with (NH4)2S2O8 as usually proposed for the regeneration of Pd II species with peroxydisulfates [102]. Moreover, such co-oxidants could lead to a catalytic cycle involving Pd IV intermediates [103]. When H2O2 was the cooxidant (Eq. 71), the reaction probably arose via peroxypalladium intermediates as assumed in Chapter 9.

Scheme 19.

Palladacycle-controlled regioselectivity.

10) Pd/O2/H2O or ROH

Wacker-type reactions of terminal olefins using molecular oxygen as sole reoxidant, either in water [104] or aqueous DMA [105] have been reported in 1998 and 2006, respectively. Subsequently, the teams of Gusevskaya and Reiser independently used the aerobic DMA system for the oxidation of vinyl arenes in DMA [106,107]. Mixtures of methyl aryl ketones and aryl aldehydes were isolated in a ratio depending on the Pd catalyst, its amount and the aryl substituent (Eq. 73). No scheme of a catalytic cycle was proposed. Gusevskaya and coworkers suspected "the re-oxidation of the reduced palladium species by molecular oxygen". Such reduced palladium species would arise from HPdCl obtained via β-H elimination as depicted in Scheme 4. In fact, it is never clear to know if the regeneration of active Pd II catalyst occurs from interaction of O2 with Pd 0 or with HPdCl [101]. Reaction with HPdCl would afford HOOPdCl [108,109] while reaction with Pd 0 and 2 HCl could lead to PdCl2 and H2O2 [110,111]. Then, H2O2 could react with PdCl2 giving HOOPdCl. Thus, the methyl ketone could be obtained via both Mimoun's pathway and addition of water to a η 2alkenylpalladium intermediate [112] as depicted in Scheme 20.

Scheme 20.

Plausible pathways leading to acetophenone using O2 as sole reoxidant.

He and co-workers who obtained a 92:7 mixture of acetophenone and benzaldehyde from oxidation of styrene in scCO2/PEG using PdCl2 and CuCl under oxygen (Eq. 8) observed the selective formation of benzaldehyde when CuCl was excluded (Eq. 74) [22]. Under these conditions, peroxide species were detected and cleavage of the double bond of styrene was suspected. Interestingly, the PEG phase which immobilized the catalyst was reused with only slight loss of the Pd activity. The team has also carried out Wacker-type reactions in ethylene carbonate leading mainly to methyl ketones from terminal alkenes [113].

A recyclable water-soluble Pd II complex formed from coordination of Pd(OAc)2 to 2,2'dipyridylamine attached to PEG-2000 was used by Hou's team to catalyzed the oxidation of styrenes under oxygen pressure. [114] Only traces of 1-arylethanones were obtained, the main compounds being the aldehyde and acid cleavage products in a ratio depending on the substitution of the aryl unit (Eq. 75). Monitoring the reaction of styrene indicated that acetophenone and benzaldehyde were produced in parallel pathways while benzoic acid was produced from further oxidation of benzaldehyde. The catalytic cycle proposed by the authors is depicted in Scheme 21 (black pathway). Interaction of the catalyst with the substrate would afford styryl acetate and hydridopalladium complex 21A. Interaction of the latter with oxygen affords hydroperoxypalladium complex 21B which reacts with styrene leading to 21C. Decomposition of 21C delivers benzaldehyde and 21D which evolves towards 21A and formaldehyde. The authors detected CO2 which could be formed via oxidation of formaldehyde. The formation of Pd I intermediates 21C and 21D looks questionable. Thus we suggest that the reaction of 21B with styrene provides rather 21E (Scheme 21, red pathway). Subsequent elimination of AcOH leads to peroxypalladacycle 21F which undergoes decomposition giving benzaldehyde and 21G. Reaction of 21G with AcOH, via possibly a Pd 0 intermediate, completes the catalytic cycle. Giving the regioselectivity of the insertion leading to 21C or 21E from 21B, and the intermediate proposed for acetoxylation of styrene [115], we suspect that the coordination/elimination leading to 21A will produce 1-phenylvinyl acetate rather than styryl acetate (Scheme 21, red pathway). The selective formation of benzaldehyde from styrene also arose using catalytic Pd(OAc)2, p-toluenesulfonic acid and oxygen pressure in water at 100 °C, but would involve 1-phenyl-1,2-ethanediol as intermediate [25]. 

11) Conclusion

The regioselectivity of the Wacker oxidation of terminal alkenes is significantly influenced by the constitution of the catalytic system and by the presence of a coordinating fragment in the substrate. Over the last years, procedures mainly leading to anti-Markovnikov products, even in the absence of a chelating group, have been developed and successfully used for access to key intermediates of natural products. They may involve the use of particular ligands or nitrite systems. Recyclable heterogeneous systems have been reported but with a very limited generality towards the anti-Markovnikov products. Selective formation of 2-arylacetaldehydes from styrenes may be thwarted by large over-oxidation leading to arylaldehydes as the main products; methods limiting this pathway have been however disclosed. In the context of the green chemistry, we like to mention the increasing interest of aldehydes as acylation surrogates [116].

Although meticulous studies have been performed to establish detailed catalytic cycles, further investigations of some Wacker-type procedures would be necessary to better understand the role of the different components on the reaction intermediates and, consequently, on the regioselectivity dependence. The role of copper salts could be not limited to regeneration of Pd II species but to be also a component of the active catalyst.

Scheme 21 .

 21 Scheme 21. Hydroperoxypalladium complex-mediated C=C bond cleavage.

  The authors proposed two lactonization pathways from alkoxypalladium 17A (Scheme 17, black pathways) with a role of t-BuOOH limited to the regeneration of the Cu II species[95]. The first catalytic cycle proposed a domino process with insertion of the C=C bond into the Pd-O bond followed by β-H-elimination leading to 17B. Reaction of the latter with the catalyst and then with water provides 17C. A second β-H-elimination affords enol 17D. Subsequent keto-enol tautomerization produces the lactone. Regeneration of the catalyst is assumed by the Cu/t-BuOOH association. The second catalytic cycle was a Wacker type reaction with anti-Markovnikov selectivity, but the structure of the proposed Pd III intermediate 17E and its evolution into HPdCl and 17F are rather strange. If a Wacker type reaction is really involved, we favor the formation of intermediates 17G and 17H which also lead to HPdCl and 17F (Scheme 17, red pathways). Tautomerization of 17F followed by cyclization of 17I leads to lactol 17J which undergoes oxidation to provide the lactone.

Scheme 17. Plausible lactonization pathways.

  or in association with nitrite sources (see Chapter 5) have been reported. Besides, Waymouth and Mudloon disclosed that Wacker-type reactions with peroxides may occur via formation of a palladium enolate rather than 1,2-hydrogen shift[90]. We use these literature reports to propose a reaction with a Pd-Cu complex that we named Cl[Pd,Cu]Cl (Scheme 18). Coordination of the substrate to the peroxy complex formed from Cl[Pd,Cu]Cl and t-BuOOH is followed by insertion of the C=C bond into the [Pd,Cu]-O bond, leading to 18A. Release of t-BuOH from 18A gives palladium enolate 18B. Then addition of H2O18 to the activated C=O bond provides 18C which undergoes β-O16/18 H elimination leading to 18D and a mixture of labelled and unlabeled γ-hydroxyaldehydes, subsequent cyclization and oxidation giving the corresponding lactones. Regeneration of active catalytic species arises from reaction of 18D with t-BuOOH. Lactonization mechanism based on Mimoun, Waymouth and Mudloon proposals.

	Scheme 18.

Table

2, Entry 1 of Liu's report[21]: reaction time is 12 h, not 16 h. Personal communication from S.-T. Liu, September, 21, 2020.2 This intermediate was proposed for the Pd-catalyzed cleavage of the C=C bond of styrene in water under acidic aerobic conditions[25].

See the supplementary data of the article for the accurate structure of the substrate.

Difference between the results of Tables S1, S2 (and Table1, entry 1) and those of TableS3[42] are attributed to different reaction scales or experimental errors. Personal communication from Y. Ura, September, 29, 2020.

The oxidation of 1-dodecene into decanal (1%) and 2-decanone (9%) showed in Figure1, Entry 1 of the report[65] was carried out using the PdCl2(MeCN)2/BQ/H2O/t-BuOH method. Personal information from Z. K. Wickens, October, 5, 2020.

Andrews and Kelly reported the formation of18 O-labeled 2-decanone from the reaction of18 O-enriched ClPd(NO2)(MeCN)2 with 1-decene[58a].

Following e-mail exchanges with H. Yu (October 2020), the structure of transition state 11B slightly differs from that published.

Grubbs team has previously performed the oxidation of 1-dodecene with t-BuONO instead of nitrite salts (Eq. 37)[65].

The participation of water in the formation of the carbonyl compound has been subsequently demonstrated in the course of the study of Wacker reaction of internal olefins using the same method[79].
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