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Herein, we describe the first total synthesis of trienylfuranol A, a fungal triene-substituted tetrahydrofuran metabolite. The stereoselectivity of the chiral center bearing the trienyl side chain was diastereodivergently controlled by the addition of nucleophilic species on substituted -butyrolactone. Remarkably, the C-nucleophilic species or hydride addition onto oxocarbenium intermediate leads to the opposite diastereoselectivity reported for Kishi or Woerpel models. The use of Hantzsch ester (HEH) as organic hydride donor has enabled us to access to the desired stereochemistry. The total synthesis of trienylfuranol A was achieved in 8 steps from acetaldehyde and pyruvic acid.

We previously isolated the sporochartine family of natural compounds from the fungus Hypoxylon monticulosum CLL 205, [1] now referred as Hypomontagnella spongiphila. [2] According to the structure of the sporothriolide 1 [3] and the trienylfuranol A 2, [4] we suggested that sporochartines A-D 3a-d might derive from a Diels-Alder type reaction between 1 and 2 (Figure 1). The cultivation of Hypoxylon monticulosum CLL 205 offers significant quantity of 1 and 3a-d, while 2 is only detected in very low amount. In the context of our ongoing research program on biosynthetic pathway of sporochartine 3a-d natural products and in order to elucidate the mechanism of reaction between 1 and 2, we engaged the total synthesis of trienylfuranol A 2; sporothriolide 1 is easily isolated in gram-scale from the cultivation broth. In order to provide an efficient synthetic pathway of trienylfuranol A 2, and in respect to the stability of this natural metabolite which is highly susceptible to polymerization or degradation upon synthesis or purification, [4] we considered to perform the synthesis involving two major milestones. First, we planned to synthetize a trisubstituted and functionalized furan V, bearing the three stereogenic centers in all-cis-relationship, and secondly the introduction of the terminal trienic side chain (Scheme 1). The -hydroxy--butenolide I can be smoothly hydrogenated over palladium to produce the disubstituted--butyrolactone II as a single diastereoisomer. This lactone II should be converted into cis-trisubstituted furan V. This will be achieved through the introduction of a functionalized side chain followed by a reduction at the same site, operations that can be performed in any order. The last substitution stage, which involves the formation of oxocarbenium intermediate, set up the C-2 stereogenic center. Even if stereoselective addition of nucleophilic species on oxocarbenium ions in furanoside series is well documented, it remains not fully predictable. [5] The stereochemical outcome of addition reactions on furanosyl oxocarbenium is dictated by stereoelectronic factors and highly dependent on the substrate structures. [6] For polysubstituted substrates, the conformational stability and reactivity of oxocarbenium ion is controlled by the interplay between the ring substituents and their relative effects.

Scheme 1. Retrosynthetic pathway of trienylfuranol A (2).

Indeed, in contrast with six-membered ring cation series, a predictive stereochemical model of addition reactions on fivemembered ring oxocarbenium ions is not available. [7] The stereoselectivity remains elusive, difficult to predict and occurred often with counterintuitive selectivity. As we are not able to anticipate the cumulative stereochemical effects of the 1,2-and 1,4-stereoinduction of the disubstituted -butyrolactone II, we have considered two approaches to introduce the functionalized side chain, precursor of the trienyl moiety. The first one is based on a well-established C-nucleophilic substitution on lactol III, which is obtained by hydride reduction of lactone II. This general approach has been studied by several groups with different nucleophiles and various Lewis acid. Woerpel and co-workers have proposed stereochemical models to account stereodirecting substituent effects on five-and six-membered ring oxocarbenium ions and to explain the stereoselective formation of Cfuranosides [8] and C-pyranosides [9] series, respectively. The second approach, developed by Kishi and co-workers for the formation of C-glycopyranoside, consists of the same in a reverse sequence. [10] First, C-nucleophile species was added on lactone type compound II to lead to hemiketal intermediate IV, which undergoes subsequent deoxygenation by treatment with hydrosilane and boron trifluoride etherate. This formation of Cglycoside was extended to furanoside series [11] and commonly applied to the formation of C-nucleosides. [12] We first prepared the disubstituted -butyrolactone 7 and its reduced O-acyl lactol 9 counterpart (Scheme 2). The synthesis of these compounds is based on previous reports [13] where pyruvic acid 4 was condensed with acetaldehyde through a gram-scale acid-catalyzed aldol/crotonisation/lactonisation sequence to provide the -hydroxy--butenolide 5. [14] This unsaturated lactone 5 was reduced under hydrogenation over 10% Pd/C in EtOAc to set up the hydroxyl function and methyl substituents in cis relative configuration via a 1,3-induced asymmetric hydrogenation. [15] The disclosed secondary alcohol of 6 was protected as its TBS ether in 93% yield and the protected lactone 7 was reduced with DIBAL-H to yield the lactol 8 and acetylated to provide the more stable O-acyl lactol 9 in good yields. Scheme 2. Preparation of disubstituted -butyrolactone and their reduced lactol counterparts. Reagents and conditions: a) H2SO4 conc., 0 °C to RT, 30 min., 31%. b) H2, Pd/C 10%, EtOAc, RT, 24 h, 70%. c) TBSOTf, 2,6-di-tertbutylpyridine, CH2Cl2, 0 °C to RT, 1.5 h, 93%. d) DIBAL-H, CH2Cl2, -78 °C to -15 °C, 2.5 h, 41%. e) Ac2O, DMAP cat., CH2Cl2, 0 °C, 1.5 h, 85%.

We started the synthesis of the targeted cis-trisubstituted furan V from the O-acetyl substrate 9 by a homologation reaction with allyltrimethylsilane as C-nucleophile in presence of Lewis acid. [16] We have used SnBr4 as Lewis acid which is widely employed by Woerpel and co-workers for five-membered-ring oxocarbenium ions [8a] and used recently by Ghosh and co-workers for the synthesis of amphirionin-4 [17] monocerin, [18] while other Lewis acids such as BF3.OEt2, TiCl4 or TMSOTf are described as less efficient. In our hands, with these conditions, the nucleophilic substitution of O-acetyl moiety of compound 9 with allyltrimethylsilane provided to the desired allylated compound 10 in good yield with an excellent -selective substitution as previously observed by Ghosh and co-workers (Scheme 3). [17] The oxidative cleavage of the corresponding alkene function by ozonolysis leads to the aldehyde 11 in 75% yield. Aldehyde 11 was reacted with (E)-1-lithio-1,3-butadiene, generated from the corresponding tributylstannane derivative 12 [19] by transmetallation, [19a] to form the (E)-butadienylated adduct 13 in an optimized yield of 62% yield and as a mixture of epimers in a 1:1 ratio. However, the dehydration of 1,3-butadienyl carbinol 13 into the targeted compound 14 with the trienic side chain was more difficult than expected. All attempts of direct dehydration of 13 or reactions involving the introduction of better leaving groups failed. We have only observed the consumption of starting material and extensive formation of decomposition products. This would suggest that elimination reaction conditions are not compatible with the unusual and very sensitive terminal trienyl moiety. [4] We consequently designed an alternative mild synthetic pathway to preserve the trienyl moiety.

Scheme 3. Nucleophilic substitution with allyltrimethylsilane. Reagents and conditions: a) Allyltrimethylsilane, SnBr4, CH2Cl2, RT, 30 min., 80%. b) O3, CH2Cl2, -78 °C, 5 min. then PPh3, -78 °C to RT 16 h, 75%. c) (E)-Buta-1,3-dien-1-yltributylstannane 12, n-BuLi, THF, -78 °C to RT, 16 h, 62%.

We turned out to an approach which implies the use of the same (E)-buta-1,3-dien-1-yltributylstannane 12 for the construction of the trienic unit, in milder conditions by Pd-catalyzed crosscoupling reactions. To achieve this objective, we plan to prepare a furan V bearing a functionalized vinyl unit. This partner for the targeted cross-coupling reaction could be obtained from an alkyne derivative. Thus, in place of allyltrimethylsilane for the nucleophilic substitution on O-acetyl compound 9, we have considered alkynyl species as C-nucleophile (Table 1). To realize this nucleophilic substitution, we intend to use organoalane reagents, successfully used for the introduction of the alkynyl groups at the anomeric position for nucleoside synthesis. [20] In our case, the most suitable organoalane reagent is ethyl[trimethylsilyl(ethynyl)]aluminum chloride, prepared in situ by transmetallation of lithio-ethynyltrimethylsilane with ethylaluminum dichloride. An excess of this reagent was used to assist the departure of acetyl moiety on the one hand, and to perform the addition on the generated oxocarbenium on the other. [21] The reaction of O-acyl compound 9 with the in situ prepared organoalane reagent furnished cleanly the alkynylated product in 66% yield. However, to our great surprise we have observed a highly -selective reaction, in 95:5 C-2 epimeric mixture in favor of the -isomer 16. The relative stereochemistry of this major -isomer 16 and minor -isomer 15 were independently assigned on the basis of the 2D NOESY spectra. For the -isomer 16, key NOE cross-peaks was observed between H-2 and CH3-5 while the desired minor -isomer 15 display a correlation between H-2 and H-5 (see supporting information). Other conditions using indium-mediated alkynylation under Barbier conditions [22] lead to the same outcome in terms of stereoselectity.

Table 1. Nucleophilic substitution of 9 with alkynyl species.

Entry

Reagents Conditions Yield [a] 15/16 [b] 1 Trimethylsilylacetylene n-BuLi then EtAlCl2

Tol./CH2Cl2 1:1, 0 °C to RT, 18 h CH2Cl2, reflux, 20 h 59% 5:95

[a] Yield of isolated product. [b] Determined by 1 H NMR analysis of the crude reaction mixtures.

As the undesired -isomer 16 was obtained during the previous Woerpel approach, we turned out to the complementary Kishi sequence which consists to introduce firstly the alkynyl moiety and to reduce the resulting hemiketal IV in the last step. [10] The lactone 7 was treated with the in situ prepared lithium(trimethylsilyl)acetylide at -45 °C to -25 °C for two hours to provide the hemiketal 17, isolated as a crude product in 95% yield (Table 2). All the trials to purify hemiketal 17 induced a significant fall of material and gave lower quality NMR spectra. The following reductive-deoxygenation of the crude hemiketal 17 was initially performed by the classical triethylsilane as reducing agent with BF3.Et2O as promoter. Unfortunately, once again the undesired isomer 16 was produced (Table 2, entry 1). Other hydrosilanes as hydride sources or the use of tributyltin hydride also led to the same -isomer 16 in lower yields (entry 2). With these disappointing results, we turned to the use of organic derivatives as reducing agent. First we have performed the reaction with Hantzsch ester (HEH), [23] a simplest NAD(P)H mimics widely used as reductant in the hydrogenation of unsaturated bonds and successfully used to trap in situ oxonium species. [24] To our delight, even if the yield is low, the reaction with kemiketal 17 and HEH as a reducing agent for oxocarbenium reduction provided the desired -isomer 15 (entry 3). This diastereodivergence for triethylsilane and HEH was previously observed by MacMillan and co-workers during the synthesis of C-nucleoside compounds in ribose series. [25] Taking into account the low stability of oxocarbenium intermediate and working at lower temperature, the desired isomer 15 was isolated in 23% yield for two steps from lactone 7 (entry 4). The use of other synthetic NAD(P)H analogue like 9,10dihydrophenanthridine [26] (entry 5) or benzothiazoline [27] (entry 6) lead to a complex mixture of several compounds, where the desired reduced compounds 15 or 16 were not observed. Switching from Lewis to Brønsted acid to generate the oxocarbenium ion intermediate turned out to be detrimental for reactivity. The use of diphenylphosphate [28] or more acidic promoters such as camphorsulfonic acid or triflimide did not lead to any reaction (entries 7-9). [29] On large scale synthesis, small quantity of over-reduced compound 18 was observed and can be cleanly isolated. The hydrogenation of alkyne function to alkane derivatives with HEH as hydrogen donors was reported under palladium catalysis [30] but, to the best of our knowledge, this result represents the first example of alkyne reduction with HEH under metal-free conditions.

Table 2. Introduction of alkynyl moiety using Kishi's protocol.

Entry

Reductive agent Promoter Yield [a] 15/16 [b] 1 [c] Et3SiH BF3.Et2O 30% 0:100

2 [c] nBu3SnH BF3.Et2O 8% 0:100 3 [c] BF3.Et2O 10% 100:0 4 [d]
BF3.Et2O 23% 100:0

5 [d] BF3.Et2O ND [e] - 6 [d] BF3.Et2O ND [e] - 7 [f] (PhO)P(O)OH NR [g] - 8 [f] CSA NR [g] - 9 [f] Tf2NH NR [g] -
Reagents and conditions for the first step: Trimethylsilylacetylene, n-BuLi, -45 °C to -25 °C, 2 h., 95% (crude product).

[a] Overall yield of isolated products for the two steps. [b] As the nature and configuration of functional groups on furan ring determines the stability and reactivity of oxocarbenium ions intermediate, but also the conformation of the formed product, we decided to assign unambiguously the relative stereochemistry by X-ray crystallography. The silyl protecting groups of 15 were removed by TBAF treatment to give the corresponding deprotected compound 19 (Scheme 4). The free secondary alcohol was derivatized into p-bromobenzoyl ester 20 and recrystallization of this solid compound from slow evaporation of its solution in methanol yielded single crystals suitable for X-ray crystallography. The crystallographic analysis showing an all-cis orientation of the substituents on the furan ring and confirming the relative stereochemistry assignment deduced from NOE correlations (Figure 2). [START_REF]Crystallographic data for the compound 20 have been deposited at the CCDC[END_REF] Scheme 4. Derivatisation of -isomer 15 as its para-bromobenzoate 20.

Reagents and conditions: a) TBAF, THF, RT, 2 h., 28%. b) para-bromobenzoic acid, DCC, DMAP, CH2Cl2, 0 °C to RT, 18 h, 45%. After carrying out the synthesis of desired functionalized furan 15, the last stage to complete the synthesis of trienylfuranol A involve the introduction of the trienyl side chain. For this purpose, the TMS group of 15 was selectively removed by treatment with methanol under basic conditions to afford the terminal alkyne 21, which was converted into (E)-vinyl iodide 22 by a hydrozirconation-iodination sequence with Schwartz reagent [START_REF] Hart | [END_REF] prepared in situ from Cp2ZrCl2 and DIBAL-H [33] and then followed by iodine treatment (Scheme 5). A Stille cross-coupling reaction [34] between vinyl iodide 22 and the previously prepared dienylstannane 12 [19] proceed under mild conditions at room temperature to afford the expected terminal triene 14 in satisfactory 71% yield. Subsequent desilylation of TBS protecting group with TBAF produced the targeted trienylfuranol A (2).

Scheme 5. Completion of the total synthesis of trienylfuranol A (2). Reagents and conditions: a) K2CO3, MeOH, RT, 3 h., 63%. b) Cp2ZrCl2, DIBAL-H, 0 °C to RT, 50 min., then I2, -78 °C to RT 2 h., 63%. c) (E)-Buta-1,3-dien-1yltributylstannane 12, PdCl2(CH3CN)2, RT, 3 h., 71%. d) TBAF, THF, 0 °C to RT, 3 h., 43%.

In order to identify the natural isomer of trienylfuranol A 2 in this racemic mixture, the two enantiomers were separated by Supercritical Fluid Chromatography (SFC) on a semi-preparative chiral column, and their [] In conclusion, the first total synthesis of trienylfuranol A was achieved in 8 steps, from acetaldehyde and pyruvic acid. The synthetic route was adapted to provide a concise and efficient approach for the synthesis of this natural metabolite taking into account of the very sensitive terminal trienyl moiety. Moreover, we have developed a diastereodivergent approach for the stereogenic center bearing this trienic side chain. Starting from lactone as substrate, the addition reactions of alkyne nucleophilic species and hydride reagent on the carbonyl moiety allow access, with high selectively, both cis and trans diastereoisomers, which are unambiguously assigned by X-ray studies. The ordering of the reaction sequence but also and above an appropriate choice of the reducing agent allow to ensure the stereocontrol. A separation by Supercritical Fluid Chromatography on chiral stationary phase allow the obtaining and characterization of the enantiomerically natural pure (+)-antipode. While we recently contributed to the elucidation of the biosynthesis pathway of the sporothriolide 1, [35] the biosynthesis of the trienylfuranol A 2 and sporochartines 3 remains to be elucidated, in particular the involvement of a Diels-Alder type reaction. We will benefit from the availability of the synthetized trienylfuranol A and sporothriolide to engage chemoenzymatic reactions and establish unambigously the sporochartines formation pathway. This work is ongoing in our laboratory.

Figure 1 .

 1 Figure 1. Plausible biosynthetic pathway of sporochartines through Diels-Alder cycloaddition between sporothriolide and trienylfuranol A.

Figure 2 .

 2 Figure 2. X-ray crystal structure of 20.
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