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Introduction: Isolation, Structural Determination and Biological Activity

Spongidepsin is a natural product, which was isolated from a marine sponge Spongia sp. (family Spongidae, class Demospongiae) collected off the Vanuatu Island in the Pacific Ocean by Riccio et al. in 2001. [1] Spongia genus is a natural source of diterpenoids and polypropionates such as, for example, epi-spongiadiol [2] and spongistatine. [3] Spongidepsin was isolated from CCl4 fractionation of methanolic extract of the sponge. Further purification by medium pressure liquid chromatography on silica gel followed by a final purification using a reverse phase HPLC afforded spongidepsin (1.4 mg from 500 g of dried sponge) as a colorless solid.

Spongidepsin has a unique and non-common structure, which encompasses a 13-membered macrolide with five stereogenic centers, one of them belonging to a phenylalanine motif and the other four ones being present in a ketide motif. In addition, and very surprisingly, a side chain with a terminal alkyne is present. The absolute (S)-configuration of the carbon present in the N-methyl-phenylalanine motif was established by Marfey analysis on the product resulting from the acidic hydrolysis of spongidepsin. [1,4] The syn-relationship between the two methyl substituents at C2 and C4 was established by utilizing Murata's NMR spectroscopic method, [1,5] however the absolute configuration of the carbons could not be established. On the contrary, the configuration of the stereogenic centers at C7 and C9 could not be determined by NMR spectroscopy due to an overlap of the signals in the 1 H NMR spectra. Thus, a total number of eight diastereomers for the natural spongidepsin was possible! The only way to establish the absolute configuration of the stereogenic centers was, at this time, to synthesize the eight diastereoisomers and to compare their analytical data to the analytical data of the natural product. This synthetic work was realized by Forsyth et al. in 2004 and the assignment of the absolute configuration of the stereogenic centers of the natural spongidepsin revealed to be (2R,4R,7R,9R,16S). [6] The structure was then confirmed shortly after by Ghosh et al. (Figure 1). [7] Figure 1. Originally assigned and revised structure of (-)-spongidepsin From a biological point of view, spongidepsin has shown a moderate antitumoral activity against cancer cell lines J774.A1 (lymphatic cells from mouse), HEK-293 (human kidney cells) and WEHI-164 (fibrosarcoma from mouse), the IC50 being respectively 0.56, 0.66 and 0.42 µM. [7] Unfortunately, the limited resources of spongidepsin from Nature did not allow an extensive screening of the biological activity on multiple targets.

Due to its original structure and potential biological activities, spongidepsin attracted several chemists specialized in total synthesis. The rest of the review will focus on the different strategies involved in the total synthesis of spongidepsin to control the different stereogenic centers; in particular, a differentiation will be made between the catalytic and the stoichiometric methods. 

Syntheses of Spongidepsin

Up to now, seven syntheses and one synthetic approach of spongidepsin have been reported. For the global disconnections, all the syntheses are utilizing the strategy of Forsyth et al., who were the first to report the synthesis of (-)-spongidepsin. However, the methods used to control the absolute configuration of the stereogenic centers at C2, C4, C7 and C9 are different, and are either controlled by the substrate or by the reagent used in stoichiometric or catalytic quantities.

Control of the Stereogenic Centers by Reagents Used in Stoichiometric Amount

Forsyth et al. Total Synthesis

In order to determine the absolute configuration of the four stereogenic centers, the (S)-absolute configuration of the phenylalanine motif being already known, Forsyth et al. developed a stereodivergent synthesis of spongidepsin [6] allowing the access to the eight possible diastereomers. As their synthesis was realized according to the same strategy, only the synthesis of the natural diastereomer will be described. Forsyth et al. have envisaged a convergent synthesis of spongidepsin from three fragments: (S)-N-methyl-N-Boc phenylalanine I, alcohol II and carboxylic acid 8. A Mitsunobu reaction was used to assemble fragments I and II and an amidation allowed the formation of the N-C1 bond. The 13-membered ring of (-)-spongidepsin was constructed by using an olefin ring-closing metathesis (RCM). It is worth mentioning that a stereodivergent strategy has been used to prepare fragment II in order to access all the possible eight diastereomers. By synthesizing the eight diastereomers, the absolute configuration of the spongidepsin stereogenic centers could be established and revealed to be (2R,4R,7R,9R,16S) (Scheme 1).

Scheme 1. (-)-Spongidepsin retrosynthetic analysis by Forsyth et al.

Carboxylic acid 8 was prepared from meso-diol 4. As the latter is not commercially available, it was synthesized from malonate 1 and methacrylate 2 in six steps via cyclic anhydride 3, which furnished meso-cyclic anhydride 3' after a selective crystallization. [8,9] After reduction by LiAlH4, 3' was transformed to meso-diol 4, which was desymmetrized by an enzymatic acylation [10] to furnish monoacylated diol 5 (72%, ee > 97%). After a protection/deprotection sequence followed by an oxidation, the obtained aldehyde was converted into alkene 7 by using Lombardo's olefination conditions. [11] Desilylation of 7, followed by Jones oxidation of the resulting alcohol led to the desired carboxylic acid 8 (56%) (Scheme 2). The C6-C11 fragment II was synthesized from optically active epoxyde 9, bearing the C9 stereogenic center. This epoxide, prepared from L-malic acid, [12] was ring-opened by isopropenyl magnesium bromide in the presence of a catalytic amount of CuI. The resulting secondary alcohol was converted into TES-ether 10 and, after a hydroboration/oxidation sequence, diastereomers 11 and 11' were isolated as an equimolar mixture, which could not be separated by column chromatography. However, the authors had anticipitated that the C7 epimers would be separated later, at the stage of the conformationally constrained 13-membered macrolide resulting from the RCM. The diastereomeric mixture of alcohols was thus converted to olefins 12/12' through an oxidation [13] /olefination/deprotection sequence (74% over three steps). Having the three fragments in hand, the assembly of these fragments was achieved. The coupling of 12/12' with (S)-N-methyl-N-Boc phenylalanine I was realized by using a Mitsunobu reaction [14] to introduce the C9 stereogenic center with inversion of configuration affording the esters 13/13' in an equimolar ratio. Cleavage of the N-Boc carbamate, using TBSOTf, followed by the addition of TBAF, led to 14/14' (82%, two steps). Two steps were necessary to access the 13membered macrocycle, e.g. an amidation of the carboxylic acid 8 with amines 14/14' (87%) [15] and then treatment of the resulting amides 15/15' with the second generation Grubbs catalyst [16] in refluxing toluene, affording a mixture of unsaturated macrocyclic epimers at C7 with predominant E-alkenes (E/Z = 10 :1). At this stage, as expected, the C7 epimers were separated by flash chromatography and after hydrogenation, 16 was isolated (35%).

To complete the synthesis of (-)-spongidepsin, four additional steps were necessary. First, the primary alcohol was transformed to an iodide, which was then allylated by treatment with allyl tri-n-butylstannane. The resulting olefin underwent an oxidative cleavage, and the resulting aldehyde was involved in a Bestmann-Ohira reaction (46% over 4 steps) [17] to introduce the required terminal alkyne and complete the synthesis of (-)-spongidepsin with the (2R,4R,7R,9R,16S) configurations. The obtained 13-membered macrocycle spectroscopic data 

Ghosh and Xu Total Synthesis

A few months later, after the reported synthesis of spongidepsin by Forsyth et al., Ghosh and Xu published a synthesis of spongidepsin and four of its possible diastereomers, confirming the absolute configuration of the stereogenic centers of natural (-)-spongidepsin. [7] The same convergent strategy as Forsyth et al. was used to produce (-)-spongidepsin. As previously described, carboxylic acid 8 was prepared from meso-diol 4 [18] using an enzymatic desymmetrization and then, a similar sequence of reactions to the ones utilized by Forsyth et al. was applied to mono-acetylated diol 5 to obtain carboxylic acid 8 [Wittig olefination instead of a Lombardo olefination then deprotection and oxidation to carboxylic acid (cf Scheme 2)]. Ghosh et al. have synthesized the C6-C13 fragment instead of the C6-C11 fragment reported by Forsyth et al. The synthesis started with commercially available pent-4-en-1-ol, which was protected and involved in an olefin cross-metathesis reaction [19] with allyl chloride to afford, after a halogen exchange (NaI, acetone), allylic iodide 17 as a E/Z mixture in a 15:1 ratio (61% over three steps). To control the C7 stereogenic center, this allyl iodide was methylated according to an Evans' asymmetric alkylation [20] of oxazolidinone IV affording 18 with an excellent diastereomeric excess of 96% and a very good yield (90%). To control the stereogenic center at C9, oxazolidinone 18 was involved in a diastereoselective bromolactonization (the diastereomeric ratio was not indicated), by applying the Bradbury's protocol. [21] After debromination, [22] the obtained lactone 20 was reduced to the corresponding lactol with DIBAL-H, which was at that point involved in a Wittig olefination to give alkene 21 (74%). The three fragments I, 8 and 21 were then assembled. A Mitsunobu reaction between alcohol 21 and carboxylic acid I was used to form ester 22 (73%). After cleavage of the carbamate, the resulting amine was condensed with carboxylic acid 8 and the obtained diene 23 (86%) was converted to 13-membered macrocycle 24 featuring a (Z)-double bond by treatment with the G-II catalyst. After a deprotection/hydrogenation/oxidation sequence, the resulting aldehyde was treated with Ohira-Bestmann reagent III [23] to afford (-)-spongidepsin (Scheme 4). It is worth noting that Ghosh et al. have synthesized four diastereomers of (-)-spongidepsin using the same chemical sequences (cf. Scheme 12). 

Cossy et al. Total Synthesis

Two years after the syntheses of (-)-spongidepsin, reported by Forsyth et al. and Ghosh and Xu, Cossy et al. published the third synthesis of (-)-spongidepsin. The general strategy, utilizing a Mitsunobu reaction to realize the esterification and a RCM to build up the 13-membered macrocycle, was used. [24] The synthesis of carboxylic acid 8 was improved compared to the previous syntheses in terms of steps and overall yield. Indeed, the synthesis of 8 started with the commercially available (+)-Roche ester which, after a protection/reduction sequence, was transformed into aldehyde 26 [25] (88%). This latter was submitted to a crotylstannylation [26] to produce syn,syn-and syn,anti-stereotriads 27 and 27' in a 87:13 ratio (syn,syn/syn,anti = 87:13, 76%) via transition state A. After the separation of the two diastereomers, 27 was converted to unsaturated alcohol 29 by deoxygenation through a mesylation/reduction (LiAlH4) sequence followed by the cleavage of the silyl ether (65% over three steps). An oxidation utilizing the Jones reagent, afforded carboxylic acid 8 (72%). Carboxylic acid 8 was obtained in seven steps from the (+)-Roche ester with an overall yield of 31% (Scheme 5).

The stereoselective synthesis of the C6-C13 fragment started with 5-hexen-1-ol, which was transformed into aldehyde 30 after protection of the hydroxy group and ozonolysis. [27] One of the crucial step to access (-)-spongidepsin is the synthesis of lactone 32, which relies on an intermolecular stereoselective condensation of a ketyl radical on the optically active α,β-unsaturated ester 31, [START_REF]Synthesized from (+)-N-methylephedrine[END_REF] mediated by SmI2 (35%, er = 85/15). [START_REF] Fukuzawa | [END_REF] The resulting lactone was stereoselectively methylated (dr = 85:15, 65%) and, after reduction of lactone 20 by DIBAL-H, the resulting lactol was submitted to a Wittig olefination, affording 21, which corresponds to the C6-C13 fragment (55%) (Scheme 6). Compound 21 was then transformed into (-)-spongidepsin according to the same sequence of reactions used by Ghosh et al., except that the oxidation of the primary alcohol in 25 was realized with Dess-Martin periodinane rather than using Parikh-Doering protocol.

Chandrasekhar et al. Formal Synthesis

Chandrasekhar et al. reported a formal synthesis of (-)-spongidepsin by synthesizing macrocycle 25. [30] Carboxylic acid 8 was obtained in 12 linear steps from (+)-Roche ester, the C4 stereogenic center being controlled by the substrate. After a standard protection of (+)-Roche ester leading to 33, an homologation to the α,β-unsaturated ester 34 was achieved using a DIBAL-H reduction followed by a Wittig-Horner olefination (78%). In order to introduce the C4 stereogenic center, two successive reductions were achieved (DIBAL-H, CH2Cl2 then Pd/C, EtOAc, 82%). After oxidation of monoprotected diol 35 to an aldehyde, hydrazone 36 was prepared using (S)-1-amino-2-methoxymethyl proline (SAMP, 88%). [31] Therefore, a stereoselective alkylation with MeI, under basic conditions, produced 37 (dr = 9:1, 92%). The oxidative cleavage of the hydrazone function by ozonolysis followed by a Wittig olefination of the resulting aldehyde led to alkene 7 (83%, two steps). A deprotection of the hydroxyl followed by an oxidation step, led to desired carboxylic acid 8 (70%) (Scheme 7).

To control the absolute configuration of the C9 stereogenic center, Chandrasekhar et al. performed an organocatalytic reaction, however 40 mol % of the "catalyst" were used. The construction of the C6-C13 fragment started with the commercially available (-)-citronellol which, after protection of the primary hydroxy group and ozonolysis provided aldehyde 38 in 86% yield. The key stereoselective step was then the introduction of the hydroxy group at C9 according to McMillan αhydroxylation [32][33][34][35][36] of aldehyde 38 using nitrosobenzene and Dproline (40 mol %) in DMSO followed by a NaBH4 reduction. The resulting anilinoxy derivative was then treated with CuSO4 (30 mol %, MeOH) to cleave the N-O bond and diol 39 was isolated in 53% yield with an excellent diastereoselectivity (de = 98%). The 1,2-diol was converted to epoxide 40 in two steps (regioselective tosylation of the primary alcohol followed by basic treatment, 83%), and the latter was selectively ringopened by the acetylenic organolithium reagent V to give compound 41. After an exhaustive hydrogenation and a protection of the secondary alcohol, a selective cleavage of the primary TBDPS ether over the secondary TBS ether was achieved with methanolic soda, [37] affording 42 in 73% yield over three steps. Three more steps were necessary to access C6-C13 fragment 43, i.e. the substitution of the primary alcohol by an iodide followed by an elimination and the deprotection of the secondary alcohol (62% over three steps). A Yamaguchi esterification [38] was then used to assemble N-methyl-N-Boc-Lphenylalanine I with 43. After cleavage of the N-Boc protecting group (TBSOTf, 2,6-lutidine, then TBAF), the resulting amine was converted to diene 45 by amidation of 8 (68% over three steps). Common to all strategies, a RCM was realized with G-II catalyst and, after a one-pot hydrogenation, macrocycle 25 was isolated (80%). The synthesis of this intermediate constitutes a formal synthesis of (-)-spongidepsin (Scheme 8). 

Krauss et al. Total Synthesis

Krauss et al. have realized an efficient formal synthesis of (-)-spongidepsin by using an asymmetric anti-and synhomocrotylboration of aldehydes using optically active cyclopropylboronates to control the C2, C4, C7 and C9 stereogenic centers. [39] Carboxylic acid 8 was prepared in four steps from acetaldehyde.

After treatment of acetaldehyde with cyclopropylboronate VI and PhBCl2, syn β-methyl alcohol 46 was exclusively obtained with an excellent enantiomeric excess (ee = 98%, 78%). After a three-step sequence, i.e. mesylation, cyanide displacement [40] and hydrolysis of the resulting nitrile, [41] carboxylic acid 8 was isolated in 39% yield over three steps. The anti-homocrotylation of aldehyde 30, easily prepared from pentane-1,5-diol (85%), [42] with cyclopropylboronate VIII, in the presence of PhBCl2, afforded C6-C13 fragment 21 in 82% yield as a single anti-diastereomer with an excellent enantioselectivity (ee = 98%). Alcohol 21 was esterified by phenylalanine derivative I and the final steps, to access (-)-spongidepsin, were realized according to the strategy developed by Ghosh et al. and Cossy et al. [7,24] It is worth mentioning that cyclopropylboronates VI and VIII were synthesized in four steps, from propyne [39] and from cis-1-bromopropene [43] respectively, on gram scale (Scheme 9). 

Control of the Stereogenic Centers by Reagents Used in Catalytic Amount

Negishi et al. Total Synthesis

The previous syntheses of (-)-spongidepsin were achieved by using stoichiometric quantities of rather expensive chiral reagents, except for the pseudo catalytic α-hydroxylation of an aldehyde by Chandrasekhar et al. Consequently, there is some room for improvement, and Negishi et al. [42] as well as Burgess et al. [44] have used chiral reagents in catalytic quantities to control three out of four stereogenic centers.

In the synthesis of (-)-spongidepsin by Negishi et al., [42] the C2, C4, C7 stereogenic centers were controlled by the reagents, using the Zr-catalyzed asymmetric carboalumination of alkenes (ZACA reaction). [45][46][47][48][49][50][51][52][53][54][55] A Brown allylation (stoichiometric reagent) was performed to control the C9 stereogenic center. [56,57] Carboxylic acid 8 was prepared from the prop-2-en-1-ol and the C6-C13 fragment from pentane-1,5-diol.

Treatment of prop-2-en-1-ol under (+)-ZACA conditions followed by the addition of iodine furnished the iodo-alcohol, [53] which was protected to give iodide 48 in 82% yield (ee = 82%). At this point, this compound was transformed to an organozinc reagent and underwent a palladium-catalyzed Negishi crosscoupling with vinyl bromide to give olefin 49 (88%). [50] A one-pot ZACA-oxidation sequence [(+)-ZACA conditions then O2] led to the mono-protected diol 6 in 76% yield (dr = 5.5:1), and after purification by column chromatography, the diastereomeric ratio was improved to 40:1 (yield 45%). Carboxylic acid 8 was obtained after a four step sequence (58%): i.e. a Swern oxidation, Wittig olefination, deprotection, and oxidation. After nine steps, acid 8 was obtained from prop-2-en-1-ol with an overall yield of 19% (Scheme 10). The synthesis of the C6-C13 fragment started with the protection/oxidation of pentane-1,5-diol and the resulting aldehyde was engaged in a Brown allylation, [56,57] which allowed the formation of homoallylic alcohol 50 with the control of the C9 stereogenic center (74% over four steps). The homoallylic alcohol was then engaged in a ZACA-oxidation sequence to furnish mono-protected triol 51 in 73% yield (dr = 3.5:1), whose diastereoisomeric purity was improved after purification by column chromatography (dr = 40:1, 42% yield). After a three-step sequence (oxidation, reduction and Wittig olefination), fragment 21 was obtained in a 20% overall yield from pentane-1,5-diol.

The final fragment assembly to access (-)-spongidepsin closely followed the strategy developed by Ghosh et al. and Cossy et al. [7,24] However to produce intermediate 22, the esterification of I by alcohol 21 was performed with DCC and thus with retention of configuration (Scheme 11). 

Burgess et al. Total Synthesis

Burgess et al. [44] controlled the C4 and C7 stereogenic centers by a catalytic asymmetric hydrogenation [58,59] of acyclic allylic alcohols and the control of the C9 stereogenic center was realized by using a Sharpless kinetic resolution of an allylic alcohol. [60,61] The synthesis of carboxylic acid 8 was achieved in 9 steps, and the C2 stereogenic center was installed from Roche ester, used as starting material. [62][63][64] After a three-step sequence, i.e. protection, selective reduction with DIBAL-H, and Still-Gennari olefination, [65] (Z)-α,β-unsaturated ester 52 was isolated in 46% yield. To access allylic alcohol 53, ester 52 was reduced with DIBAL-H. Then, by using the iridium-carbene complex (R)cat., [58,59] under 50 bar of hydrogen, 53 was reduced to 6 with an excellent yield (93%) and a high diastereoselectivity (dr = 34:1). This latter was even further increased after purification (dr = 120:1). Mono-protected diol 6 was then transformed to carboxylic acid 8 after a Swern oxidation, a Wittig olefination, a deprotection and a final oxidation (Scheme 12). To obtain the optically active allylic alcohol (R)-54 (control of the C9 stereogenic center) from racemic alcohol 54, prepared in three steps from pentane-1,5-diol (78%), [66] a Sharpless kinetic resolution was used (46%, ee > 98%)]. [60,61] Allylic diol 55 was then prepared in five steps from (R)-54 (i.e. acylation, oxidative cleavage, Wittig reaction, DIBAL-H reduction and protection, 73% over five steps). Hydrogenation of compound 55 under 50 bar of hydrogen in the presence of the iridium complex (S)-cat. afforded, after deprotection, diol 56 with a high diastereoselectivity (97%, dr = 61:1). [67] This mono-protected triol was then transformed to 43 in three routine steps (i.e. selective oxidation, reduction, and Wittig olefination, 66% over three steps). The synthesis of (-)-spongidepsin was completed by assembling the three fragments I, 8 and 43 according to the strategy reported by Chandrasekhar et al., [30] and by Ghosh and Xu [7] for the last steps. It is worth mentioning that the esterification of carboxylic acid 8 with intermediate 44 was realized with PyBOP (benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate) and DIPEA (Scheme 13). 

Synthesis of Analogues

Forsyth et al. have synthesized seven spongidepsin diastereomers [6] and Ghosh et al. [7] four diastereomers but, surprisingly, these compounds were not tested for their biological activity. On the contrary, Burgess et al. have synthesized four spongidepsin derivatives A9-A12 (Scheme 12), which were tested in vitro for their antiproliferative activity on human embryonic kidney cells (5HEK-293). However A9 and A10 are just as cytotoxic as the natural product and A11 and A12 did not show any significant toxicities in the same concentration range. In their approach towards the synthesis of (+)-spongidepsin, Rao et al. [68] synthesized A13 from D-mannitol and (+)-β-citronellene using two Evans asymmetric methylations to control the C2 and C9 stereogenic centers, a Mitsunobu esterification, a PyBOP-mediated amide formation. When a RCM was applied to A13 after protection of the triple bond, macrocycle A14 was directly isolated. It is worth mentioning that no biological tests were reported for A14 (Scheme 14). 

Comparison of the Syntheses and Conclusions

In summary, seven syntheses of (-)-spongidepsin have been reported in the literature. In all cases, the same global retrosynthetic approach was used, inspired from the pioneering reports by Forsyth et al. and Ghosh and Xu. The syntheses mainly differ from the reactions selected to control the four of the five stereogenic centers, one of them being always introduced by (S)-phenylalanine. 2). There is still room for improvement to achieve the synthesis of (-)-spongidepsin. Particularly, it would be important to know the biological mode of action of this natural product in order to design potent bioactive analogs and to design efficient and flexible syntheses to access them. 
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Scheme 2 .

 2 Scheme 2. Synthesis of carboxylic acid 8 by Forsyth et al. TBDPS = tert-butyldiphenylsilyl, Im. = imidazole, DMAP = dimethylaminopyridine, TPAP = tetrapropylammonium perruthenate, NMO = N-methyl morpholine oxide, TBAF = tetrabutylammonium fluoride.

Scheme 3 .

 3 Scheme 3. Synthesis of the C6-C11 fragment and end game to (-)-spongidepsin by Forsyth et al. PMB = para-methoxybenzyl, TES = triethylsilyl, Im. = imidazole, DIAD = diisopropyl azodicarboxylate, TBS = tert-butyldimethylsilyl, Boc = tert-butyloxycarbonyl, DIPEA = diisopropylethylamine, DMF = dimethylformamide, AIBN =azobisisobutyronitrile.

Scheme 4 .

 4 Scheme 4. Synthesis of the C6-C13 fragment and end game to (-)-spongidepsin by Ghosh and Xu. TBDPS = tert-butyldiphenylsilyl, Im. = imidazole, HMDS= hexamethyldisilazane, NBS = N-bromosuccinimide, DME = dimethoxyethane, DIBAL-H = diisobutylaluminium hydride, DIAD = diisopropyl azodicarboxylate, TFA = trifluoroacetic acid, EDCI = 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, HOBt = hydroxybenzotriazole, TBAF = tetrabutylammonium fluoride, Py = pyridine, DMSO = dimethylsulfoxide.
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 56 Scheme 5: Synthesis of the carboxylic acid 8 from the (+)-Roche ester by Cossy et al. TBDPS = tert-butyldiphenylsilyl, Im. = imidazole, DIBAL-H = diisobutylaluminium hydride, DMF = Ms methanesulfonyl, DMAP = TBAF = tetrabutylammonium fluoride.

Scheme 7 .Scheme 8 .

 78 Scheme 7. Synthesis of the carboxylic acid 8 by Chandrasekhar et al. TBDPS = tert-butyldiphenylsilyl, Im. = imidazole, DIBAL-H = diisobutylaluminium hydride, IBX = 2-iodoxybenzoic acid, SAMP = (S)-1-amino-2-methoxymethylpyrrolidine, LDA = lithium diisopropylamide, TBAF = tetrabutylammonium fluoride, PDC = pyridinium dichromate.

Scheme 9 .

 9 Scheme 9. Synthesis of carboxylic acid 8, C6-C13 fragment, and end of the game to (-)-spongidepsin by Krauss et al. Ms = methanesulfonyl, DMAP = dimethylaminopyridine, DMI = 1,3-dimethyl-2-imidazolidinone, DCC = dicyclohexylcarbodiimide.

Scheme 10 .

 10 Scheme 10. Synthesis of carboxylic acid 8 by Negishi et al. TBS = tert-butyldimethylsilyl, = bis[(2-diphenylphosphino)phenyl] ether, DIBAL-H = hydride, TBAF = tetrabutylammonium fluoride, PDC = pyridinium dichromate.

Scheme 11 .

 11 Scheme 11. Synthesis of the C6-C13 fragment by Negishi et al. TBDPS = tert-butyldiphenylsilyl, Im. = imidazole, DIBAL-H = diisobutylaluminium hydride, DCC = dicyclohexylcarbodiimide

Scheme 12 .

 12 Scheme 12. Synthesis of the carboxylic acid 8 by Burgess et al. TBDPS = tert-butyldiphenylsilyl, Im. = imidazole, DIBAL-H = diisobutylaluminium hydride, HMDS = hexamethyldisilazane, TBAF = tetrabutylammonium fluoride, TEMPO = (2,2,6,6-tetramethylpiperidin-1-yl)oxyl.

Scheme 13 .

 13 Scheme 13. Synthesis of the C6-C13 fragment by Burgess et al. DCHT = dicyclohexyl tartrate, DMAP = dimethylaminopyridine, DIBAL-H = diisobutylaluminium hydride, TBDPS = tert-butyldiphenylsilyl, Im. = imidazole, TBAF = tetrabutylammonium fluoride, TEMPO = (2,2,6,6-tetramethylpiperidin-1-yl)oxyl, BARF = tetrakis[3,5-bis(trifluoromethyl)phenyl]borate.

Scheme 14 .

 14 Scheme 14. Spongidepsin analogs A1-A14

  Table 1 outlines the different stereoselective reactions used for their control in the different syntheses of (-)-spongidepsin. The synthesis of carboxylic acid 8 by Krauss et al. is the most efficient in terms of steps and the synthesis realized by Burgess et al. is the most efficient in terms of overall yield. By far, the synthesis of the C6-C13 fragment by Krauss et al. is the most efficient in terms of steps and overall yield, however the cyclopropaneboronates have to be prepared in four to five steps from commercially available starting materials (Table

Table 1 .

 1 Control of the stereogenic centers by the different research groups

	Authors	C2	C4	C7	C9	Ref.
	Forsyth et al.	Enzymatic resolution	Enzymatic resolution	Hydroboration	Epoxide opening	[6]
	Ghosh et al.	Enzymatic resolution	Enzymatic resolution	Evans alkylation	Bromo-lactonisation	[7]
	Cossy et al.	Roche ester	Crotyl-stannylation	alkylation	SmI2-mediated radical addition	[24]
	Chandrasekhar	Roche ester	Enders alkylation	(-)-Citronellol	Proline-catalyzed α-hydroxylation	[30]
	et al.					
	Krauss et al.	Homocrotylboration	Homocrotylboration	Homocrotylboration	Homocrotylboration	[39]
	Negishi et al.	ZACA	ZACA	ZACA	Allylboration	[42]
	Burgess et al.	Roche ester	Asymmetric	Asymmetric	Sharpless kinetic resolution	[44]
			hydrogenation	hydrogenation		

Table 2 .

 2 Number of steps and overall yields for the synthesis of carboxylic acid 8, fragment C6-C11 or C6-C13 from the reported starting materials.
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Spongidepsin is a macrolide isolated from Spongia sp. Due to its original structure, exhibiting a phenylalanine amino acid moiety in a macrocyle and the presence of a terminal alkyne, associated to its antiproliferative activity, the molecule has attracted synthetic chemists culminating in seven total and/or formal syntheses. The major differences in the syntheses rely on the methods use to synthesize the C1-C5, the C6-C11 or C6-13 fragments as their connectivities to access spongidepsin are similar. The different methods to synthesize spongidepsin are compared.
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