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The E,Z-configured 1,3-diene unit is a common motif in numerous bioactive natural products. Although several powerful methods are available to produce these motifs with high levels of selectivity, their construction within a complex, polyfunctionalised structure, such as a natural product, requires well-defined strategies to avoid undesirable reactions and low-to-moderate selectivities. The aim of this review is to provide a full account of the stereoselective strategies for building E,Z-configured 1,3-dienes, as well as to highlight selected total syntheses that employ them. 1 Introduction 2 Stereoselective methods 2.1 Pericyclic reactions 2.2 Cross-coupling reactions 2.3 Heck reactions 2.4 C-H activation reactions 2.5 Ir-catalysed olefinations 2.6 Carbonyl olefination reactions 2.7 Elimination strategies 2.8 Double bond isomerisation strategies 2.9 Metathesis strategies 2.10 Ene-yne triple bond reduction strategies 2.11 Organocatalysed 1,6-Michael additions 3 Applications in total synthesis: selected examples

Introduction

Polyene motifs with E,Z stereochemistry are prevalent in many natural and/or biologically active products (Figure 1), most notably in polyketide natural products. [START_REF] Baker | Aliphatic and Related Natural Product Chemistry[END_REF] Building on seminal and classical crosscoupling and carbonyl olefination reactions, much effort has been devoted towards improving the existing methods towards conjugated dienes, as well as developing novel stereoselective synthetic approaches for E,Z-isomers in particular.

Due to their higher HOMO and lower LUMO levels, conjugated dienes are more reactive than isolated double bonds. In addition, Z-alkenes are thermodynamically less stable than E-alkenes, rendering E,Z-polyenes highly reactive in processes like cyclisations and addition reactions. The resulting intrinsic reactivity of E,Z-polyenes also poses important synthetic challenges, as methods for their formation are scarce compared to those for E,Epolyenes. [2] Despite the abundance of E,Z-conjugated dienes in natural products and the inherent challenges accompanied with their synthesis, to the best of our knowledge, no review dedicated to the accessibility of E,Z-conjugated dienes has been reported in the literature. [START_REF] De Paolis | For a review dealing with the stereoselective access to conjugated dienes (all isomers) in the 2005-2010 period[END_REF] Thus, the aim of this review is to provide a general overview on the existing strategies for forming these dienes and to highlight strategies that have been used to synthesise such complex molecules and natural products. Accordingly, syntheses of hetero-Xsubstituted E,Z-dienes (X = halogens, boron, silicon, etc.) and E,Z-dienes where the Z-olefin is embedded into a cyclic compound (e.g. cyclopentene or cyclohexene) are not going to be exhaustively covered herein, and only examples belonging to novel methods or representative synthesis illustrations will be cited.

The second chapter of this review is organised into eleven sections (2.1-2.11) that detail the main strategies for obtaining E,Z-conjugated dienes. Each section will provide the reader with a comprehensive overview on E,Z-stereoselective methods and highlight their applicability in selected total syntheses.

The first section will discuss different pericyclic reactions that have been applied to generate stereodefined 1,3-dienes. Next, various cross-coupling reactions that constructed not only linear E,Z-dienes, but also macrocyclisations, will be considered. Mechanistically different, involving a carbopalladation step, the Heck (carbopalladation) reactions will be discussed separated in the third section. Subsequently, the fourth and fifth sections will review C-H activation protocols, as well as Ir-catalysed reactions. The sixth section will summarise traditional and novel carbonyl olefination reactions, followed by elimination and isomerisation strategies in the seventh and eighth sections, respectively. Thus, metathesis strategies (ninth section), reductive approaches (tenth section) and 1,6-Michael additions (eleventh section) will be summarised. Finally, the applicability of the surveyed synthetic methods will be highlighted by illustrating the key steps of selected natural product total syntheses. Unfortunately, due to the large amount of bibliographic material available for total synthetic approaches, we apologise to those authors whose studies have not been cited in this review.

Figure 1.

Selected examples of (E,Z)-1,3-dienes in natural products.

Stereoselective methods

Pericyclic reactions

Pericyclic reactions proceed through the simultaneous reorganisation of bonding electron pairs by way of cyclic transition states. The simultaneous bondbreaking and bond-making reactions within a single kinetic step are invaluable for the stereospecific construction of unsaturated systems. Accordingly, the three main types (electrocyclic, cycloreversion, and sigmatropic) of pericyclic reactions (Scheme 1) have been judiciously used for the stereoselective construction of E,Z-dienes and are described in the three following subsections. Scheme 1. Main types of pericyclic reactions.

Electrocyclic ring-opening strategies

An electrocyclic reaction is a concerted cyclisation of a conjugated π-electron system by converting one πbond to a ring-forming σ-bond. The reverse can also occur and is known as an electrocyclic ring opening reaction. Electrocyclic ring-opening reactions of ciscyclobutenes and pyrilium derivatives have emerged as efficient tools for constructing E,Z-dienes. The stereospecific access to 2Z,4E-dienals through the addition of organolithium reagents to pyrylium salts 1 has been described by Taylor et al. (Scheme 2, eq (a)). [46] After adding the organilithium reagent to 1 at 78 °C, the electrocyclic ring opening was induced by warming the reaction mixture to 0 °C, yielding the corresponding 2Z,4E-dienal 2 in good yields and high selectivities. Due to the resulting terminal and easily modified aldehyde group, this strategy has been applied to the synthesis of various natural products, including leukotrienes, umbraculumins, retinoids, cytostatin, and phostriecin. [79] Related reactions with pyridine oxides (3) have also been described (Scheme 2, eq (b)), where dienal oximes (4) were stereoselectively constructed. [10] Interestingly, the resulting oximes could be easily converted in situ to their corresponding nitriles (5) in the presence of the Vilsmeier-Haack reagent (Scheme 2, eq (c)). Boger cleverly applied this electrocyclic ring-opening strategy to the synthesis of cytostatin and phostriecin. [9] After the electrocyclic ring opening, aldehyde 2a was readily transformed into the corresponding triene 6 using a sequence involving a Ramirez-Corey-Fuchs reaction. Thus, a selective Ebromide reduction via a Pd cross-coupling [Bu3SnH, Pd(Ph3P)4] reaction afforded alkenylbromide 7, which underwent a halogen-metal exchange and was subsequently used to create a C-11 allylic alcohol (Scheme 2, eq (d)) (see also section 2.2).

An alternative, electrocyclic ring-opening strategy has been illustrated by Trost, where a cis cyclobutene ring opening approach was used for the total synthesis of verrucarin A. [11] Starting from macrocyclic compound 8, a 2:1 mixture of the two E,Z-isomers (9 and 10) was obtained (Scheme 3, eq (a)). Later, Wallace described the electrocyclic ring opening of cis cyclobutenecarbaldehyde 11 (Scheme 3, eq (b)). [12] This reaction occurs at low temperature with high selectivity, while the same reaction with the corresponding dicarboxylic acid requires higher temperatures (80-110 °C) and exhibits lower selectivities.

Scheme 3. Cyclobutene ring-opening strategies. PMB = p-methoxybenzyl.

Capitalizing on the selective ring-opening of cyclobutenes, Maulide described a double cyclobutene electrocyclic ring-opening on 13 that enabled the stereoselective formation of 14 with two E,Z-and E,Ediene subunits of macrolactin A (Scheme 3, eq (c)). [13,14] While 3-sulfolene cheletropic ring-opening reactions via SO2 extrusion have been widely used to unmask 1,3-diene synthons, the use of trans 3sulfolenes (15) for the construction of E,Z-dienes (16 and 17) is rather scarce and inherently limited to symmetrical compounds, where R 1 = R 2 (Scheme 4). [1518] Scheme 4. Cheletropic SO2 extrusion in 3-sulfolenes.

Cycloreversion strategies: Retro Diels-Alder reactions

Diels-Alder (and related) reactions have been extensively used in organic synthesis, due to their highly convergent and stereospecific characteristics. On the other hand, the authorised reverse reactions, namely retro Diels-Alder reactions, have rarely been used. [19] In the synthesis of monohydroxyeicosatetranoic acids (HETES), the Z double bond of the E,Z-diene was first masked using bicyclic lactone 18 (Scheme 5). [19a] After further modifying the HETES core, the Z-alkene was obtained in high yield using a retro Diels-Alder reaction. Scheme 5. Retro Diels-Alder strategy. TBDPS = tertbutyldiphenylsilyl.

Sigmatropic strategies: Oxonia-Cope and Claisen rearrangements

The high stereocontrol offered by highly organised transition states during [3,3]-sigmatropic rearrangements constitute an efficient tool for controlling the stereoselectivity in 1,3-diene syntheses. Although the oxonia-Cope is not the most popular amongst the [3,3]-sigmatropic rearrangements, it efficiently takes advantage of the equilibrium between two oxo-carbenium intermediates to construct stereodefined, homoallylic alcohols. Starting from stereodefined α-vinylogous aldol products 19 and 20, Han described the stereoselective access to both E,Zand Z,E-bisvinylogous aldol products 21 and 22 through an oxonia-Cope rearrangement (Scheme 6). [20] Scheme 6. Oxonia-Cope rearrangements.

As illustrated with the reaction of syn/Z adduct 19, this [3,3]-sigmatropic rearrangement allows the transfer of both the chirality and stereocontrol of the incoming double bond, due to the six-membered transition state.

Various Claisen rearrangements of propargylic alcohols have also been described. The Johnson-Claisen rearrangement of propargylic alcohols, [21] followed by allene isomerisation to give the corresponding E,Z-dienoic esters was described by Tsuboi in 1982. [22,23] Due to its versatility, this strategy has been used in numerous total syntheses, including those of insect sex pheromones, natural insecticides, and macrolactones. [2427] The synthesis of the C7-C15 fragment of macrolactin A [26] demonstrates a propargyl Johnson-Claisen rearrangement that affords, starting from alcohol 23, allene 24, which can be stereoselectively isomerised using basic alumina to give compound 25 in good yield and selectivity (Scheme 7). [23] Scheme 7. Propargylic alcohols Johnson-Claisen rearrangement. TBS = tert-butyldimethylsilyl.

A related but mechanistically different approach was more recently developed by Vidhani and Alabugin to access (E,Z)-dienals (29) in good yields and high stereoselectivities. [28] In this sequence, a Rh(I)catalysed propargyl Claisen rearrangement of compound 26 formed allene 28, which was followed by a stereoselective hydrogen transfer (Scheme 8). [29] A thorough mechanistic study of this reaction highlighted that the formation of the allene-aldehyde product 28 is catalysed by a homogeneous Rh(I) catalyst, which then converts into a 'heterogeneous nano-cluster' catalyst that promotes the proton transfer. [28,[START_REF] Iglesias | For an alternative strategy for 1,5-sigmatropic H migration[END_REF] 

Scheme

8.

Rh(I)-catalysed propargyl Claisen rearrangement/hydrogen transfer sequence. Diver et al. combined an ene-yne cross-metathesis reaction (30→31; for other metathesis strategies to obtain E,Z-dienes, see section 2.9) with an Ireland-Claisen rearrangement to obtain stereoselective access to complex E,Z-diene derivatives 32 (Scheme 9). [31] When starting with an enantiomerically enriched substrate, the Ireland-Claisen product can be obtained, albeit with marked erosion of the enantioselectivity. Scheme 9. Ene-yne cross-metathesis/Ireland-Claisen rearrangement sequence.

The stereoselective rearrangement of allenyl alcohols (33) to give 1,3-dien-2-yl triflates (34a), chlorides (34b), or tosylates (34c) was conducted under mild conditions and showed high selectivities (Scheme 10). Moreover, the presence of a stereodefined, functionalised double bond allowed for further transition-metal cross-coupling functionalisations. [32] Scheme 10. Stereoselective rearrangement of allenic alcohols.

Cross-coupling reactions

Among the various approaches for synthesizing 1,3dienes (Z,E-isomers in particular), transition-metalcatalysed cross-coupling reactions play a crucial role. Indeed, they are often used as a key step in synthesizing complex molecules. Generally, with some notable exceptions (see section 2.7), these crosscoupling reactions proceed while fully retaining the Z/E geometries of the reagents, which makes this method a powerful tool.

Pd (Ni)-catalysed cross-couplings

Pd-catalysed (and in to lesser extent, Ni-catalysed) cross-coupling reactions [START_REF]For selected books, see: a) Handbook of Organopalladium Chemistry for Organic Synthesis[END_REF][START_REF]Cross Coupling[END_REF] are among the most common methods utilised to access 1,3-dienes. Capitalizing on the ability of transition-metals to catalyse C-C bond formation between stereodefined vinyl electrophiles and stereodefined alkenyl metallic intermediates, these transformations have been extensively studied.

Indeed, since early seminal works in the 70s, [35] well-defined methodologies that are compatible with the total syntheses of complex molecules have been developed and broadly employed. The ability to choose each coupling partner [i.e. Z-vinyl metallic scaffolds and E-vinyl electrophiles (or vice-versa)], makes this methodology a benchmark in the field of conjugated Z,E-/E,Z-diene stereoselective synthesis (Scheme 11). In section 2.2.1, the potential of such strategies is going to be illustrated through arbitrarily chosen representative examples of total syntheses. 1,3-Dienes can alternatively be obtained by Sonogashira cross-couplings, followed by alkyne reduction (see section 2.10). [36,37] Scheme 11. Cross-coupling reactions towards 1,3-dienes. [38] Alexakis and Normant disclosed a general methodology for developing conjugated-dienic insect sex pheromones based on the carbocupration of acetylene [39] with lithium dialkyl cuprates, followed by a Pd-catalysed coupling reaction of the resulting Zdialkenyl cuprate with either E-or Z-alkenyl iodides. [40] A variety of sex pheromones were synthesised, including (10E,12Z)-10,12hexadecadien-1-ol (bombykol) and (5Z,7E)dodecadien-1-ol, the pheromones of female silkworm moths (Bombyx mori) and forest tent caterpillars (Malascoma disstria), respectively (Scheme 12).

Negishi-type cross-couplings (M = Zn)

The synthesis of substituted Z,E-dienes 35 was performed through cross-couplings between Z-or E-2alkenyliodides and Z-or E-organozinc intermediates (Scheme 13). [41] A feature of this Negishi-type coupling is the ability to form Z-trisubstituted alkenes with high selectivities.

Later on, a methodology to obtain all four stereoisomers of ethyl undeca-2,4-dienoate (36) in excellent isomeric purities (≥98%) and yields (>85%) was also developed. [START_REF] Wang | Proc. Natl. Acad. Sci[END_REF] This strategy combined Pdcatalysed Negishi cross-couplings with E-or Z-ethyl-3-bromoacrylate and E-or Z-vinyl metallic intermediates (Scheme 14). This methodology was advantageously experimentally compared to other Pdcatalysed alkenylation reactions (e.g. Heck and Suzuki) and carbonyl olefinations (e.g. Horner-Wadsworth-Emmons (HWE) and Still-Gennari). The synthesis of trienoic esters by merging the developed Pd-catalysed alkenylation method with carbonyl olefination reactions was also proposed. Panek proposed a strategy to synthesise the Z,Ediene fragment (39) of (-)-callystatin A using a Pdcatalysed, Negishi-type cross-coupling reaction between Z-vinyl iodide 37 and E-vinyl zinc species 38 (Scheme 15). [START_REF] Langille | [END_REF] 2.2.1.2 Corriu-Kumada-Tamao-type cross-couplings (M = Mg) [44] Naso proposed the addition of Z-dialkenyl lithium cuprates (40) to phenylthioacetylene (41) to obtain the stereodefined alkadienyl sulphide intermediates 42 and 43, respectively. Thus, cross-coupling via Ni-catalysis in the presence of Grignard reagents afforded E,Z-and Z,E-dienic insect pheromones, such as bombykol and (9Z,11E)-9,11-tetradecadien-1-yl acetate, the pheromone of the Egyptian cotton leafworm (Spodoptera littoralis, Scheme 16). [45] Bombykol could also be obtained through a strategy that relied on the prior synthesis of a (1Z,3E)-1halodiene (44), followed by a Ni-catalysed Corriu-Kumada-Tamao cross-coupling reaction, which afforded the Z,E-conjugated diene 45 (Scheme 17). [46] Scheme 15. Total synthesis of callystatin A by Panek using a Negishi cross-coupling for the Z,E-diene synthesis. TIPS = Triisopropylsilyl. Scheme 16. E,Z and Z,E-dienic sex pheromones synthesis by Naso. Scheme 17. Bombykol synthesis via Corriu-Kumada-Tamao cross-coupling.

Hiyama-Denmark-type cross couplings (M =

Si) [START_REF] Nakao | For a review on Hiyama-Denmark cross-couplings[END_REF] The syntheses of resolvins D3 and E1 were reported by Anderson, where Hiyama-Denmark cross-couplings of five-and six-membered cyclic alkenylsiloxanes, compounds 46a, 46b, and 47 respectively, were used in key fragment combination reactions (Scheme 18). [48] These strategic steps controlled the Z-stereochemistry of both Z,E-diene and Z,E,E-triene moieties present on these natural products. [49] Stille cross-coupling reactions are probably utilised the most to form E,Z-dienes, particularly in the field of total synthesis. During the synthesis of (+)-sorangicin A, a natural product bearing a highly unsaturated, polyfunctionalised, 31-membered macrolactone ring, a Stille coupling was used to install the sensitive Z,Z,Etrienoate (Scheme 19). [50] A combination of stannyl dienoate 49 [51] and a large excess of Ph2PO2NBu4 [52] was needed to suppress isomerisation. In this case, the stereopure Z,Z,E-trienoate 50 was isolated in 88% yield.

Stille-type cross-couplings (M = Sn)

The authors mentioned that the prior formation of dienyne 52 via the addition of alkynyl stannane 51 [53] to a model vinyl iodide, followed by semihydrogenation into the Z-olefin, has also been tried. However, this sequence underwent extensive E/Z isomerisation upon purification (Scheme 20, also see section 2.10). [50] The Stille-type cross-coupling was also illustrated in the total syntheses of basiliskamides A and B by Panek and Dias. [54,55] Another strategy, proposed by Yadav, relied on a Stille-type cross-coupling reaction of a Zvinyl iodide fragment (obtained by a Stork-Zhao olefination) and E-vinyl stannane intermediate (synthesised via hydrostannation) to obtain a diacetonide analogue of thuggacin A. [56] During the synthesis of (-)-archazolid B, Trauner combined an E,Z-vinyl stannane with a Z-vinyl iodide to install the sensitive Z,Z,E-triene unit during the endgame transformations to avoid potential (cyclo)isomerisations. [57] Strategies based on Stille cross-coupling reactions to install E,Z-diene moieties were also used to synthesise stipiamide [58] and lactimidomycin. [59] When studying the total synthesis of putative chagosensine, a marine macrolide that possesses a unique chloro-1,3-diene unit, Fürstner et al. developed a straightforward strategy to install this Z,Z-configured entity by exploring a metal-catalysed-diboration, or distannation, of alkynes (Scheme 21). [60,61] It was expected that the terminal and less encumbered carbon-metal (C-M) bond in A would react first during the cross-coupling to give intermediate B, whose internal C-M bond could undergo subsequent chlorodemetalation to form C.

This methodology was successfully used to construct the sensitive Z,Z-chlorodiene entity. Consequently, the ability to obtain a double C-M site in a single intermediate paved the way for finely tuned operational conditions that enable functional diversity (other than halogens). Furthermore, the access of functionalised Z,E-dienes might be also envisaged. In the total synthesis of putative chagosensine, the authors opted to first employ the Pd-catalyseddistannation of alkyne 53. Then, the resultant 1,2distannane 54 was subjected to site-selective, Pdcatalysed, Stille cross-coupling with Z-vinyl iodide 55. A bulky phosphine ligand was used in Cu-free conditions to avoid premature destannation or problems regarding the regioselectivity of the internal vs external positions. Chloro-destannation of functionalised intermediate 56, in the presence of CuCl2 and lutidine, gave the expected 1,3-chlorodiene (57) with complete retention of the double bond configuration. [36c] Kishi et al. utilised Suzuki cross-coupling to install the Z,E-diene moiety present in protected palytoxin carboxylic acid, a complex natural product [62] (Scheme 22). Within this total synthesis, thallium(I) hydroxide was crucial for improving the reaction rate, affording intermediate 58 in good yield. Moreover, when beginning with an 8-10:1 mixture of E-and Zvinylboronic acids, perfect Z,E-stereoselectivity for the conjugated diene on 58 could be attained. Indeed, the rate of the Z,E-coupling reaction is faster than that of the Z,Z-coupling.

Suzuki-type cross-couplings (M = B)

If fragments with fully protected hydroxyl groups were used to achieve the Suzuki cross-coupling during the palytoxin synthesis, [62] Suginome [63] showed that a free hydroxyl group is also compatible. Indeed, bombykol was synthesised using a Pd-catalysed Suzuki coupling between alkenyl boronic acid 59 and alkenyl halide 60 in the presence of a base (Scheme 23, see also scheme 25). [63,[START_REF] Khrimian | For another example of sex pheromones synthesis[END_REF] Scheme 22. Suzuki cross-coupling during the total synthesis of protected palytoxin carboxylic acid.

Fuwa used a late-stage Suzuki-Miyaura reaction to form the sensitive E,Z,E-triene side chain of ()-exiguolide (Scheme 24). [65] The cross-coupling takes place under mild conditions in the presence of Evinyl iodide 61 and Z-vinyl boronic ester 62. Suzuki cross-coupling between Z-vinyl iodide 63 and E-vinyl boronic ester 64 was used by Xu and Ye for the assembly of two key fragments during the total synthesis and stereochemical reassignment of mandelalide A (Scheme 25, for other strategies used for the total synthesis of mandelalide A, see sections 2.3, 2.6.1, 2.10). [66] Scheme 23. Bombykol synthesis via Suzuki coupling. Scheme 24. Suzuki-Miyaura coupling as last step for the synthesis of ()-exiguolide.

Molander described a methodology for Pd-catalysed Suzuki-Miyaura cross-couplings using air-stable potassium alkenyltrifluoroborates as coupling partners (Scheme 26). [67] A range of E,E-, E,Z-, Z,E-, and Z,Z-1,3-dienes (65) was stereospecifically formed through couplings of Z-and E-vinyltrifluoroborates with either E-or Z-vinyl bromides. This method was successfully used to accomplish the macrocyclisation step (66 → 67, Scheme 26) during the formal total synthesis of oximidine II. [68] Scheme 25. Suzuki-type cross-coupling for the synthesis of mandelalide A. Scheme 26. Suzuki cross-coupling of potassium alkenyltrifluoroborates with vinyl bromides.

Pd-catalysed co-oligomerisations

Lu developed a straightforward method to stereoselectively synthesise E,Z-dienes via Pdcatalysed coupling reactions of lithium bromide, acetylene, and acrolein (Scheme 27). [69] The reaction starts with a trans-bromopalladation of acetylene to give E-vinyl palladium 68, which reacts with a second molecule of acetylene through a cisinsertion to form E,Z-dienyl palladium 69. The coupling of this intermediate with acrolein leads to (2oxoalkyl)palladium intermediate 70 that can undergo either protonolysis (path A) or β-hydride elimination (path B) to give 71 and 72, respectively. Optimizing the reaction conditions showed that excess acetylene and coordinating halide, polar solvents, and low temperature all promote the formation of 71 in low to moderate yields. Thus, (E,Z)-bromodiene 71 was a suitable starting material for preparing key intermediates used in Kumada-type cross-coupling reactions for synthesizing insect sex pheromones. [70,71] 

Pd-catalysed oxidative macrocyclisations

The Pd-catalysed oxidative cyclisation of tethered terminal bis(vinyl boronic esters) was developed by Merlic et al., which accessed cyclic E,E-, Z,Z-, E,Z-or exodimethylene-dienes in a stereospecific manner. [72,73] Using this method, E,Z-bis(vinyl boronic ester) substrates 73 and 74 were cyclised to give E,Zmacrocycles 75 and 76, respectively, in good yields (Scheme 28).

Fe-catalysed cross-coupling

Although iron-catalysed cross-couplings are less developed than those that are Pd-catalysed, they have still been studied to mediate such coupling reactions. [74] Fürstner developed a formal ringopening/cross-coupling reaction that used 2-pyrones (77) and Fe-catalysis to form stereodefined dienyl carboxylates (78), relevant substrates in the field of natural product total synthesis (Scheme 29). [75] A key feature of this transformation is the use of substrates that bear leaving groups within the heterocyclic scaffold. The reactions are rapid (20 to 40 minutes), and good selectivities towards the 2Z,4E-configured isomers were obtained when they were run and quenched at low temperature (-60 °C). Indeed, complete isomerisation into 2E,4E-isomers (79) was detected when the reaction medium was allowed to reach room temperature prior to the work-up. The ironcatalysed transformation is highly solvent dependent, where diethyl ether ensures high levels of E/Z selectivities. This methodology is illustrated in the syntheses of 82 and 83, fragments of pateamine A and granulatamide B, respectively (Scheme 30). [75] Scheme 27. Pd-catalysed coupling reaction of lithium bromide, acetylene, and acrolein. 

Cross-coupling reactions between α-lithiated epoxides and Grignard reagents

Hodgson investigated the behaviour of epoxides with lithium 2,2,6,6-tetramethylpiperidide (LTMP) and organolithium/Grignard reagents towards the regioand stereoselective synthesis of olefins. [76] It has been shown that coupling terminal epoxides (84) with stereodefined alkenyllithium or alkenylmagnesium derivatives (85) affords 1,3-dienes (88, Scheme 31). The transformation starts with the α-deprotonation of the epoxide with LTMP. Then, the ring opening of the α-lithiated epoxide 86 operates under exposure to the alkenylmetal compounds 85, followed by βelimination of Li2O. The reaction proceeds with full retention of the alkenylmetal precursor configuration. This method was applied to the total synthesis of the roller leaf moth pheromone, (3E,5Z)-dodecadienyl acetate.

Recently, a metal-free cross-coupling between benzothiophene S-oxides and styrene derivatives was developed to give (E,Z)-1,3-dienes via an interrupted Pummerer reaction/ligand-coupling sequence. [77] Scheme 31. 1,3-Dienes via ring-opening of -lithiated epoxides and application in the synthesis of a sex pheromone. LTMP = Lithium 2,2,6,6-tetramethylpiperidide.

Heck reactions

Pd-catalysed Heck reactions can be placed among the most important methods for forming C-C bonds. [78] However, their application in 1,3-diene syntheses is less developed than the cross-couplings reactions described in the previous sections. The Heck reaction proceeds in the presence of a base, which is needed to promote reductive elimination and regenerate the catalytic species. However, the need for a base could be problematic for 1,3-diene syntheses because these sensitive dienes are prone to isomerisation. Nevertheless, the Heck reaction can afford a more practical, environmentally benign, and cost-effective method for the direct coupling of an alkene and a vinyl halide (Scheme 32). [START_REF] Gruber | For selected examples of E,E-diene synthesis through Heck reactions[END_REF] Scheme 32. Heck reaction for the synthesis of 1,3-dienes.

During the total synthesis of structurally revised ()mandelalide A, the groups of Ghosh [80] and Smith [81,82] both employed an intramolecular Heck reaction to promote the macrocyclisation of 89, affording 90 (Scheme 33). In both cases, the reaction worked remarkably well. Recently, Ghosh published a full account displaying the setbacks they encountered for the macrocyclisation step, which proceeded through an ene-ene ring closing metathesis (RCM) and E,Z-diene formation using the Julia-Kocieński olefination (for other strategies used in the total synthesis of mandelalide A, see sections 2.2.1.5, 2.6.1, 2.10). [83] Scheme 33. Intramolecular Heck reaction for the synthesis of the macrocyclic core of ()-mandelalide A.

Whiting reported the first synthesis of racemic phthoxazolin A by a strategy that relied on a series of Pd-catalysed reactions to stereoselectively forge the Z,Z,E-trienyl unit. [84] A Heck reaction under optimised, base-free conditions between a vinyl boronic ester (91) and a vinyl iodide (92) furnishes vinyl boronic ester intermediate 93 as the major product. A minor product (94) was also produced due to undesired Suzuki crosscoupling. Major product 93 then follows a deboronation-iodination sequence that inverts the alkene configuration. Finally, a Stille cross-coupling with oxazolyl alkenyl stannane concludes the synthesis (Scheme 34). A similar strategy has been used to synthesise the C1-C7 Z,Z,E-trienyl iodide moiety present in the structure of viridenomycin. [85] Later, based on the selectivity problems raised by these total syntheses, a methodology for reductive dimerisation was developed that used electron-deficient terminal iodoalkenes and polyenes. [86] In a second generation synthesis, a Heck reaction instead of a Sonogashira cross-coupling reaction (see section 2.10) was applied by Kirschning, where key fragments 96 and 97 were joined to achieve the synthesis of thuggacin derivatives (Scheme 35). [87] Selecting the Heck reaction over the Sonogashira coupling was driven by difficulties found during a C13-C14 alkyne selective reduction. The Heck reaction was also utilised by Goswami in the total synthesis of the 14-membered macrocycle pestalotioprolide G, where it concomitantly performed the macrocyclisation step and installed the E,Z-diene unit. [88] Scheme 34. Synthesis of (±)-phthoxazolin A. Scheme 35. Heck reaction for the synthesis of E,Z-diene on thuggacin derivatives.

C-H activation reactions

Cross-coupling reactions are widely used to stereoselectively install E,Z-dienes; however, a major inconvenience of this method is the need for both halogenated and organometallic substrates. Thus, engaging simple, terminal olefins in transition-metalcatalysed C-H bond activation might provide a more direct and atom-economic approach towards conjugated dienes. Following the seminal work on Pdcatalysed oxidative cross-coupling of specific terminal olefins by Ishii, [89] Loh, [90] Yu, [91] and Liu, [92] the direct Rh-or Ru-catalysed oxidative olefination of vinylic C-H bonds has been developed by using directing groups (Scheme 36). Such methodology is beneficial due to its high selectivity for linear products over branched ones, mono-olefination, and Z-configurations. Glorius et al. combined reactive primary and tertiary crotonamides with either styrene derivatives or nbutylacrylate by a Rh-catalysed oxidative olefination of the vinylic C-H bonds in the presence of AgSbF6 as an additive and Cu(OAc)2 as the oxidant (Scheme 37). [93] These reactions were performed at high temperatures and dienes (98) were obtained in moderate-to-good yields with good selectivities. By employing methyl 2-acetamidoacrylate as the directing partner, this procedure could be transposed to synthesise di-unsaturated α-amino acid derivatives 99 (Scheme 38). [93] A similar transformation with a larger scope was demonstrated by Loh and Zhang, where either Ru-or Rh-catalysts were used (Scheme 39). [94] In this study, many Z,E-dienamides (100) were obtained in high yields with good stereoselectivities. The reaction was compatible with a broad range of electron-deficient alkenes containing various functional moieties, such as CO2R, COMe, SO2Ph, CONHBn, CN, PO(OEt)2, and Weinreb amide. Furthermore, Zhang and Zhong published a paper on oxidant-free, Ru-catalysed C-H activations of unsaturated amides with allyl acetate (101). [95] After optimisation studies, a straightforward protocol was devised to selectively allow the formation of 1,3-(Z,E)-butadienes (102) instead of 1,4-dienes (103, Scheme 40).

One year later, the same Ru-catalyst was used to synthesise primary (Z,E)-dienamide 105 through the assistance of an oxidizing directing group (Scheme 41, eq (a)). [96] According to the authors, after the C-H activation and olefin insertion, the ruthenium inserting into the N-OMe bond is essential for regenerating the catalytic active Ru(II) species. Alternatively, in the presence of a stoichiometric oxidant, the C-H activation of Weinreb acrylamides could be carried out under Rh-catalysed conditions, affording 106 (Scheme 41, eq (b)). [97] Amide moieties could be successfully replaced by other functional groups that can act as directing groups to synthesise Z,E-dienes (Scheme 42). Liu and Zhang proposed an ester-directed selective olefination of arylacrylate derivatives via Rh-catalysed vinylic C-H activation to obtain dienes 107. [98] A similar transformation with a broader substrate scope was proposed one year later by Loh and Xu, where they employed Ru-catalysis to synthesise functionalised Z,E-muconate derivatives (108). [99] Scheme 37. Rh-catalysed oxidative olefination of vinylic CH bonds. Glorius and Loh described protocols for Rhcatalysed C-H functionalisation via enol-carbamates and enol-phosphate derivatives, respectively, for the selective functionalisation of ketone-containing compounds. [100,101] Later on, Zhong and Zhang developed the synthesis of Z,E-butadienes from enolcarbamates by using Ru-catalysis. [102] Isotopically labelled experiments have been carried out to investigate the mechanism behind vinylic C-H bond olefinations. [93101] The results showed that the catalytic cycle was initiated by a cyclometalation via C-H bond activation, giving rise to a five-membered ruthanacycle or rhodacycle (109 and 109ʹ). Subsequent coordination of the alkene to the metal centre is followed by insertion of the double bond to afford a seven-membered ruthanacycle or rhodacycle species (110 and 110ʹ). Evolution through β-elimination affords the expected Z,E-dienes (100) and reduced metallic species, which is reoxidised to be used again (Scheme 43).

Liu and Engle recently described a procedure to synthesise (Z,E)-1,3-dienes (112) through a Pdcatalysed C-H activation. [103] This method relies on the combination of an electron-poor olefin with internal or terminal alkenes that are conjugated or non-conjugated (e.g. 4-pentenoic acids, allylic alcohols, and bishomoallylic amines) and bear a bidentate directing group (111, Scheme 44). The 8-aminoquinoline [104] (AQ) directing group can easily be removed by Ni-catalysed methanolysis, [105] and mechanistic studies have suggested the transient formation of a six-membered palladacycle. Zhang and Zhong also described the use of either Ir-or Cocomplexes to synthesise Z,E-dienamides with excellent selectivities (Z,E/Z,Z > 99:1) through C-H activation. [106,107] 1,3-Dienes (113) were synthesised via Ir-catalysis thanks to the combination of C-H activation and hydrogen transfer in a metal-oxidantfree procedure using chloranil (114) as a hydrogen acceptor (Scheme 45). [106] Scheme 45. Ir-catalysed CH(alkenylation) and hydrogen transfer for the synthesis of (Z,E)-1,3-dienamides 113.

Besides, Co-complexes can catalyse olefinic C-H alkenylation of electron-deficient olefins in the presence of Ag-salts (i.e. AgSbF6 as an additive and AgOAc as an oxidant) and AcOH to give dienamides (115, Scheme 46). [107] Scheme 46. Co-catalysed CH(alkenylation) for the synthesis of (Z,E)-1,3-dienamides 115.

Xu and Loh described an elegant procedure for the synthesis of macrolides through the intramolecular oxidative cross-coupling of tethered alkenes 116 through Rh-catalysis. [108] Macrocycles (117; e.g. 12-, 13-, 14-, 19-and 20-membered macrocyclic compounds) containing a 1,3-diene moiety were isolated in moderate yields and with excellent Z,E selectivities (Scheme 47).

Mechanistic insights, supported by experimental observations and literature reports (see scheme 43), suggest that the amide group acts as the directing group during the C(sp 2 )-C(sp 2 ) bond formation step, ensuring the Z,E-configuration of the final macrolides. Vinylic C-H activation reactions have received increasing interest and afforded the expected dienes in high yields and with high selectivities. Yet, to the best of our knowledge, none of these C-H activation strategies have been applied to complex and/or natural product syntheses.

Scheme 47. Synthesis of macrocycles 117 bearing a (Z,E)-1,3-diene moiety via intramolecular oxidative alkenes crosscouplings.

Ir-catalysed olefinations

Lundgren recently developed a Z-selective, Ircatalysed coupling reaction of α-aryl diazo esters (118) with allyl carbonates (119) to form substituted Z,Edienoates (120, Scheme 48). [109] Key features of the method are i) remarkable control of the Z-geometry of the newly formed carbon-carbon double bond, ii) higher selectivities than those of traditional olefinations of carbonyl compounds with hindered phosphate derivatives (122→123, Still-Gennari modification of HWE, see section 2.6), and iii) unique reactivity and selectivity stemming from merging Ircarbene and Ir-allyl species.

The proposed mechanism is depicted in Scheme 49. Catalyst activation with Et3N (121) and concomitant liberation of the allylic ammonium species ( 124) is followed by the insertion of diazo compound 118. The Ir-carbene species (125) formed might endure oxidative addition of the allylic carbonate (119) to form an η 1 -allyl/carbene intermediate (126). The expected diene (120) and free catalyst are released after sequential migratory insertion and β-hydride elimination. Though it has not yet been completely established, the authors assume that the Z-selectivities might be associated with the hindrance of the ester group, the nature of the allylic leaving group, and the large coordination sphere of the catalyst. The Ircatalysed carbene coupling to obtain Z,E-dienoates is a nice alternative for coupling reactions and broadens the scope of Z-selective alkene olefination. 

Carbonyl olefination reactions

In addition to cross-coupling reactions, carbonyl olefination [110] represents another widespread approach for the synthesis of (E,Z)-1,3-dienes. Overall, they present good functional group tolerance and the reactants are often readily available. However, low atom economy, difficulty reaching high levels of stereocontrol (in some cases), and the use of strong bases are also associated with these reactions, which may reduce their attractiveness. Despite these drawbacks, olefinations of carbonyl compounds are broadly used to fix either E or Z double-bond configurations of important intermediates during total syntheses of complex molecules and natural products.

In this section, we chose to highlight the formation of E,Z-dienes that combines α,β-unsaturated aldehydes (as the electrophilic partner) with alkyl-derived nucleophiles, such as phosphonium salts, sulfones, and silyl derivatives (Scheme 50, eqs (a) and (b)).

Nevertheless, examples of coupling simple aldehydes with allylic nucleophiles (Scheme 50, eq (c)) and olefinations from unsaturated lactols (Scheme 50, eq (d)) are also reported in this section. Carbonyl olefinations that are associated with cross-couplings (section 2.2) [START_REF] Wang | Proc. Natl. Acad. Sci[END_REF] and forming conjugated dienes in natural products (section 3) are also discussed. Scheme 50. Olefination reactions of unsaturated aldehydes towards conjugated dienes.

Wittig-type reactions

Among the various carbonyl olefination methods that construct E,Z-dienes, the Wittig reaction and its variants are the most commonly used. [111] Likewise, they are a powerful tool in organic chemistry to functionalise 1,3-dienes when enals are engaged as starting materials. In this sub-section, we are going to illustrate the use of Wittig-type reactions to settle the second Z or E double bond within a conjugated E,Z-or Z,E-diene, starting from either an E or Z enal.

Insect sex pheromones containing E,Z-dienes are often the substrate of choice for efficient strategies based on Wittig olefinations. Indeed, Huang described the synthesis of four insect sex pheromones via a Zselective Wittig olefination of (E)-α,β-unsaturated aldehydes in the presence of phosphonium salts and nBuLi/HMPA. Starting from enal 128, the synthesis of two of aldehydes, 129 and 130, is highlighted in Scheme 51 (Z:E 92-96%). [112] Scheme 51. Sex-pheromones via Z-selective Wittig olefinations.

Additionally, Christmann proposed a bidirectional, organocatalytic synthesis of a small library of lepidopteran sex pheromones via a double Wittig olefination followed by a second Z-selective Wittig reaction to afford trienals. [113] To illustrate this strategy, tethered (E)-α,β-unsaturated bis-aldehyde 131 was converted into 132 by Z-olefination, followed by a regioselective, organocatalysed transfer hydrogenation that afforded 133 (Scheme 52).

The synthesis of polyunsaturated fatty acid derivatives was also accomplished by taking advantage of Wittig olefinations to install the E,Z-diene moieties that are common in compounds of this type. [114118] As an example, the synthesis of primary alcohol 136, a key intermediate for preparing (14S,21R)-dihydroxy docosahexaenoic acid (diHDHA), is depicted in Scheme 53. [115] A target that inspired the use of Wittig and related olefination reactions is (-)-callystatin A (Scheme 54). Crimmins and Marshall proposed a sequence of Still-Gennari/E-selective Wittig reactions to install the Z,Ediene present in this compound (see intermediate 138). [119,120] Later on, Enders showed that using the conditions of Ando considerably improved the ratio of the Z-olefin on 137 from 8:1 to 34:1. [121] Similar approaches were also used during total syntheses of (-)-kazusamycin A and (+)-ratjadone. [122125] An E-selective Wittig reaction between enal 139 and phosphonium salt 140 was used by Roush during the total synthesis of (+)-superstolide A, giving isomerically pure pentaene 141 (Scheme 55). [126] White developed a methodology for synthesizing (Z,E)-1,3-dienes (145) via a three-component coupling reaction. [127] The transformation encompasses tandem addition of an enolate dianion (142) to a dienylphosphonium salt (143) to form an ylide intermediate (144), which is prone to react with an aldehyde via a Z-selective Wittig reaction (Scheme 56). Improved stereoselectivities were observed using αbranched aldehydes and β-dicarbonyl dianions. Good nucleophiles were required to suppress the reversibility of the first step (nucleophile addition) and the reactive aldehydes to avoid isomerisation of the ylide (E→Z) through a rapid Wittig reaction. The method was successfully applied to the total synthesis of the macrolide (+)-latrunculin A (Scheme 57). [128,129] E,Zdiene 147 was almost exclusively formed, as only traces of the E,E-isomer were detected.

Carter proposed using a Z-selective Wittig olefination between 148 and 149 to install the E,Zdiene moiety present on the structure of mandelalide A (intermediate 150, Scheme 58). [130] Sections 2.2.1.5, 2.3, and 2.10 discuss other strategies used for the total synthesis of mandelalide A. During the synthesis of a simplified disorazole analogue, Kalesse employed a strategy that used unsaturated lactone 151 as the starting material. This lactone, prepared from a catalytic asymmetric vinylogous Mukaiyama (CAVM) reaction, [131] was first reduced by DIBAL before E-selective HWE olefination. [132] The method allowed the synthesis of key fragment 152 that contained the required E,Z-diene unit (Scheme 59). In a program aiming to establish structural details of the esters chains at the C4 position of trichothecene mycotoxins, triacetyl-D-glucal (153) was used as starting material to obtain E,Z-dienoates. [133] Accordingly, compound 155 was synthesised from pseudoglucal (154) using an E-selective Wittig reaction followed by methanolysis (Scheme 60). Scheme 60. E,Z-Dienoate synthesis for structural studies of the ester chains of trichothecenes.

N-Sulfonyl imine olefinations

While the variants of the above mentioned Wittig olefination often rely on changes in the nature of the nucleophiles (i.e. phosphonium salts or phosphonates), Tiang developed a tuneable and stereoselective synthesis of conjugated dienes by merging N-sulfonyl imines with either semi-stabilised or non-stabilised phosphonium ylides. [134,135] The key rational for this transformation was to replace aldehydes by appropriate imines using a Wittig-like reaction. N-Sulfonyl imines were then chosen as the electrophilic partners, as the sulfonyl groups enhance their reactivity and favours the carbon-nitrogen bond cleavage under mild conditions. To form conjugated Z,E-dienes (158) with very high selectivities, 2,6dichlorobenzenesulfonyl-activated imines (156) were combined with semi-stabilised phosphonium salts (157, Scheme 61). [134] Scheme 61. N-Sulfonyl imines as electrophilic partners in Wittig-type reaction.

Peterson olefinations

The reaction of α-silylcarbanions with aldehydes (or ketones) affords β-hydroxysilanes that can either be isolated or further transformed into alkenes via an elimination step. [136138] Less widespread than Wittigtype reactions, the Peterson olefination offers a nice alternative to stereoselectively synthesise dienes where the geometry of the new double-bond formed during the elimination step can be controlled. It is important to mention that aldehydes are not exclusively chosen as the electrophilic partner. In certain cases, the combination of Peterson olefination with other strategies (e.g. rearrangement) were successfully achieved.

Yamamoto described the synthesis of (E,Z)-1,3dienes (159) from aldehydes using organotitanium reagents (Scheme 62). [139] The key behind the E,Z stereocontrol is the excellent diastereoselectivity observed during the allylation reaction, which is due to the Zimmermann-Traxler-type transition state (160). This method was applied to the synthesis of spilanthol. Furthermore, Katsuki developed a strategy to access (2E,4Z)-dien-1-ols (161) that are key intermediates for synthesizing insect sex pheromones, where a Zrmediated, [2,3]-Wittig rearrangement and a Peterson reaction are the key transformations (Scheme 63). [140,141] Scheme 62. (E,Z)-1,3-Dienes using organotitanium reagents and aldehydes. Later, Alexakis described the synthesis of two lepidopteran sex pheromones: bombykol and (E,Z)-7,9-dodecadienyl acetate, the pheromone of the European grapevine moth (Lobesia botrana). [142] The methodology relied on the regio-and stereoselective ring-opening of trans or cis epoxysilanes by Z-alkenyl cuprates, in the presence of a Lewis acid, to either threo-or erythro-β-hydroxysilanes, respectively. An anti-or syn-elimination step (acidic or basic conditions) affords (E,Z)-1,3-dienes with high selectivities. This method is illustrated in Scheme 64, where the synthesis of bombykol from 162 and 163 is demonstrated.

A similar approach was proposed by Fiandanese, where α,β-epoxysilanes were opened by lithium halides in the presence of acetic acid to give Z,E-dienyl halides. [143] In addition, the concept of the vinylogous Peterson reaction, first observed by Clive, [144] was used by Fleming to stereospecifically synthesise (E,Z)-1,3dienes from 1,4-hydroxysilanes. [145] Scheme 64. Conjugated dienes via epoxysilane ringopening reactions with Z-alkenyl cuprates and Peterson olefination.

Julia-type olefinations

Julia-Lythgoe olefinations, and related processes, are reactions between aldehydes (or ketones) and aryl sulfones, in the presence of a base, that initially give an alcohol intermediate, which then undergoes reductive elimination to provide alkenes. [146,147] Some modified protocols were also devised to afford more practical one-pot procedures (e.g. the Julia-Kocieński olefination). As for the previously described olefination methods, this transformation was successfully used to construct conjugated dienes present in the chemical structures of natural products. During the synthesis of iejimalide B, enal 166 (obtained employing a Z-selective Wittig olefination) was coupled with benzothiazol-2-yl sulfone (165) using the Julia-Kocieński olefination to obtain (Z,E)-1,3-diene 167 (Scheme 65). [148] Moreover, Charette developed reaction conditions to synthesise 1,3-dienes from enals and heteroarylsulfones (Scheme 66). [149] The E,Z-dienes (169) were isolated in good yields. The highest selectivities (E,Z/E,E up to 92:8) were reached when 2pyridylsulfones (168) were used and the reaction was run at room temperature.

Elimination strategies

Examples based on elimination strategies were also successfully utilised to install E,Z-dienes. Menche described, in the total synthesis of archazolid A and B, an unsuccessful HWE reaction (even under very mild, Masamune-Roush conditions) to obtain the E double bond of the requisite E,Z,Z-triene subunit 171. [150] This obstacle was nicely overcome using an aldolisationelimination sequence on the same aldehyde derivative 170 (Scheme 67). In the total synthesis of the (9S,18R)-diastereomer of cyclamenol A, Waldmann described an elimination strategy where a Corey-Winter-type olefination was used to construct the Z double bond of this polyene macrolactam. [151] While lactamisations or McMurry macrocylisations failed to accomplish this, an intramolecular pinacolisation reaction of 172, followed by a stereospecific Corey-Hopkins syn-elimination of the cis diol derivative 173, afforded macrolactam 174 in 20% yield (Scheme 68).

Relatedly, Hopf described McMurry-type olefinations of aldehydes ( 175) that synthesised cyclo-1,3-dien-5-ynes (176) in moderate yields (Scheme 69). [152] The obtained cyclodienynes were thus subjected to thermal isomerisation into the corresponding benzocycloalkenes (177). As seminally illustrated by Hofmann, [153] α,βunsaturated -lactones (see scheme 70) are also prone to β-elimination under basic conditions, which unmasks (Z,E)-2,4-dienoic acids. Owing to the progress made in stereoselective syntheses of such unsaturated lactones, [154] this strategy has emerged as an efficient tool for constructing E,Z-dienes. This is illustrated in the syntheses of dehydronerol isovalerate, trichoverrol B (178 → 179), rifamycin, salinisporamycin, and saliniketals A and B (180 → 181, Scheme 70). [155159] A related strategy was developed by Kunz featuring a one-pot sequence involving the esterification of vinyl acetic acid, an RCM, and a βelimination. [153,160] This strategy was notably used in the total syntheses of S-atractylodemayne C and F, stagonolide E, and curvulide A. [161,162] Scheme 70. Synthesis of (Z,E)-2,4-dienoic acids via elimination ofunsaturated lactones.

Double bond isomerisation strategies

Natural and synthetic polyene products can undergo E → Z photoisomerisation under various conditions, where light, silica, acids, and heat could be used. [58,151,163,164] However, this strategy has scarcely been described as one for constructing E,Z-dienes. In the total syntheses of mycolactones A and B, Blanchard described the visible-light photoisomerisation of the pentadienyl system of 182 to give a 1:1 mixture of the E,Z-double bond at the C4-C5 junction of 183, found in the natural source (Scheme 71). [165,166] Scheme 71. Polyene photoisomerisation.

In another study of the total synthesis of marinisporolide C, Dias observed a serendipitous isomerisation during the last step. Starting from tetraene 184 (with only E-configurations), an HWE intramolecular reaction, followed by alcohol deprotection, resulted in the formation of macrocyclic pentaene 185 with E to Z isomerisation of the C15-C16 double bond (Scheme 72). [167] Scheme 72. E to Z pentaene isomerisation in the total synthesis of marinisporolide C.

In the total synthesis of dihydroretinoic acid, a Z-stereoselective Julia reaction (see section 2.6) involving 186 and 187 enabled the formation of Z,Z,Etriene 188. In the next step, during a Sn-I exchange reaction, in the presence of I2, an isomerisation of 188 to the E,Z,E-geometric isomer 189 was observed (Scheme 73). [168] This compound was next engaged in a Suzuki cross-coupling reaction (see section 2.2). In addition, Morken described the catalytic enantioselective allylation of E,E-dienals that, through a 3,3'-reductive elimination, exhibited a clean isomerisation of the 2-E double bond to afford allylic alcohol derivatives (190, Scheme 74). [169,[START_REF] Lu | the absence of catalyst, the E,E-diene is obtained[END_REF] Scheme 73. (S)-9-cis-13,14-Dihydroretinoic acid synthesis through Julia olefination and isomerisation. Scheme 74. Ni-catalysed enantioselective addition of allylboronic acid to α,β-γ,δ-unsaturated aldehydes with double bond isomerisation.

Palladium-catalysed cross-coupling reactions are known to be highly stereoretentive processes (see section 2.2). [171] In 2003, Negishi described a Znmediated cross-coupling reaction that proceeded with stereoinversion. [172] Starting from product 191, a Pdcatalysed cross-coupling occurred, in the presence of (E)-BrZnCH=CH-CC-TMS (192), with the trans selectivity for compound 193 expected to be high. Upon a subsequent, second cross-coupling reaction with MeZnBr, a clean stereoinversion was observed, leading to Z,E-diene 194 in 91% yield (Z,E > 97%, Scheme 75). The reaction could be used with other substrates (ten examples were given) and organozinc reagents, such as n-BuZnBr, EtZnBr, PhZnBr, H2C=CHZnBr, and HCC-ZnBr. Although the mechanism of such a stereoinversion process is not yet fully understood, strain-induced isomerisation of the oxidative addition product (195) was advocated through the formation of an allenyl-Pd derivative (196), giving intermediate 197 (Scheme 76). [173] Scheme 76. Stereoinversion mechanistic rationale.

Metathesis strategies

Ene-ene RCM strategies have been successfully used in the total syntheses of natural products containing E,Z-dienes. Indeed, the structures of radicicol (199, Scheme 77) that contain sulphur atoms and sensitive vinyl epoxides, [174] ansa-bridged macrolactams, [175] iejimalides, [176,177] heronamides, [178] and oximidine II [179] have been obtained in high yields and with good selectivities.

Scheme 77. Z-selective RCM.

However, depending on the starting material and catalyst structures, unwanted ring-contraction products (201 vs 202) can occur as major or by-products and low E,Z selectivities (through activation of the internal double bond or terminal double bond isomerisation) can be observed from these 1,3-diene RCM strategies (Scheme 78). [180] Moreover, as illustrated in the synthesis of oximidine II, small modifications to the substrate structure might have a profound impact on the reactivity and diene selectivity outcome. [179] Scheme 78. Selectivity issues in RCM.

To promote selective E,Z-diene access, Fürstner devised a silyl-protected diene to both prevent ring contraction and ensure high E,Z diastereoselectivity. The silyl-protecting group could be removed using TBAF or, alternatively, it could be used in Hiyama-Denmark-type cross-coupling reactions. [182] Lately, this strategy has been used in the total synthesis of lactimidomycin (203 → 204, Scheme 79). However, a rather encumbered carbene catalyst was necessary to prevent the unwanted formation of an 11-membered by-product. More recently, the rise of Z-selective ring-and cross-metathesis catalysts has enabled new developments in E,Z-diene construction. [183186] Molybdenum-catalysed, Z-selective cross-metathesis reactions have been developed by Hoveyda and Schrock, and their potential is highlighted by their application to construct Z-and Z,E-dienylboron(pin) double-bond subunits (Scheme 80). Dienylboron(pin) (205) was next used in the construction of the 30membered macrolide disorazole C1 through inter-and intramolecular double, Pd-catalysed, cross-coupling reactions (see section 2.2). [187] These Z-selective RCM catalysts have also been used to synthesise 2,4-(E,Z)macrolactone 208 and (Z,E)-macrolactone 209 from compounds 206 and 207, respectively (Scheme 81). They were also employed in the formal synthesis of aspicilin. [188] Scheme 80. Mo-catalysed Z-selective cross-metathesis reactions.

Relatedly, Grubbs developed a Ru-based catalyst [184,186] that allowed the clean and selective formation of E,Z-dienes (210) from 1.5 equiv. of diene (Scheme 82). This methodology was also applied to the efficient and rapid synthesis of two insect pheromones. RCM strategies to construct unsaturated δ-lactones that can enable the formation of Z,E-dienoic acid derivatives after β-elimination are discussed in section 2.7. Moreover, as will be discussed in the next section, yne-yne RCM reactions (and further reduction of the alkynes) have also been widely used to form E,Zdienes.

Ene-yne triple bond reduction strategies

As a result of the development of efficient methodologies to cleanly and mildly reduce alkynes to Z double bonds, [189] the reduction of ene-yne acyclic and macrocyclic compounds has been used as a late functionalisation step in the construction of E,Z-dienecontaining natural products (Scheme 83). E-Ene-yne substrates have traditionally been obtained through Sonogashira cross-coupling reactions of alkynes and vinyl-halides, followed by reduction of the triple bond by either hydrogenation (Lindlar catalyst), activated Zn(Cu/Ag), P-2 nickel, (NHC)Cu-H, or a hydroboration/protonolysis sequence. [68,190199] To highlight this strategy, the total synthesis of thuggacin B is illustrated in Scheme 84. [190] Highly functionalised vinyl-iodide 211 and terminal alkyne 212 underwent an efficient Sonogashira coupling reaction to obtain compound 213. Then, the triple bond of 214 could be selectively reduced using hydrogenation in the presence of the Lindlar catalyst. [200] Due to difficulties associated with this partial reduction, a second generation synthesis involving a Heck coupling was described (see section 2.3). Furthermore, in the total synthesis of resolvin D1, Kobayashi described a late Pd/Cu-catalysed Sonogashira coupling of 216 and 217, followed by the Zn-mediated reduction of the alkyne to obtain the desired E,E,Z,E-tetraene unit 218. [START_REF] Morita | [END_REF] Interestingly, a related Suzuki-Miyaura strategy was initially validated on model compounds, but was unsuccessful for more complex partners, like 219 and 220 (Scheme 85).

The combination of Sonogashira cross-coupling and selective triple-bond reduction was also used by Altmann during the total synthesis of mandelalide A (Scheme 86), [202] where the E,Z-diene moiety was installed prior to the macrolactonisation step. For other strategies towards the total synthesis of mandelalide A, see sections 2.2.1.5, 2.3, and 2.6.1. Alternatively, Negishi has described the accessibility of E-ene-yne substrates from vinylboranes and deprotonated alkynes. [203] The development of efficient molybdenum alkylidyne catalysts for ring-closing alkyne metathesis (RCAM) by the Fürstner group shed new light on these strategies. [2046] Indeed, either E-ene-yne or Z-eneyne macrocyclic compounds could be efficiently obtained. [207] Moreover, Fürstner developed efficient alkyne hydodrofunctionalisation reactions that further expanded the potential of this strategy, primarily for structure-activity relationship studies. [211] RCAM strategies have been used with E,Z-dienes containing natural products, such as latrunculins, [215,216] mandelalide A, [217,218] disorazole C1, [219] lactimidomycin. [220,221] and rhizoxin D. [222] To highlight the potential of the RCAM strategy, three complementary approaches are highlighted in scheme 87: E-Ene-yne formation and cis semireduction (221) in the total synthesis of the originally assigned structure of mandelalide A (eq (a)); Z-ene-yne (222) formation and alkyne trans-reduction (223) in the total synthesis of lactimidomycin (eq (b)); and a head-to-tail homodimerisation strategy affording 224 in the formal synthesis of disorazole C1 (eq (c)).

During the total synthesis of the tubulin inhibitor WF-1360F, [222] macrocycle 226 was obtained using an efficient RCAM strategy on a complex di-yne substrate (225). Next, various E-selective reduction conditions of the ene-yne moiety towards compound 228 were tested; however, they were unsuccessful or appeared poorly stereoselective (Scheme 88). Fortunately, a solution was found that consisted of selectively reducing the alkyne to the Z-double bond through the in-situ, reductive decomplexation of a cobalt complex, followed by isomerizing the Z olefin of 227 to the corresponding E-configuration in the presence of PhSH/AIBN. Although very efficient, two-step sequences are required in all of the previously described ene-yne reduction-based strategies.

Another strategy was described by Georg, where the synthesis of strained 10-to 14-membered macrocycles (essentially macrolactones) was achieved through a copper-mediated Castro-Stephens coupling/alkyne reduction tandem reaction using sodium formate as the reducing agent. [199,223,224] This strategy has been used in the total synthesis of oximidine II (229 → 230, Scheme 89) and the formal synthesis of lactimidomycin. The Zselective hydrotelluration of terminal E-ene-ynes have been described and can easily be stereospecifically transmetallated into highly ordered cyano-cuprates with retention of their configuration. This methodology (231 → 232) has been used in the total synthesis of macrolactin A (Scheme 90). [225,226] The stereospecific access to Z-vinylzinc derivatives from bromo-acetylenic derivative 233, and their subsequent addition to aldehydes, has been described by Walsh and notably illustrated in the synthesis of two ene-yne derivatives (234, Scheme 91). [227] In this onepot process, a regioselective cis-hydroboration of the bromo-enyne is followed by the addition of a hydride (from tBuLi or KB(OiPr)3H) to give the Z-vinylborane after a 1,2-metalate rearrangement. Stereospecific transmetallation with Et2Zn and addition to the aldehyde affords the E,Z-diene derivative. 

Organocatalysed 1,6-Michael additions

Initially used by Nakagawa in 1977, [228] the 1,6addition of nucleophiles to 4-yn-2-en-one derivatives is an efficient method for constructing conjugated Z,Edienes; however, they exhibit variable Z selectivities. [229] Furthermore, Ooi described in 2018 a spectacular organocatalysed 1,6-Michael addition of azlactones (235) to enynyl N-acyl pyrazoles (236). [234] The use of a P-spiro chiral triaminoiminophosphorane catalyst not only allows the perfect control of the addition regioselectivity (1,6 vs 1,4), but also the Z,E-configuration of the diene and the enantioselectivity of the quaternary centre in the resulting compounds (237, Scheme 92). 

Applications in total synthesis: selected examples

We choose in this final section to highlight a selected number of examples that display the applicability of the aforementioned synthetic methods within the context of complex molecule syntheses. The total synthesis of natural products is an 'adventure', where failures, dead ends, and detours are commonly experienced despite careful retrosynthetic analyses and meticulously planned strategies. [235] The synthesis of chivosazole F is an example that demonstrates that two different, but complementary, strategies can be used to construct a complex molecule. These two total syntheses will also underline the efficiency of crosscoupling and olefination strategies for the construction of E,Z-dienes in complex molecules.

As mentioned in the introduction, E,Z-dienes, and in some cases polyenes, are sensitive moieties prone to isomerisation and degradation. Therefore, they are usually formed in the last steps of the syntheses, often in the dark and with degassed solvents. Furthermore, the smooth removal of the protecting groups in the final steps is essential. The total synthesis of sarain A will emphasise the importance of suitable protecting groups in the presence of inter alia sensitive di-and polyene moieties. Additionally, the total synthesis of myxalamide will feature a highly convergent synthesis using non-protected primary and secondary alcohols, and the total synthesis of both the originally proposed and corrected structure of heronamide C will demonstrate how subtle changes in the conformation of seco-compounds may impact the cyclisation outcome. Finally, the synthesis of etnangien will stress the significance of preparing alternative strategies for overcoming impasses. The strategy proposed by Kalesse for synthesizing chivosazole F described the late construction of the sensitive polyene systems to avoid isomerisation. The strategy relied on an E-selective Wittig olefination to install the top portion of the molecule (i.e. the E,E,Z-triene segment) and an intramolecular Stille-type cross-coupling to synthesise the bottom portion (i.e. the E,Z,E,Z-tetraene unit, Scheme 94). [236,237] From phosphonate intermediate 238, a Z-selective olefination reaction with enal 239, under Ando conditions, afforded the expected product 240 as a 1:1 mixture of the E and Z isomers, which were separated by column chromatography. Additional TBSdeprotection and oxidation gave intermediate 241 that incorporated a Z-enal and a Z,E,Z-triene stannane unit.

The second key fragment, 244, was obtained from an E-selective Wittig reaction (E/Z >10:1) between aldehyde 242 and an in situ prepared, unsaturated phosphonium salt. Subsequent p-methoxybenzyl (PMB)-deprotection, alkyne functionalisation through Pd-catalysed hydrostannylation, and the transformation of the allylic alcohol into an allyl bromide provided 245. The stage was then set for the coupling of the two halves, 241 and 245, through the E-selective Wittig olefination, which gave the key triene 246. An intramolecular, Pd-catalysed Stille cross-coupling with 246 was then conducted to establish the entire backbone of the natural compound. After a final deprotection of the silyl-ether protecting groups, the total synthesis of chivosazole F was achieved.

Later on, Paterson proposed a strategy based on Pd/Cu-mediated Stille cross-couplings and carbonyl olefinations, which only differed by the order of the fragments assembly sequence. [238] In a first attempt, key fragments were connected through three Stille cross-couplings and an intramolecular carbonyl olefination (Ando conditions), which completed the macrocyclisation (Scheme 95). Notably, the use of a sequential, one-pot, four-component process (247 + 248 + 250 + 252 → 253) afforded key intermediate 253 in 56% yield; whereas, the yield was slightly lower when three, stepwise Stille coupling reactions were run (42% overall yield). An aldehyde function at the C3 position is required for the macrocyclisation through an HWE olefination; however, attempts to install the aldehyde on 253 proved unsuccessful, and extensive double bond isomerisations were observed on the E,Z,E-triene unit.

Consequently, judicious re-ordering of the key fragment assembly offered a novel reaction sequence, where two Stille-type cross-couplings, a carbonyl olefination reaction (Still-Gennari conditions), and then an intramolecular Stille coupling were conducted to successfully synthesise the macrolide backbone (Scheme 96). As for the previous approach, employing a sequential, one-pot reaction with two Stille couplings (250 + 254 + 256 → 257) displayed better yields than isolated cross-couplings (80% vs 73% yields, respectively).

Sarain A is a complex marine alkaloid, featuring a functionalised diazatricycloundecane core that bears five contiguous stereogenic centres, one of which is quaternary (C3), and is flanked by two macrocyclic rings. One of these large rings is a saturated, 13membered ring and the other is a 14-membered macrocycle, which contained an E,Z-diene unit and a vicinal diol function. Moreover, this natural product also displays a distinctive interaction between tertiary amines and aldehydes in close proximity. This complicates reaction conditions development, purification methods, and characterisation practices. Overman described the first total synthesis of sarain A where an intramolecular, Pd-catalysed Stille cross-coupling reaction, in the presence of E-vinyl stannane and Z-vinyl iodide intermediate 261, was used to form the 14-membered ring of 262 with simultaneous installation of the E,Zdiene (Scheme 97). [239] There are two important points for this key step. Firstly, the use of a less basic N-O acetal proved to be essential in preventing skeletal rearrangement during the critical, intramolecular Stille cross-coupling reaction. The N-O acetal is reduced in the presence of DIBAL-H to unveil the skeleton of sarain A. Second, the Stille cross-coupling was carried out in the presence of excess LiCl. With the sensitive diene (and skipped triene) present, deprotecting the PMB-protected neopentylic alcohol is challenging. TMSI-mediated deprotection lead to low yields and complex mixtures; however, it was fortuitously found that HF•Pyr promoted both TES-and PMBdeprotection.

Other key steps in this enantioselective strategy are: i) an intramolecular Michael addition to form the C4ʹ-C3ʹ-C7ʹ stereotriad;

ii) an enoxysilane/Nsulfonyliminium ion cyclisation to install the C3 quaternary stereocenter and gather the diazatricycloundecane core; and iii) an RCM reaction, in the presence of the first generation Grubbs catalyst, to obtain the 13-membered macrocycle. A great deal of studies and optimisation were required to achieve this total synthesis, and a comprehensive full account was published shortly after. [240] Polyene antibiotic myxalamide A was synthesised by Kobayashi in a highly convergent strategy. The use of a central iodo-substituted (Z)-boronic ester (264) allows for a sequential, one-pot method consisting of Stille/Suzuki-Miyaura cross-coupling reactions for assembling three fragments and directly obtaining the natural compound (Scheme 98). [241] Indeed the two consecutive cross-coupling reactions allow the presence of non-protected primary (compound 263) and secondary (intermediate 265) alcohols. To minimise unwanted olefin Z→E isomerisation, the reactions were conducted in the dark and the solvents (reaction and chromatography) were degassed. The left-hand fragment of myxalamide A was obtained using a highly anti-diastereoselective, vinylogous Mukaiyama reaction.

To illustrate the impact of the substrate conformation on the cyclisation outcome, the case of heronamide C is highlighted. Heronamides are macrocyclic polyenes that display powerful antifungal activities. Their total synthesis and stereochemical configuration confirmations were studied by Kanoh and Kakeya. [178,242] Interesting chemoselectivity issues were observed that depended on the stereochemistry of the vicinal diol starting materials used for the macrocyclisation. An intramolecular Stille crosscoupling (in the dark), starting from 266, was successful in obtaining the originally proposed structure of heronamide C. However, the physicochemical and spectroscopic data of the synthesised (8R,9S,19R)-heronamide C did not match with those of the natural product. Suspecting that the natural product has a stereochemistry of 8S,9R,19R, the authors re-synthesised diastereomer diol 267, but the Pd-mediated, intramolecular Stille coupling failed in this case. Attempts to cyclise various other protected diols, non-protected diols, substituted amides, or differently substituted stannanes have also been unsuccessful. Moreover, a C10-C11 pinacol coupling to obtain the corresponding macrocycle also failed. Finally, an intramolecular RCM strategy (in the dark) using 268 as the starting compound was successful in confirming the revised structure of heronamide C in low yield but with high Z selectivity (Scheme 99).

Another example is the total synthesis of etnangien, which emphasised a modified tactic from the former approach. As previously mentioned (see section 2.9), RCM strategies for the construction of E,Z-dienes face some drawbacks, such as low E/Z selectivities, and ring contraction problems.

Indeed, during the stereoselective total synthesis of etnangien and etnangien methyl ester polyketide macrolides, Menche explored both RCM and Heck reactions for forming the 22-membered macrocycle. [180,243] The RCM approach was tried under several conditions and afforded lower conversions of 270 into 271, mainly due to the undesired formation of contracted 20-membered ring 272 via ethylene extrusion (Scheme 100). Moreover, 271 and sideproduct 272 were difficult to separate. Regarding the Heck reaction, macrocyclisation of 269 was successfully performed and afforded the desired 22membered macrocycle (271) in 70% yield. 

Conclusion

In this review, we have focused on the use of selective methods towards the formation of (E,Z)-1,3-dienes and their application in the total syntheses of selected natural products. Carbonyl olefinations and metalcatalysed cross-coupling reactions are the two approaches primarily used for this purpose; however, other efficient strategies have been developed that afford products from simple substrates in high yields and with high selectivities. Despite the availability of a variety of such strategies, issues related to poor selectivities are observed. It might be assumed that these shortcomings easily be bypassed by simply adjusting the reaction parameters; however, in the field of complex, natural product total syntheses, where chemical complexity and high functionalisation need to be considered, the fine-tuning of reaction conditions is not sufficient enough. Indeed, total syntheses often require two or more fallback, retrosynthetic approaches to prevent unwanted and unexpected reactivities, or even a complete absence of reactivity. When sensitive conjugated polyenes are present, undesired isomerisation issues should also be taken into consideration. Herein, the use of selective olefination reactions towards (E,Z)-1,3-dienes has been displayed. The arbitrary choice of describing natural product syntheses was made to provide a comprehensive overview of the main strategies used to date. Carbonyl olefinations and cross-coupling reactions are still the most commonly used strategies to access such complex targets. However, other alternatives (novel or well-known) could prove to be unexpected solutions to achieve (E,Z)-1,3-diene units within complex chemical structures. We hope to have provided a helpful overview on the points covered herein.
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  Chivosazoles are natural macrolides isolated from the myxobacterium Sorangium cellulosum. They feature a unique, 31-membered macrolactone, ten stereocenters, an oxazole unit, and nine alkenes that are organised into three different conjugated polyene ranges and possess embedded Z,E-dienes. Kalesse and Paterson devised two different, although complementary synthetic approaches, towards Z,Ediene subunits; both employed an intramolecular Pdcatalysed Stille cross-coupling reaction, albeit at different sites (Scheme 93).
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 93 Scheme 93. Chivosazole F structure highlighting the key methodologies used by Kalesse and Paterson for the construction of the E,Z-diene subunits.
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 94 Scheme 94. Total synthesis of chivosazole F by Kalesse.
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 9798 Scheme 97. Stille cross-coupling for the formation of the 14-membered macrocycle of sarain A and installation of the E,Zdiene.

Scheme 2. Electrocyclic ring-opening of pyrylium 1 and pyridine oxides 3.

Scheme 95. First approach towards chivosazole F by Paterson. TES = Triethylsilyl. Scheme 96. Total synthesis of chivosazole F by Paterson.
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