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General Introduction

The present manuscript will describe our efforts towards the total synthesis of two glycosylated monoterpene indole alkaloids via synthetic approaches inspired by their respective biosynthesis.

Cymoside displays an unprecedented caged hexacyclic fused-skeleton which encompasses a rare furo [3,2-b]indoline motif. Since its isolation by Kritsanida and Grougnet in 2015 from the leaves of Chimarris cymosa in Martinique, the complex scaffold was found only to be naturally related to the benzofuro [3,2-b]indoline of phalarine or the furo [3,2-b]indolone of lapidilectine B, grandilodine C and their congeners. Considering that our group has previously developed several methods to forge the structure of furo [3,2-b]indoline, it pushed us to investigate the total synthesis of cymoside.

Ophiorrhine A and B were recently isolated by He, Zuo, Liu and co-workers in 2018 from the plant Ophiorrhiza japonica and display a polycyclic-fused structure with a spirocyclic connectivity at C3. The intricate architectures of these natural products were proposed to be derived from the molecular evolution of strictosidine, via a pivotal oxidative cyclization or a Diels-Alder cycloaddition respectively. Both the biosynthesic hypotheses and chemical syntheses of related scaffolds will be discussed. Meanwhile, our total synthesis of cymoside via two related strategies and our initial study towards the total synthesis of ophiorrhine A will be presented. 

General presentation

The very large family of monoterpene indole alkaloids 1 encompasses more than 3000 compounds, displaying a diversity of chemical structures and abundant biological activities (Figure 2). Many of the plant sources of these indole alkaloids have been used in the ancient time for the preparation of traditional medicines. 2 Nowadays, several of these monoterpene indole alkaloids have been utilized in the pharmaceutical areas. For instance, the best known cinchona alkaloid, quinine is a dramatically effective anti-malarial agent and on the WHO Model List of Essential Medicines (EML). Ajmalicine (raubasine) affects smooth muscle function. Analogues of camptothecin are currently authorised for the treatment of tumor as topoisomerase inhibitors. Vincristine, also a member of EML, and its natural analogue vinblastine exhibit highly effective anti-cancer activities via antimitotic effects and are currently used against Hodgkin lymphoma and other cancers.

The monoterpene indole alkaloids are biosynthetically derived from an enzymecatalyzed Pictet-Spengler reaction between secologanin and tryptamine to deliver strictosidine 3 which is the common precursor for the formation of all the monoterpene indole alkaloids which are diverse and valuable metabolites. From strictosidine, divergent biosynthetic pathways lead to several sub-families with skeletons of high structural diversity (Scheme 1). The main biosynthetic routes imply a cyclization event between the quinolizidine nitrogen N4 and an aldehyde arising from the deglycosylation of the secologanin subunit. Scheme 1. Molecular evolution of strictosidine towards some monoterpene indole alkaloids including cymoside and ophiorrhines A and B.

For instance, strictosidine is transformed into 4,21-dehydrocorynantheine aldehyde and the corynanthe skeleton through the condensation of the released aldehyde at C21 3 Stockigt, J.; Antonchick, A. P.; Wu, F.; Waldmann, H. Angew. Chem. Int. Ed., 2011, 50, 8538-8564. with N4, followed by the oxidative cyclization and/or structural rearrangement to produce the yohimban, sarpagan, akuammilan, excelsidines, mavacuran, strychnan, ibogan or aspidosperman alkaloids among others. In contrast to this general pathway, an unusual oxidative cyclization of strictosidine could also take place as observed from the frameworks of few monoterpene indole alkaloids. 4,[START_REF] Cymoside | [END_REF] Among them, cymoside caught our attention owing to its unique structure, although no biological activity has been reported.

Cymoside 5a contains an unprecedented caged hexacyclic fused-skeleton which was isolated by Kritsanida, Grougnet, and co-workers from crushed leaves collected from the tree Chimarrhis cymosa (Rubiaceae) in the French Caribbean island Martinique. This rare architecture displays an unusual caged polycyclic fused-skeleton which still possesses the glucose moiety and encompasses a rare furo [3,2-b]indoline moiety.

Notably, when taking a variety of natural products into account, the latter is only related to the benzofuro [3,2-b]indoline of phalarine (16) or the furo [3,2-b]indolone of lapodilectin B (17), grandilodine C (18) and their congeners (Figure 3). Figure 3. Natural products that contain a benzofuro [3,2-b]indoline or furo [3,2b]indolone apparented to cymoside.

Biosynthetically, this high degree of complexity was proposed to arise from the intramolecular oxidative coupling between the enol ether of the monoterpene subunit and the indole by oxidation of the latter into hydroxyindolenine intermediate (13) (Scheme 1).

Ophiorrhines A and B were isolated by He, Zuo, Liu and co-workers 5b from Ophiorrhiza japonica, which is distributed in southwest and central China and is traditionally used as an herbal medicine to treat injuries and cough. These natural products were proven to have potential therapeutic application based on their in vitro immunosuppressive activity. Biosynthetically, they are supposed to be constructed through a key intramolecular [4+2] Diels-Alder cycloaddition of an indolopyridone intermediate, which could be generated from the oxidation of strictosidine (Scheme 2).

Herein, a few well characterized biosynthetic pathways and chemically synthetic approach of monoterpene alkaloids which have a direct chemotaxonomic connection with strictosidine will be discussed in this chapter. With an insightful knowledge about the biosynthesis of MIAs in mind, it can be helpful to understand how the diversity of MIAs is controlled in vivo and consequently the bioinspired views could be useful to develop the total synthesis of MIAs via chemical protocols.

Strictosidine, the precursor of all monoterpene indole alkaloids

Early stage of the biosynthesis of the monoterpene indole alkaloids

As already mentioned, the family of monoterpene indole alkaloids are acknowledged to arise from strictosidine, an important natural product isolated from four plant species (Anthocephalus cadamba, Rubiaceae; Strychnos mellodora, Loganiaceae; Catharanthus roseus (Vinca rosea); Rhazya stricta, Apocynaceae), biosynthesized through an enzyme-catalyzed Pictet-Spengler reaction between secologanin, a glycosylated monoterpene isolated from Lathraea clandestina, Strychnos nuxvomica and Lonicera morrowii, and tryptamine converted from Ltryptophan through the decarboxylation promoted by the specific tryptophan decarboxylase. 1 This enzymatic Pictet-Spengler condensation, mediated by strictosidine synthase, yields selectively strictosidine (iso-vincoside) 2,3 with a (S)configuration at C3, without any observation of formation of vincoside, its 3-(R)epimer (Scheme 2). Scheme 2. Biosynthesis of strictosidine via a Pictet-Spengler reaction catalyzed by strictosidine synthase.

Concerning the biosynthesis of secologanin, it was commonly proposed to be derived from geraniol or nerol via loganin, a key cyclopentanoid (Scheme 3). In 1986, Mizukami, De Luca and co-workers established the biosynthesis of secologanin via feeding experiments with deuterium-labelled compounds. 6 This biosynthesis starts with successive oxidations of geraniol or nerol to generate dialdehyde (23), followed by cyclization into the dihydropyran of bicyclic loganin (22). Oxidative cleavage of the -methyl cyclopentanol delivers the aldehyde and the terminal alkene of secologanin.

Scheme 3. Biosynthesis of secologanin.

From strictosidine, divergent biosynthetic pathways through further molecular evolution could lead to several sub-families with skeletons of highly structural diversity.

However, despite numerous studies over several decades, 7 the deep comprehension of 6 Uesato, S.; Kanomi, S.; Iida, A.; Inouye, H.; Zenk, M. H. Phytochemistry, 1986, 25, 839-842. 7 a) Saxton, J. E. Nat. Prod. Rep., 1997, 14, 559-590; b) Leonard, J. Nat. Pro. Rep., 1999, 16, 319-338. the transformation of the pivotal intermediate strictosidine to structurally very diverse indole alkaloids has not been completely figured out and still presents an enticing challenge.

State of the art for the synthesis of strictosidine

As a general biosynthetic progenitor for all monoterpene indole alkaloids, the synthesis of strictosidine has been drawing the attention of synthetic chemists for decades.

Since the first isolation of strictosidine by G. N. Smith from Rhazya stricta in 1968, 8 many endeavors have been undertaken to perform the diastereoselective and enantioselective synthesis of strictosidine. Indeed, the Pictet-Spengler reaction provides a straightforward and concise solution to construct the tetrahydro-β-carboline scaffold from tryptamine and secologanin or their respective analogs. Therefore, it is an essential task to firstly prepare secologanin or closely related derivatives before to perform the synthesis strictosidine via a Pictet-Spengler reaction.

Synthesis of secologanin and its aglycone.

Secologanin is an iridoid monoterpene which plays an important role in the biosynthesis of a large number of natural products including the monoterpene indole alkaloids. However, it is very surprising that there is just a handful of publications about the racemic synthesis of secologanin aglycone and only one very recent report on the enantioselective total synthesis of (-)-secologanin.

1.2.2.1-a Hutchinson and Partridge racemic synthesis of secologanin aglycone.

Hutchinson, Partridge and co-workers described in 1978 the first diastereoselective synthesis of racemic secologanin aglycone 9 based on a photo annulation developed by Buchi (Scheme 4). 10 The synthesis started with the reaction of 1,4-cyclohexadiene with methyl diformylacetate under irradiation with a Hanovia 450 Watt lamp. This reaction proceeds via a [2+2] cycloaddition followed by ring expansion of the resulting 8 Smith, G. N. Chem. Commun., 1968, 912-914. 9 Hutchinson, C. R.; Mattes, K. C.; Nakane, M.; Partridge, J. J.; Uskokovic, M. R. Helv. Chim. Acta, 1978, 61, 1221-1225. 10 Buchi, G.; Carlson, J. A.; Powell, Jr. J. E.; Tietze, L.-F. J. Amer. Chem. Soc., 1973, 95, 540-545. cyclobutanol into cis-ring-fused bicyclic dihydropyran (24) in 62 %, possessing all the carbons of the secologanin aglycone along with a separable minor trans-ring-fused isomer.

After formation of an epimeric mixture of acetals with methanol, dihydroxylation of the alkene with catalytic osmium tetroxide and periodate cleavage of the resulting diol gave an unstable dialdehyde, which was subjected to reduction with sodium borohydride leading to a lactone via spontaneous cyclization of one of the alcohols of the resulting diol with the ester. The vinyl group was generated through transformation of the second alcohol into an alkyl selenide, oxidation of the latter followed by elimination to give sweroside aglycone methyl ether (27). Saponification of the lactone with aqueous potassium hydroxide and reaction of the resulting carboxylate with diazomethane restored the methyl ester, then oxidation of the alcohol with dicyclohexylcarbodiimide in DMSO yielded secologanin aglycone methyl ether (28).

Overall, the synthesis was completed in 8 steps and 24 % overall yield.

Scheme 4. Diastereoselective synthesis of (±)-secologanin aglycone methyl ether by

Hutchinson, Partrige and co-workers.

In 1980, the group of Hutchinson 11 made some modifications to their previous strategy to access secologanin aglycone methyl ether (Scheme 5). It is a formal synthesis that intercepts a compound (32) described by Tietze. Inspired by an intramolecular aldol condensation described by Buchi and coworkers, 12 the unstable dialdehyde obtained via dihydroxylation and oxidative cleavage, was treated with a catalytic amount of 4-dimethylaminopyridine (4-DMAP) and a stoichiometric amount of (i-Pr)2NEt in acetic anhydride to induce an intramolecular regioselective and diastereoselective aldolisation which yielded after reduction of the aldehyde with sodium borohydride 48% of loganin aglycon methyl ether, the biosynthetic precursor of secologanin. The choice of the base had a significant influence: a too weak base only leads to the recovery of the starting material and a too strong base leads to the undesired dehydration of the aldol product. Scheme 5. Formal synthesis of (±)-secologanin aglycone methyl ether by Hutchinson via interception of an intremdiate described by Tietze.

Selective tosylation of the primary alcohol allowed to intercept a compound (32) that was employed by Tietze 13 in a biomimetic Grob fragmentation with sodium methylsulfinylmethide 14 prepared from sodium hydride and dry dimethyl sulfoxide.

Only the trans product of the aldol condensation could undergo the Grob fragmentation, the cis isomer gave an oxetane by intramolecular nucleophilic substitution. This biomimetic Grob fragmentation was proposed to undergo an E2 elimination involving an intermediate (33) shown in Scheme 5, which could explain why this elimination specifically occurred on trans substrate. The synthesis of secologanin aglycone methyl 12 Büchi, G.; Gubler, B., Schneider, Richard S.; Wild, J. J. Am. Chem. Soc., 1967, 89, 2776-2777. 13 Tietze, L.-F. J. Am. Chem. Soc., 1974, 96, 946-947. 14 Corey, E. J.; Mitra, R. B.; Uda, H. J. Amer. Chem. Soc., 1964, 86, 485-492. ether (28) was finished in 18 % overall yield and one step shorter compared to their previous work.

1.2.2.1-b Isoe hemisynthesis of secologanin aglycone.

In 1987, Isoe and co-workers described the hemisynthesis of (-)-secologanin aglycone silyl ether 15 from (+)-genipin via an oxidative fragmentation of γ ahydroxyalkylstannane which is related to the Grob fragmentation developed by Tietze (Scheme 6).

Aiming at obtaining optically active iridoids, enzymatic hydrolysis of natural geniposide isolated from Gardenia jasminoides was employed to give the starting material (+)-genipin (34), which underwent several steps to deliver key enone intermediate (35). Scheme 6. Hemisynthesis of (-)-secologanin aglycone-silyl ether by Isoe and coworkers.

Silylenol ether (36) was obtained via a 1,4-addition of tributyltin group to the enone with (trimethylsilyl)tributylstannane in the presence of catalytic amount of KCN and 18-crown-6. 16 Selective desilylation with Bu4NF and reduction with NaBH4 gave alcohol (37) which was then subjected to an oxidative fragmentation with lead tetraacetate to give secologanin aglycone (38) in 34 % overall yield. Both trans and cis diastereoisomers could be oxidized to the desired secologanin aglycone in contrast to the Grob fragmentation developed earlier by Tietze. 15 Isoe, S.; Katsumura, S.; Okada, T.; Yamamoto, K.; Takemoto, T.; Inaba, H.; Han, Q.; Nakatani, K. Tetrahedron Lett., 1987, 28, 5865-5868. 16 Chenard, B. L.; Laganis, E. D.; Davidson, F.; RajanBabu, T. V. J. Org. Chem., 1985, 50, 3666-3667.

1.2.2.1-c Chang's racemic synthesis of dimethyl secologanoside.

In 1989, the group of Chang 17 reported a versatile synthesis of (±)-dimethyl secologanoside which differs from secologanin aglycone by the fact that the aldehyde is replaced by a methyl ester (Scheme 7). The strategy is based on the application of an oxy-Cope rearrangement of an endo-vinylnorbornenol. This approach started with a readily available enol acetate (39), 18 which was transformed into desired allyl alcohol (40). The anionic oxy-Cope rearrangement of this vinyl alcohol upon treatment with sodium hydride in boiling benzene, 19 delivered desired ketone (41) in 93 % yield. This ketone was transformed into a silyl enol ether which was subjected directly without purification to successive oxidation with mchloroperbenzoic acid and desilylation to give α-hydroxy ketone (42). 20 The following oxidation of this hydroxyl-ketone with lead tetraacetate in methanol/acetic acid solution furnished trisubstituted cyclopentene (43).

Few steps were necessary to form phenylsulfide (44). Ozonolysis of the double bond and oxidation of the sulfur delivered hemiacetal (45) which was converted to a methyl acetal in 52 % yield over 2 steps. (±)-Secologanin agylcon methyl ether (46) was finally obtained after pyrolysis of the sulfoxide in 41 % yield. This is the first case that used the elimination of a sulfoxide to generate the double bond in the synthesis of iridoids. This approach established the practical utility of the oxy-Cope rearrangement of endo-vinylnorbornenols in the synthesis of iridoids.

Scheme 7. Synthesis of (±)-dimethyl secologanoside by Chang and co-workers. 17 Chang, N.-C.; Day, H.-M.; Lu, W-F. J. Org. Chem., 1989, 54, 4083-4088. 18 Brown, E. D.; Clarkson, R.; Leeney, T. J.; Robinson, G. E. J. Chem. Soc., Perkin Trans., 1978, 1, 1507-1511. 19 a) Evans, D. A.; Golob, A. M. J. Am. Chem. Soc., 1975, 97, 4765-4766; b) Brown, W. L.; Fallis, A. G. Tetrahedron Lett., 1985, 26, 607-610. 20 Rubottom, G. M.; Gruber, J. M. J. Org. Chem., 1978, 43, 1599-1602. In 2003, Tai and co-workers reported another approach to the synthesis of (±)dimethyl secologanoside (Scheme 8). 21 They accomplished a formal synthesis by intercepting cyclopentene (43a) described by Chang. 17 The fundamental strategy of this approach was the construction of the all cis-trisubstituted cyclopentene scaffold (43a) through the Norrish type Ⅰ cleavage of bicyclo[2.2.1]heptanone derivative (48) which was obtained from (47) by ozonolysis with oxidative work-up followed by esterification among other steps. The mechanism of the key Norrish type I cleavage is proposed in Scheme 8. The intramolecular photochemical cleavage of the ketone led to two free radical fragments. The aldehyde and alkene were then generated via the abstraction of one of the hydrogen adjacent to the alkyl radical. Scheme 8. Formal total synthesis of (±)-dimethyl secologanoside by Tai and coworkers.

1.2.2.1-d Tietze's racemic synthesis of secologanin aglycone.

In 1990, tandem Knoevenagel condensation -hetero Diels-Alder reactions were employed by the Tietze group to accomplish the synthesis of (±)-secologanin aglycone ethyl ether and derivatives (Scheme 9). 22 The sequence started with the Knoevenagel condensation between monoprotected malondialdehyde derivative (50) 23 and 4,4,4trichloro-3-oxobutanal (51) to generate an enal that was then engaged in the hetero-Diels-Alder reaction with enol ether (49) which contains a sulfoxide to furnish a mixture of four possible diastereomers, from which the desired dihydropyran (52) could be isolated by silica gel flash chromatography. This trichloromethyl ketone then underwent methanolysis with DBU in methanol to form the methyl ester. Thermolysis 21 22 Tietze, L. F.; Meier, H.; Nutt, H. Liebigs Ann. Chem., 1990, 253-260. 23 Trost, B. M.; Kunz, R. A. J. Am. Chem. Soc., 1975, 97, 7152-7157. of the sulfoxide moiety in the presence of excess trimethyl phosphite in refluxing mxylene generated the double bond. 24 Hydrolysis of the dithiane moiety with iodomethane and calcium carbonate in water and acetonitrile 25 delivered the aldehyde (53) of secologanin aglycone ethyl ether with the desired relative configurations in 14 % yield over 4 steps from the initial enol ether. Scheme 9. Practical synthesis of (±)-secologanin aglycone ethyl ether by Tietze and co-workers.

Despite the modest yield and diastereoselectivity, this approach seems to be the more straightforward and practical to access secologanin derivatives.

Based on Tietze's tandem Knoevenagel-hetero-Diels-Alder reaction, O'Connor and co-workers accomplished the synthesis of des-vinyl analogues of secologanin (57) with alternate stereochemistry in only 3 steps 26 by replacing the functionalized enol ether by unsubstituted vinyl ethyl ether (55) and a diethyl acetal was used to monoprotect the dialdehyde (54) (Scheme 10).

The tandem Knoevenagelhetero Diels-Alder reactions were mediated by potassium fluoride and after the methanolysis, the deprotection of the acetal was achieved with aqueous oxalic acid and silica gel. Both 2,4-trans (57) and 2,4-cis (58) diastereoisomers of des-vinyl secologanin aglycone were isolated. 24 Trost, B. M.; Salzmann, T. N.; Hiroi, K. J. Am. Chem. Soc., 1976, 98, 4887-4902. 25 Takano, S.; Hatakeyama, S.; Ogasawara, K. J. Chem. Soc., Chem. Commun., 1977, 68-68. 26 1.2.2.1-e Ishikawa's enantioselective synthesis of (-)-secologanin.

Eventhough many endeavours have been done to investigate the synthesis of secologanin aglycones, the total synthesis of (-)-secologanin itself has not been documented until Ishikawa and co-workers reported their seminal work in 2019 (Scheme 11). 27 An anti-selective organocatalytic asymmetric Michael raction 28 of thioester malonate derivative (59) and thioether-containing aldehyde (60) catalyzed by diphenylprolinol trimethylsilyl ether (61) was the key step to form diastereoselectively and enantioselectively two of the three stereogenic centers of the dihydropyran ring.

Subsequent Fukuyama reduction of the thioester (62) was followed by the spontaneous cyclization of the resulting formyl ester into the other aldehyde to build the dihydropyran ring. The resulting hemiacetal was subjected to a Schmidt glycosylation to introduce the glycosyl part. The acetylene was then converted to an aldehyde via desilylation mediated by tetrabutylammonium difluorotriphenylsilicate (TBAT) and a regioselective hydroboration with the Schwartz reagent followed by oxidation of the resulting vinyl boron intermediate. The sulfoxide also obtained during this oxidation was then subjected to the modified Tietze's sulfoxide elimination to generate the vinyl group.

Considering that the direct hydrolysis of the acetates of the glucosyl moiety (64) results into decomposition due to the sensitivity of the aldehyde, this transformation was accomplished through a sequential acetal protection of the aldehyde, methanolysis 27 Rakumitsu, K.; Sakamoto, J.; Ishikawa, H. Chem. Eur. J., 2019, 25, 8996-9000. 28 of the four acetates terminated by the hydrolysis of the dimethyl acetal group, leading to the final natural product (-)-secologanin (21) in 24 % yield over 10 steps. Since (-)-secologanin is a common precursor in the biosynthesis of all the monoterpene indole alkaloids, this practical approach is of great potential in the investigations of the total synthesis of these compounds due to its ability to produce (-)secologanin on multigram scales. The initial Pictet-Spengler reaction was revealed by Amé Pictet and Theodor Spengler 29 in 1911 when tetrahydroisoquinoline (66) was produced through the condensation of phenylethylamine (65) with dimethoxymethane (Scheme 12). Then the application was extended to construct tetrahydro-β-carboline structures. Apparently, the first Pictet-Spengler utilizing indole bases as starting materials was established by Tasui 30 in 1928, starting from tryptamine and acetaldehyde to give 1-methyltetrahydro-β-carboline (67). Since these discoveries, this cyclization has demonstrated its great synthetic potential to synthesize heterocyclic compounds, especially in the construction of scaffolds of biologically active compounds and sophisticated indole alkaloids. 29 Pictet, A.; Spengler, T. Ber. Dtsch. Chem. Ges., 1911, 44, 2030-2036. 30 on multigram scale by freeze-dried method from the column eluent. It was described that there was no formation of vincoside or its corresponding lactam. Compared to the soluble synthase, the immobilized strictosidine synthase showed a significant increase 31 In 2009, O'Connor and co-workers reported that Strictosidine Synthase is also efficient from simplified secologanin derivatives. 35 They described the enzymatic Pictet-Spengler reaction of tryptamine and 9,10-nor-secologanin and its diastereoisomers, which was prepared following the Tietze's tandem Knoevenagel-Hetero-Diels-Alder sequence.

The product (72) from 2,3,4,6-tetrabenzyl vinyl-glucose (71), 36 malondialdehyde derivative (70) and 4,4,4-trichloro-3-oxobutanal (51) then underwent methanolysis, Pdcatalyzed debenzylation and PPTS-mediated acetal hydrolysis to yield a mixture of inseparable stereoisomers which was subjected to non-enzymatic or enzymatic Pictet-Spengler reaction to give the corresponding strictosidine derivatives.

In the enzymatic case, a single stereoisomer (74) with the same stereochemistry as in strictosidine was generated in the presence of strictosidine synthase (0.5 % yield from 72). In the non-enzymatic case, the pictet-Spengler reaction was carried out in a maleic acid buffer (0.01 M, pH 2.0) solution, leading to a mixture of tetrahydro-β-carboline stereoisomers (75) identified with six peaks on the UPLC-MS. 34 Considering the limitation of many organic chemistry laboratories to run enzymecatalyzed reactions, synthetic chemists have to develop chemical strategies to mimic this biosynthesis, in order to meet the demand of strictosidine as pivotal intermediate in the biosynthesis of monoterpene indole alkaloids.

The stereoselective Pictet-Spengler reaction is indeed an important tool to perform bioinspired total synthesis of natural products. 3,38 As a pair of diastereoisomers, strictosidine (iso-vincoside) and vincoside could be generated from a non-seteroselective Pictet-Spengler reaction of tryptamine and (-)secologanin and be separated by flash column chromatography. Meanwhile the following drawback of this route compared to the enzyme-catalyzed condensation is the loss of half of the starting materials. Despite this reality, the non-enzymatic diastereoselective Pictet-Spengler reaction of tryptamine and secologanin is a difficult task.

In 1969, Battersby and co-workers prepared strictosidine via the Pictet-Spengler condensation of tryptamine and (-)-secologanin carried out in a pH 4.5 (0.2 M) phosphate buffer solution under nitrogen atmosphere at 37 o C for 48 h to deliver an almost 1:1 mixture of vincoside and strictosidine (iso-vincoside) which were isolated as their hydrochloride salt (Scheme 17). 39 Scheme 17. Partial synthesis of vincoside and iso-vincoside by Battersby.

In 1997, taking advantage of the easy lactamization of vincoside, Szabo and coworkers (Scheme 18) successfully isolated the epimer-free strictosidine in acidic conditions. 40 A well-developed Pictet-Spengler reaction was employed to condense tryptamine and (-)-secologanin mediated by excess acetic acid under nitrogen atmosphere at 100 o C for 6 h, leading to a mixture of the desired (-)-strictosidine and also vincoside 38 Heravi, M. M.; Zadsirjan, V.; Malmir, M. Molecules, 2018, 23, 943-991. 39 An alternative approach to the synthesis strictosidine derivatives 41 Over the past decades, generally two types of approaches to achieve a highly stereoselective and general Pictet-Spengler reaction have been proposed and are the deployment of either an internal stereoselective induction or an external stereoselective induction. 42 The former case is a diastereoselective reaction which relies on chiral tryptamine substrates. The utilization of a chiral auxiliary in close proximity of the prochiral center commonly could allow high degree of seteroinduction. Nevertheless, the chiral auxiliary has to be removed after the reaction. Indeed, it is a more straightforward pathway to employ tryptamine directly to run the Pictet-Spengler reaction and to rely on an external induction, in other words to perform an enantioselective reaction with a chiral catalyst. Excellent enantioselectivity could be reached with chiral organocatalytsts approaches such as phosphoric acids, thioureas or squaramides in the case of achiral substrates.

A. State of the art of non-enzymatic diastereoselective Pictet-Spengler reactions.

In 1979, Cook and co-workers used the stereogenic center of tryptophan to perform a diastereoselective Pictet-Spengler condensation to prepare tetrahydro-β-carboline derivatives with the trans isomer as the major product with diastereomeric ratios greater than 74/26 in aprotic media and 87/13 in acidic conditions (Scheme 20). During their investigation, 43 they revealed that both the nature of the ester group, the amine substituent and also the steric bulk of the aldehyde were important to selectively control the formation of the trans isomer. Importantly, the epimerization of the cis isomer (85) to the thermodynamically more stable trans isomer (86) was observed when the pure cis isomer isolated by flash column chromatography was treated with trifluoroacetic acid. The authors proposed that in the presence of trifluoroacetic acid, the amine is protonated and subsequent C1-N2 bond cleavage gave a carbocation intermediate (87), which underwent recyclization to afford the thermodynamically more stable trans isomer. Scheme 20. Diastereoselective synthesis of 1,2,3-trisubstituted tetrahydto-β-carboline derivatives from tryptophan. This type of diastereoselective Pictet-Spengler condensation from tryptophan derivatives provides a straightforward way to construct indole alkaloids encompassing the same trans tetrahydro-β-carboline moiety derived from tryptophan. 44 However, if the final product does not display a functional group derived from the carbonyl of tryptophan, the ester needs to be removed via several synthetic steps. In these cases, it is desirable to start from tryptamine in order to have a more straightforward and concise synthesis.

To reach this goal, the stereocontrol can also be obtained by the introduction of a chiral auxiliary to the nitrogen atom. In 1996, Waldmann and co-workers described a 43 Van Linn, M. L.; Cook, J. M. J. Org. Chem., 2010, 75, 3587-3599. 44 Waldmann, H.; Schmidt, G.; Henke, H.; Burkard, M. Angew. Chem. Int. Ed. Engl., 1995, 34, 2402-2403. diastereoselective Pictet-Spengler reaction via the use of N-protected amino acids as chiral auxiliaries (Scheme 21). 45 The achiral imine (88) obtained from the condensation of tryptamine and aldehydes reacted with a phthaloyl-protected amino acid chloride (89) to give a N-acyliminium intermediate (90), which underwent the cyclization in the presence of a titanium alkoxide to give the desired tetrahydro-βcarbolines (91) with up to 99:1 diastereomeric ratios. However, the removal of the chiral auxiliaries is problematic, since it could only be achieved under harsh reductive conditions (treatment with LiAlH4 in refluxing THF). In 2000, Koomen employed a sulfinyl group as chiral auxiliary which is easier to remove (Scheme 22). 46 The starting sulfinamine (94) was prepared from tryptamine and commercially available Andersen's reagent (93) which is the menthol-derivaed ptoluenesulfinate. 47 After the cyclization of the N-sulfinyliminium intermediate (95) formed from the condensation of p-tolylsulfinamine with aldehydes catalyzed by 10-camphorsulfonic acid (CSA), tetrahydro-β-carbolines (96) were delivered with diastereomeric ratios around 80:20. Finally, after separation of the diastereoisomers, the chiral auxiliary group was very easy to remove under acidic conditions to produce almost enantiopure products.

B. State of the art of enantioselective Pictet-Spengler reactions.

The first external reagent-mediated enantioselective Pictet-Spengler reaction was reported by Nakagawa and co-workers in 1998 (Scheme 23). 48 Instead of an amine for the condensation with the aldehyde, a hydroxylamine (99) was used which was prepared through reduction of a 3-(2-nitroethyl) indole (98). The subsequent condensation with various aldehydes led to nitrones (100) which were activated with 2 equivalents of diisopinocampheylchloroborane ((+)-Ipc2BCl) as a chiral Lewis acid. The corresponding N-hydroxy-tetrahydro-β-carbolines (102) were obtained in up to 90 % enantiomeric excess. A key iminium ion intermediate (101) was proposed in which the oxygen of the nitrone would coordinate the boron of the Lewis acid. The nucleophilic attack of indole to the iminium moiety was assumed to occur from the side with less steric hindrance, which could explain the stereochemical outcome of the cyclization.

Nitrones with both p-anisyl and 1-naphthyl substituents from the aldehyde could be tolerated and afforded the desired product with good yield and enantioselectivities (90 and 86 % ee respectively). However, the presence of an electron-withdrawing group such as a nitro on the aromatic aldehyde was not tolerated and gave no enantioselectivity. Aliphatic aldehydes like methyl and i-butyl gave the corresponding N-hydroxy-tetrahydro-β-carbolines in good yields but with only moderate 46 While this strategy was a conceptual step forward, it suffered from the fact a hydroxyl amine should be synthesized, the resulting N-hydroxy group needs to be reduced at the end and an excess of the chiral reagent should be used.

In 2006, List and co-workers described the first enantioselective Pictet-Spengler reaction catalyzed by a chiral strong Bronsted acid to give optically pure tetrahydro-βcarbolines (Scheme 24). 49 In the presence of a chiral phosphoric acid derived from BINOL (binaphtol) and Na2SO4 as additive, the Pictet-Spengler condensation of substituted tryptamine (104) and aldehydes occurred enantioselectively to yield the tetrahydro-β-carbolines (106) with excellent yields and high enantiomeric excesses with a significant tolerance to both aromatic and aliphatic aldehydes and to the presence of a methoxy substituent on the benzene part of tryptamine. In order to ensure a high enantiocontrol, the positions in alpha of the oxygens of BINOL need to be substituted by bulky aromatic groups.

However, the restriction of this strategy was the requirement of geminal diestercontaining tryptamines as substrates, which limits the utility of this approach. 49 As an easily removable substituent under acidic conditions, the sulfenyl group was introduced as an activating group of tryptamine by Hiemstra and co-workers to carry out the Pictet-Spengler condensation (Scheme 25). 50 Both aliphatic and aromatic aldehydes could be employed to give the N-sulfenyliminium intermediate with Nsulfenyltryptamines and then furnish the corresponding tetrahydro-β-carbolines in the presence of the binaphthylphosphoric acid (108) in good yields and enantiomeric excesses via the Pictet-Spengler cyclization followed by the acid-mediated removal of the sulfenyl group in a one-spot procedure. The presence of a gem-diester is not necessary in this reaction. Scheme 25. Catalytic asymmetric Pictet-Spengler reactions from sulfenyl tryptamines. 50 Hiemstra and co-workers reported the use of N-benzyltryptamines (110) to perform the BINOL-derived phosphoric acid-catalyzed enantioselective Pictet-Spengler reaction with aromatic and aliphatic aldehydes yielding N-benzyl-protected tetrahydroβ-carbolines (113) (Scheme 26). 51 Noteworthy, for this Pictet-Spengler condensation with aromatic aldehydes, the triphenylsilyl substituted BINOL-phosphoric acid (111) exhibited the best catalytic ability to give satisfactory yields and enantiomeric excesses.

For the other cases, the 3,5-bistrifluoromethylphenyl substituted BINOL-phosphoric acid (112) proved to be the best catalyst.

Scheme 26. Catalytic asymmetric Pictet-Spengler reactions of N-benzyltryptamines.

In 2012, Lin and co-workers introduced the use of SPINOL-phosphoric acids (115) to catalyze the enantioselective Pictet-Spengler reaction (Scheme 27). 52 This catalyst features a spirocyclic template. Typically, starting from Nb-α-naphthylmethyl protected tryptamines (114), highly enantioenriched tetrahydro-β-carbolines (116) were obtained after condensation with aromatic and aliphatic aldehydes in excellent yields and enantiomeric excesses, respectively up to 99 % and 98 %. Compared to the BINOLphosphoric acids, these new spirocyclic phosphoric acids (115) present a more rigid scaffold. They also exhibit higher enantioselectivities and activities in many cases than the BINOL-phosphoric acids. The removal of α-naphthylmethyl group was achieved with 10 mol % of palladium hydroxyde (10 wt %) / C under a H2 atmosphere. 51 Sewgobind, N. V.; Wanner, M. J.; Ingemann, S.; de Gelder, R.; van Maarseveen, J. H.; Hiemstra, H. J. Org. Chem., 2008, 73, 6405-6408. 52 In fact, the first organocatalyzed Pictet-Spengler reaction was described by Jacobsen and co-workers in 2004 via in situ generated N-acyliminium intermediates starting from unprotected tryptamines (117) and aldehydes, in the presence of a chiral thiourea catalyst (118) (Scheme 28). 53 The corresponding N-acyliminium ions (119) with enhanced reactivity then underwent the cyclization to give N-acetyl protected tetrahydro-β-carbolines (120) in high enantiomeric excesses. The stereocontrol is induced by the counter anion of the N-acyl iminium (119) which is the chloride activated by the thiourea. The disadvantage of this strategy is that only aliphatic aldehyde could be employed. The deacetylation has to be achieved under harsh reductive conditions which is a drawback.

Scheme 28. Thiourea catalyzed enantioselective acyl-Pictet-Spengler reactions

In 2009, starting from unprotected tryptamines (121), the same group reported the catalytic enantioselective Pictet-Spengler reactions of tryptamines and aldehydes cocatalyzed by a chiral thiourea (122) and benzoic acid following a one-pot procedure, 54 leading directly to unprotected tetrahydro-β-carbolines (123) in high enantiomeric excesses (Scheme 29). However, the yield is dependent of the substitution of the benzene part of the indole. While 82% of the Pictet-Spengler product is obtained with a methoxy, the yield drops to 45% with tryptamine itself. Scheme 29. Thiourea catalyzed enantioselective synthesis of unprotected tetrahydro-βcarbolines in one step.

Notably, when the reaction was carried out with aromatic aldehydes in the absence of acetic acid, the cyclization did not occur. In contrast, the aliphatic aldehydes could still lead to the Pictet-Spengler products without benzoic acid. The enantioselectivity increases in the absence of the benzoic acid additive, but it necessitates a much longer reaction time.

The proposed mechanism is presented in Scheme 30. The association of the chiral thiourea catalyst (124) and the conjugate base of the weak Bronsted acid additive via H-bonding interaction would be involved in the stereoinduction of the envisioned catalytic cycle. The highly reactive iminium ion (127) associated with the above mentioned chiral counter anion would undergo cyclization (128) and subsequent rearomatization to furnish the product and regenerate the thiourea catalyst and the weak Bronsted acid. 54 Klausen, R. S.; Jacobsen, E. N. Org. Lett., 2009, 11, 887-890.

Scheme 30. Bronsted acid and H-bond donor co-catalysis.

Focusing on the challenging catalytic enantioselective Pictet-Spengler reaction from unmodified tryptamine, Seidel and co-workers reported a new strategy in which the chiral thiourea and the weak Bronsted acid are present on the same catalyst (129) (Scheme 31). 55 This strategy worked well on most of aromatic aldehydes, furnishing high yields and enantioselectivities to form tetrahydro-β-carbolines (130), employing a conjugate-base-stabilized Bronsted acid (129). When it comes to aliphatic aldehydes, poor yields and modest enantioselectivities were obtained. This strategy could be regarded as a complement to Jacobsen's N-acyl-Pictet-Spengler reactions which is only suitable for aliphatic aldehyde. Scheme 31. Enantioselective formation of tetrahydro-β-carbolines via internal anionbinding catalysis. 55 In order to explain how the low reactivity of iminium ion was overcome, the concept of internally conjugate-base-stabilized Bronsted acid catalysis was presented (Scheme 32). 56 A rigid substrate/catalyst ion pair was formed after the protonation of the substrate tryptamine via the intramolecular cooperative action of the thiourea catalyst with an acidic functional group (carboxylic acid moiety) leading to a covalently linked anion-recognition site. Scheme 32. Internal anion-binding concept.

C. Ichikawa's synthesis of strictosidine.

When it comes to apply the use of a chiral catalyst in the synthesis of strictosidine, problems would arise from the starting material secologanin encompassing several proton acceptor positions, which would have huge influence on the interaction of a chiral catalyst with tryptamine and the aldehyde.

As an alternative solution and as already mentioned, the stereoselectivity could also be achieved through substrate-control strategy via the introduction of another chiral centers in the tryptamine.

Therefore, the first enantioselective total synthesis of (-)-strictosidine was accomplished by Ishikawa and coworkers in 2020 through a highly diastereoselective Pictet-Spengler reaction starting from (R)-α-cyanotryptamine (133) and secologanin tetraacetate (64) in the presence of TFA. 57 The preparation of strictosidine has always been limited by the source of secologanin which has always been obtained from the corresponding plants cell suspension cultures. There was no chemical strategy to access this pivotal molecule 56 until Ishikawa and co-workers achieved this milestone in 10 steps that we presented earlier.

Scheme 33. The first enantioselective total synthesis of (-)-strictosidine.

Following this enantioselective total synthesis of (-)-secologanin they studied the Pictet-Spengler reaction of secologanin tetraacetate (64) and several tryptophan derivatives: both enantiomers of the methyl ester of tryptophan as well as cyanotryptamine (Scheme 33). It was found that enantiomerically pure (R)-αcyanotryptamine (133) was the optimal substrate to mediate a highly diastereoselective Pictet-Spengler reaction delivering a 10:1 diastereomeric ratio in favor of the desired product (134) in the presence of excess TFA. It was proposed that both the stereochemistry of the alpha amino-nitrile function of the modified tryptophan and of secologanin tetraacetate were able to influence the diastereoselectivity.

After reductive decyanation with excess sodium cyanoborohydride in the presence of acetic acid and deacetylation under common methanolysis conditions, (-)strictosidine (4) was generated in 3 steps and 77 % yield from secologanin tetraacetate.

The corynanthe alkaloids

A large number of divergent and consecutive rearrangements of the common precursor strictosidine are able to generate a high skeletal diversity of scaffolds of monoterpene indole alkaloids. 1 In general, the first biosynthetic molecular transformation of strictosidine is the enzymatic deglucosylation of the secologanin acetal part mediated by Strictosidine Deglucosidase to yield strictosidine aglycone (136), of which the hemiacetal moiety is in equilibrium with dialdehyde (137) through ring opening of the secologanin unit. This unstable dialdehyde is a pivotal biosynthetic intermediate via a cyclization followed by subsequent structural remodeling leading to a large number of monoterpene indole alkaloids via several alternative cyclizations and/or rearrangements. Few representative monoterpene indole alkaloids are shown in Figure 5. In fact, all the compounds that are represented in this figure arise from the tetracyclic corynanthe scaffold with geissoschizine (138) as its emblematic member. The corynanthe scaffold is formed from the dialdehyde of the strictosidine aglycone via the condensation of the allylic aldehyde and the secondary amine. 

Biosynthesis of geissoschizine

To be more precise, once the pivotal dialdehyde (137) derived from strictosidine via deglucosylation is formed, one of its aldehyde condensates with the secondary amine (Scheme 34). Thus, reaction with the aldehyde in alpha of the ester (formylester) leads to vallesiachotamine (145), (pathway A). It is indeed a less common pathway that the condensation of the amine with the other aldehyde (pathway B) which is more reactive than the formylester. It affords 4,21-dehydrocorynantheine aldehyde (15) and the corynanthe skeleton which is the start of a common biosynthetic route to several monoterpene indole alkaloids. Isomerization of the enamine of cathenamine (147) and reduction of the corresponding iminium (148) deliver epimeric ajmalicine (8), tetrahydroalstonine (149) and 19-epiajmalicine (150). Oxidative dehydrogenation of ajmalicine (8) leads to serpentine (151).

These alkaloids exhibit numerous biological activities and therapeutic potential, such as preventing stroke (ajmalicine, 8), and antipsychotic properties (tetrahydroalstonine, 149) or topoisomerase II inhibition (serpentine, 151).

In the other hand, reduction of 4,21-dehydrogeissoschizine (146) produces geissoschizine (138) which exhibits an apparent structural connection with several other sub-families and is an important intermediate in the biosynthesis of these indole alkaloids. It has therefore attracted much attention from the synthetic communities to develop the synthesis of its scaffold.

Further divergent cyclizations of geissoschizine

The corynanthe alkaloid geissoschizine is structurally regarded as a pivotal intermediate in the biosynthesis of several sub-classes of monoterpene indole alkaloids such as the mavacuran, strychnin or akuammilan alkaloids and the recently discovered zwitterionic excelsinidines, via divergent oxidative cyclizations of geissoschizine as shown in Scheme 35. Scheme 35. Further biosynthetic cyclizations of (E)-geissoschizine.

Even though the incorporation of E and Z configurations of the double bond located at carbon 19-20 could be present in geissoschizine, the further cyclized alkaloids are exclusively showing the E configuration, which means that these cyclizations preferentially take place from the E isomer of geissoschizine (138) 58 to furnish the mavacuran (152), strychnan (153), akuammilan (154), excelsinidine alkaloids (155) via divergent oxidative couplings between the C16-formylester and respectively the N1 indolic nitrogen, the C2 indolic carbon, the C7-indolic carbon or the N4-tertiary amine.

Previous synthetic work of our laboratory toward monoterpene indole alkaloids: total synthesis of the mavacuran alkaloids and (-)-17-nor-excelsinidine

Recently, our group in collaboration with Erwan Poupon and Laurent Evanno described the total synthesis of (-)-17-nor-excelsinidine (156), (+)-16-hydroxymethylpleiocarpamine (157), (+)-16-epi-pleiocarpamine (158) and (+)-taberdivarine H (159) through divergent oxidative cyclizations of the geissoschizine skeleton, involving the construction of either the N1-C16 bond or the N4-C16 bond. Notably, our teams described the first total synthesis of (-)-17-nor-excelsinidine (156) through the bioinspired oxidative cyclization of the complete geissoschizine scaffold in 2018. 59 (-)-17-nor-Excelsinidine was a recently discovered zwitterionic monoterpene indole alkaloids 60 with an unusual N4-C16 connection. Two strategies were developed to achieve this oxidative coupling transformation and construct the bridged bicyclic ammonium moiety.

In fact, the transformation of the geissoschizine template towards the mavacuran and akuammilan alkaloids were targeted via either the formation of the N1-C16 or C7-C16 bonds. 1.3.3.1 Two strategies towards the total synthesis of (-)-17-nor-excelsinidine.

The first strategy started from enantiopure (+)-16-deformylgeissoschizine (160) which was prepared via the combination of the known syntheses of Martin and Cook. 61 Initial attempts to achieve the desired intramolecular cyclization directly from (+)-16deformylgeissoschizine failed. Therefore, it was envisioned that bringing in close 58 Eckermann, R.; Gaich, T. Chem. Eur. J., 2016, 22, 5749-5755. 59 proximity and in a rigid scaffold the N1 and C16 atoms that needed to be connected to access the mavacuran skeleton would facilitate the desired transformation (Scheme 36).

Therefore, pentacyclic intermediate 161 was prepared by the construction of a seven-membered lactam. The desired N1-C16 intramolecular oxidative process was attempted in a two-step sequence via a highly diastereoselective chlorination at the C16 position (162) followed by the subsequent nucleophilic substitution of the C16 chloride by the N1-indolic nitrogen. Instead, the more nucleophilic N4-nitrogen added to the C16-carbon to form the N4-C16 bond and addition of water leaded to the cleavage of the lactam bond. Enantiopure (-)-17-nor-excelsinidine (156) was thus successfully obtained in 30 % yield over 4 steps. Scheme 36. The first total synthesis of (-)-17-nor-excelsinidine via two strategies.

It was then envisioned to evaluate the oxidative cyclization of geissoschizine itself (Scheme 36). Starting from geissoschizine (138) which possesses a reactive formyl ester functional group, the intramolecular oxidative coupling was performed by deprotonation of the NH indole and the formyl ester with KHMDS followed by addition of I2 as oxidant. These are slight modifications of previous conditions employed by Ma or Zhu to form either the N1-C16 or C7-C16 bonds on simplified substrates. 62 Neither the mavacuran (N1-C16) nor the akuammilan (C7-C16) skeletons were obtained.

Instead, the formation of the N4-C16 bond was again observed. After saponification, a 62 24, 1941-1944. second total synthesis of (-)-17-nor-excelsinidine (156) was completed in 18 % yield over 2 steps. A proposed mechanism of this direct oxidative coupling involved the formation of N4-iodo ammonium by I2 and the nucleophilic substitution of this iodide moiety by the C16 enolate accompanied by a desformylation. 1.3.3.2 Total synthesis of the mavacuran alkaloids.

Whereafter, further developments were achieved in our group with Laurent Evanno and Erwan Poupon to manipulate the behavior of geissoschizine in these oxidative coupling conditions. The enantioselective total syntheses of three mavacuran alkaloids, (+)-taberdivarine H (159), (+)-16-hydroxymethyl-pleiocarpamine (157) and (+)-16epi-pleiocarpamine (158), as well as the commonly postulated biosynthetic precursor 16-formyl-pleiocarpamine (169) were described 63 through a bioinspired oxidative coupling cyclization to form the N1-C16 bond from the geissoschizine framework in which the N4-tertiary amine was transformed into a benzyl ammonium (166). This quaternization of the N4-quinolizidine unit was crucial for the key transformations. The superior nucleophilicity of N4 compared to the indole N1 was then concealed.

Furthermore, the formation of the N4 ammonium favors the cis conformation of the geissoschizine scaffold and shorten the geometrical distance between the indole nucleus and the C16 malonate.

Starting with geissoschizine itself, treatment with p-methoxybenzylbromide in acetonitrile at 80 o C gave the corresponding ammonium (166) (Scheme 37). The oxidative sequence: deprotonation of the indolyl NH and the formyl ester of the ammonium with KHMDS followed by the addition of I2 was carried out, furnishing a mixture of the N1-C16 oxidative cyclization product (167, 168) with its desformyl counterpart as the major product. The C16 stereochemistry was shown to correspond to 16-epi-pleiocarpamine (158) rather than pleiocarpamine as demonstrated by careful NOESY analysis. After the removal of PMB with TMS iodide, the tertiary amine was restored to give (+)-16-epi-pleiocarpamine (158) and 16-epi-16-formyl-pleiocarpamine (169) in a low yield. 63 Scheme 37. Total synthesis of (+)-16-epi-pleiocarpamine.

Initially, the teams aimed at the total synthesis of pleiocarpamine, which is a subunit emerging in several bis-indole alkaloids.

Considering how to get the desired stereochemistry at C16, it was believed that the introduction of a symmetric dicarbonyl could be useful to fix the encountered problems via a late stage desymmetrization (Scheme 38). Following the same sequence of quaternization of N4 to form an ammonium and the subsequent oxidative cyclization to form the N1-C16 bond, pentacycle (172) was obtained in 76 % yield over 2 steps.

After deprotection of N4 mediated by BBr3 and subsequent Krapcho decarboxylation in the presence of KCN, (+)-16-epi-pleiocarpamine (158) was again obtained in an improved yield of 22.6 % over 4 steps.

An alternative strategy was employed to desymmetrize the diester at C16 prior to the final decarboxylation. It was achieved by selective saponification under basic conditions or selective reduction with DIBAL-H of the most accessible ester, delivering the corresponding carboxylic acid (174) or aldehyde (175) with the stereochemistry at C16 corresponding to pleiocarpamine. Decarboxylation of the resulting carboxylic acid gave also (+)-16-epi-pleiocarpamine (158). The deformylation of the aldehyde under basic conditions delivered (+)-16-epi-pleiocarpamine (158) either. Desformylation of (+)-16-hydroxymethyl-pleiocarpamine (157) obtained by the selective reduction of aldehyde (175) with NaBH4 gave (+)-16-epi-pleiocarpamine (158) once again. All these attempts of decarboxylation starting from substrates displaying the proper C16 pleiocarpamine-type stereochemistry furnished (+)-16-epi-pleiocarpamine (158), probably resulting from the formation of an enolate or enol in thermodynamic conditions at C16 leading to the more thermodynamically stable epimer (+)-16-epipleiocarpamine over pleiocarpamine. Scheme 38. Bioinspired total synthesis of mavacuran alkaloids.

The total synthesis of (+)-taberdivarine H (159) was also achieved from geissoschizine malonate (164). Since the natural product is a N-methyl ammonium, Nmethylation with methyl iodide was performed instead of forming a N-PMB ammonium. Tetracycle (176) was subjected to the previous oxidative cyclization conditions to construct the N1-C16 bond. After a double saponification and a spontaneous selective decarboxylation, the total synthesis of (+)-taberdivarine H (159) was completed in 43.5 % yield over 3 steps.

Monoterpene indole alkaloids that arise from the oxidative cyclization of strictosidine

It was shown in the last part that deglucosylation of strictosidine initiates a biosynthetic process to produce the corynanthe skeleton which gives birth to a very large number of monoterpene indole alkaloids.

In contrast, biosynthetic transformations are possible before the deglucosylation step such as oxidative cyclizations as it is observed in the biosynthesis of cymoside and the ophiorrhines.

Biosynthesis of cymoside

The hexacyclic caged-structure of cymoside which contains a furoindoline and in which the glucose is still present was resolved via 2D NMR by Kritsanida and Grougnet from the Faculty of Pharmacy of Université Paris-Descartes in Paris.

They proposed a plausible biosynthetic hypothesis to explain the formation of this intricate compound (Scheme 39). This high degree of complexity was proposed to arise from the intramolecular oxidative coupling between the enol ether of the monoterpene subunit and the indole of strictosidine. Oxidation of the indole could lead to a 7hydroxyindolenine intermediate (13). The enol ether of the secologanin part could then add to the imine part of this hydroxyindolenine to form the C2-C16 bond and generate C17-oxocarbenium intermediate (178) which could be trapped by the hydroxyl group at C7, thus completing the furo [3,2-b]indoline moiety.

Scheme 39. Biosynthesis of cymoside.

Therefore, we propose to develop a bioinspired synthetic method to access the unprecedented caged hexacyclic fused-skeleton containing the rare furo [3,2-b]indoline motif in order to achieve the total synthesis of cymoside.

Biosynthesis of ophiorrhines A and B

The polycyclic-fused intricate structure of ophiorrhines A and B displaying a spirocyclic connectivity at C3 was resolved through 2D NMR and X-ray crystallography. We propose to access ophiorrhine A (2) through the key bioinspired Diels-Alder cycloaddition of 180.

The following chapters will be focused on the first total synthesis of cymoside (1) and also the efforts towards the total synthesis of ophiorrhine A (2).

Chapter 2. Total synthesis of cymoside

Obviously, the unusual architecture of cymoside (1) arises from the oxidative cyclization of strictosidine (4). The unprecedented caged hexacyclic fused-skeleton encompasses a rare furo [3,2-b]indoline motif. Interestingly, in natural products the latter is only related to the benzofuro [3,2-b]indoline of phalarine (16) or the furo [3,2b]indolone of lapidilectine B (17), grandilodine C (18) and their congeners (Figure 6).

Therefore, before to present our synthetic work towards the total synthesis of cymoside, we will present the postulated biosynthesis and synthetic strategies that have been previously deployed to form the benzofuro [3,2-b]indolines and furo [3,2-b]indolones of the aforementioned compounds. The furanobisindole alkaloid phalarine (16) was isolated from phalaris coerulescens existing extensively on all continent except Antarctica. The characterization of phalarine (Figure 6) was achieved by Colegate and co-workers in 1999. It exhibits an unusually tricyclic propellane architecture in which the benzofuro [3,2-b]indoline is included. 64 The proposed biosynthesis route of phalarine involves a straightforward oxidative [3+2] annulation between a tetrahydro-β-carboline (183) and an oxygenated gramine 64 subunit (184) (Scheme 41). However, the initial attempts towards a bioinspired total synthesis of phalarine were not successful. 65 Scheme 41. Biosynthesis of phalarine.

The unusual intricate benzofuro [3,2-b]indoline framework has not been found in any other natural product than phalarine to the best of our knowledge. However, the regioisomeric hemiaminal containg benzofuro [2,3-b]indoline moiety is present in several natural products such as azonazine (185), 66 pleiocorine, voacalgine and diazonamides (186) 67 and bipleiophylline (187) 68 (Figure 7). Many general onestep/multistep methods towards this structure have already been extensively described including the direct oxidative coupling reaction of indoles and phenols. 69 This regioselectivity could be explain by the fact that the C-3 position of indoles is more nucleophilic or oxidizable than the C2 position. Therefore the synthesis of the 1phenoxy-2-aniline-ethane containing benzofuro [3,2-b]indoline of phalarine is a particularly difficult challenge. Nevertheless, several strategies were described to perform the total synthesis of this furanobisindole alkaloid. Scheme 42. Total synthesis of (±)-phalarine by Danishefsky.

Enantioselective total synthesis of phalarine by Danishefsky and co-workers.

After their first racemic synthesis of (±)-phalarine via the rearrangement of arylketone (190), Danishefsky and co-workers were interested to develop an enantioselective synthesis using the same strategy. However, this task was more complicated than anticipated but a preliminary unsuccessful study gave a valuable deep insight of this ring-expanding rearrangement. Two mechanistic hypotheses were proposed by Danishefsky to account for the formation of benzofuro [3,2-b]indoline (191) 70 In order to overcome the loss of the enantiomeric excess, a novel approach towards the total synthesis of enantiopure phalarine through a stereospecific Pictet-Spengler reaction was described by Danishefsky's group with the use of an additional stereocenter (Scheme 44). 72 Scheme 44. Enantioselective total synthesis of (-)-phalarine by Danishefsky.

Starting from L-tryptophan methyl ester (197), the key precursor (198) of the desired cyclization was prepared in several steps including the introduction of an ortho phenol at the C2-position of the indole ring. Gratifyingly, benzofuro [3,2-b]indoline (202) as a single diastereoisomer in an enantiopure form was furnished by the treatment of the precursor (198) with formaldehyde and camphorsulfonic acid (CSA). The proposed mechanism of the highly diastereoselective transformation was presented in Scheme 44. After formation of iminium (199), two approaches were postulated inherent to the Pictet-Spengler reaction. In the first case, the addition of the indole to the iminium occurred via the C3 position leading diastereoselectively to spiroindolenium (200) followed by the suprafacial 1,2-shift with transfer of chirality from C3 to C2 followed by the cyclization of the C2-phenol group onto the resulting C3 carbocation. In an alternative pathway, the Pictet-Spengler reaction could also occur directly at C2 to directly define the stereochemistry at C2 (201), followed by the subsequent intramolecular trapping of the carbocation by the phenol. At this point, the total 72 Trzupek, J. D.; Lee, D.; Crowley, B. M.; Marathias, V. M.; Danishefsky, S. J. J. Am. Chem. Soc., 2010, 132, 8506-8512. synthesis of (-)-phalarine could be achieved after removal of the methyl ester and subsequent transformations.

Formal syntheses of (-)-phalarine and (+)-phalarine by Chen.

In 2010, the group of Chen realized the total synthesis of phalarine 73 involving an oxidative double cyclization mediated by a hypevalent iodine reagent to construct the benzofuro [3,2-b]indoline moiety inspired by the palladium catalyzed intramolecular aminoalkoxylation of a stilbene derivative strategy developed by Muniz. 74 In 2007, Muniz reported the double cyclization of stilbene derivatives (203) which contain hydroxyl and tosylamide groups on the ortho positions of the two aromatic rings with the concomitant formation of a C-O bond and a C-N bond in presence of a palladium catalyst and diacetate iodobenzene (PIDA) as oxidant (Scheme

45).

Even a cursory inspection of the structure of (-)-phalarine can reveal the relationship between (-)-phalarine and this tetracyclic compound (204) and made it apparent that this strategy could be applied to the total synthesis of (-)-phalarine and the synthesis of related compounds sharing this common structural core. Inspired by this promisingly efficient palladium-catalyzed oxidative double cyclization, Chen and co-workers described modified conditions, in which the palladium catalyst is not necessary, applied to cyclopentene (205) substituted by ortho phenol and a protected aniline and also containing a diol (Scheme 46). Subjecting this compound to the standard conditions described by Muniz afforded the desired core framework of phalarine but in disappointing yield and selectivity. The author were pleased to observe that removing the palladium catalyst and using PIFA, instead of 73 Ding, H.; Chen, D. Y.-K. Angew. Chem. Int. Ed., 2011, 50, 676-679. 74 Muniz, K. J. Am. Chem. Soc., 2007, 129, 14542-14543. PhI(OAc)2, as oxidant allowed the double cyclization to took place smoothly and led to a mixture of two separable diastereoisomers of the desired benzofuro [3,2-b]indoline (ratio 9:1). These diastereoisomers could be separated and subjected to a one-pot procedure involving an oxidative diol cleavage mediated by Pd(OAc)4 and a double reductive amination to yield 191 which is an intermediate of the total synthesis of phalarine by Danishefsky. Both enantiomers are accessible independently from respectively the two diastereoisomers, and this work therefore represents the formal syntheses of both (-)-phalarine and (+)-phalarine. Scheme 46. Formal syntheses of (-)-phalarine and (+)-phalarine by Chen.

Total synthesis of racemic phalarine by Jia.

The total syntheses of phalarine by Danishefsky and Chen were not bioinspired and involved an intramolecular reaction to form the benzofuro [3,2-b]indoline motif. In contrast, the group of Jia recently described an eight-steps total synthesis of phalarine which is more efficient and the shortest route up to date, via a bioinspired intermolecular direct oxidative [3+2] annulation between a phenol and an indole. 75 As mentioned earlier, undesired benzofuro [2,3-b]indolines are predominantly produced via the direct oxidative coupling reaction of indoles and phenols in the presence of an hypervalent iodine reagent. One representative work was the total synthesis of diazonamide by Harran. 76 75 Li, L.; Yuan, K.; Jia, Q.; Jia, Y. Angew. Chem. Int. Ed., 2019, 58, 6074-6078. 76 Burgett, A. W. G.; Li, Q.; Wei, Q.; Harran, P. G. Angew. Chem. Int. Ed., 2003, 42, 4961-4966.

However, Jia was able to overcome this problem by the choice of the protecting group on the indolic nitrogen and access the pivotal benzofuro [3,2-b]indoline framework with PIDA by a direct intermolecular oxidative coupling reaction of phenols and 2,3-disubstituted-indoles (Scheme 47).

Starting from known tetrahydrocarboline protected with a benzoyl group (208), the key oxidative coupling reaction with densely substituted phenol (209) was examined.

The desired benzofuroindoline (210) was produced smoothly as a sole product in 30 % yield under the optimized condition in the presence of diacetoxyiodobenzene (1.5 equiv. PIDA), tetrafluoroboric acid (20 mol % HBF4) in hexafluoro-2-propanol (HFIP). The benzoyl group on the nitrogen was key to control the formation of the desired regioisomer since with an acetyl group, the regioselectivity could be inverted.

The introduction of two carbon-unit for the late indolization was accomplished by a Suzuki-Miyaura coupling reaction with potassium vinyltrifluoroborate to give a nitrostyrene (211). The following Cadogan reductive cyclization in the presence of P(OEt)3 at 210 o C mediated the indolization. The removal of the benzoyl group and direct reduction of the carbamate group to the methyl group were enabled by Red-Al as hydride reductant. Finally the total synthesis of (±)-phalarine ( 16) was accomplished after the reaction with N,N-dimethylmethylene iminium chloride. Scheme 47. Total synthesis of (±)-phalarine by Jia.

Lapidilectine B and grandilodine C

Structurally related, the Kopsia alkaloids lapidilectine B (17), grandilodine C (18) and their congeners have attracted the attention since their isolation from the Kopsia genus of flowering plant widely distributed in Southeast Asia owing to their unusual carbon skeletons and interesting biological activities. For instance, lapidilectine B and grandilodine C display remarkable multidrug resistance (MDR) reversing effects. Many synthetic efforts have been undertaken to construct the core structure of these natural product and to achieve their total synthesis. 2.1.2.1 First total synthesis of (±)-lapidilectine B by Pearson.

Pearson and co-workers described the first total synthesis of (±)-lapidilectine B (17) over a sequence of more than 25 steps in 2001 (Scheme 48). 77 The synthesis of the core of lapidilectine B involved the key construction of a furo [3,2-b]indolone moiety. 78 This desired formation of this key structure was investigated from an accessible 2-aminophenyl ketone derivative (212) as a mixture of two diastereoisomers (ratio 3:1). Diazotization of the primary amine in the presence of sodium nitrite in acidic conditions and subsequent displacement with sodium azide led to an -azido ketone which was treated with potassium hydroxide to give 2,2-spirooxindole (213). 79 The key diol intermediate ( 214) was obtained as a mixture of two diastereomers (ratio 6:1) after dihydroxylation with osmium tetroxide (OsO4) and Nmethylmorpholine N-oxide. Treatment with allylmagnesium bromide accomplished the allylation of the carbonyl. The subsequent oxidative cleavage of the diol produced the desired aldehyde in the presence of sodium periodate (NaIO4), followed by the formation of a methyl acetal mediated by camphorsulfonic acid in methanol, delivering the desired furo [3,2-b]indoline (215) as a single diastereomer. From this point, lapidilectine B (17) was eventually obtained as a racemate after 14 steps. Scheme 48. Total synthesis of (±)-lapidilectine B by Pearson. 77 Pearson, W. H.; Mi, Y.; Lee, I. Y.; Stoy, P. J. Am. Chem. Soc., 2001, 123, 6724-6725. 78 Pearson, W. H.; Lee, I. Y.; Mi, Y.; Stoy, P. J. Org. Chem., 2004, 69, 9109-9122. 79 Azadi-Ardakani, M.; Alkhader, M. A.; Lippiatt, J. H.; Patel, D. l.; Smalley, R. K.; Higson, S. J. Chem. Soc., Perkin Trans. 1, 1986, 1107-1111.

Enantioselective total syntheses of (+)-lapidilectine B and (+)-grandilodine C by Nishida.

Following, the racemic synthesis of lapidilectine B developed by Pearson, Nishida and co-workers reported an enantioselective total syntheses of (+)-lapidilectine B as well as (+)-grandilodine C in 2016, 80 Echavarren and co-workers established a more general and concise strategy in 2018 towards the total synthesis of lapidilectine and grandilodine alkaloids, which took advantage of a straightforward early construction of the pyrroloazocine indole core (Scheme 51). 83 This total synthesis was launched with a condensation/lactamization/Claisen rearrangement cascade sequence from tryptamine (20) and a chiral oxoester (226) followed by several transformations to afford α-bromo ester (227), which was regarded as an important precursor for the total synthesis of the lapidilectines and grandilodines.

Then Barriault' method 84 enabled the photocatalytic cyclization of this α-bromo ester 

Scheme 51. Total synthesis of (+)-lapidilectine B and (+)-grandilodine C by

Echavarren. 83 Miloserdov, F. M., Kirillova, M. S., Muratore, M. E., Echavarren, A. M. J. Am. Chem. Soc. 2018, 140, 5393-5400. 84 

Other synthetic studies towards furo[3,2-b]indolone derivatives

Alternative strategies have been developed to construct furo [3,2-b]indolone motifs.

The cyclization of 2-allyl-3-hydroxy-indoline is an attractive approach. In 1996, Sakamoto and co-workers relied on this strategy (Scheme 52). 85 Reaction of 3oxindole (230) and allyl alcohol (231, 5.7:1 mixture of E-and Z-isomers) led to 3allyloxy-indole (232) which underwent an in situ Claisen rearrangement and 2-allyl-3oxindole (233) was produced as a separable mixture of two diastereoisomers. The carbonyl of both diastereoisomers was subjected to a stereoselective reduction by sodium borohydride to afford cis-alcohols (234a) and (234b). Ozonolysis of the terminal alkene followed by pyridinium chlorochromate (PCC) oxidation of the resulting lactol proceeded smoothly to give lactones (235a) and (235b) respectively. Scheme 52. Synthesis of furo [3,2-b]indolones from 3-hydroxy-2-allyl indolines.

An oxidative dearomatization reaction of indoles was also able to provide an easy access to furo [3,2-b]indolones bearing a chiral quaternary carbon center at the C2 position in one single operation.

In 2016, Studer and co-workers reported 86 the cyclization of readily prepared 2indoly carboxylic acids (236) with boronic acids mediated by palladium catalyst in 85 Kawasaki, T.; Masuda, K.; Baba, Y.; Terashima, R.; Takada, K.; Sakamoto, M. J. Chem. Soc. Perkin Trans. 1, 1996, 729 -733. 86 presence of TEMPO to give lactone-containing tricyclic indolines (237) with the formation of a C-aryl bond at C2 and of a C-O bond as C3 (Scheme 53). This reaction occurred under mild conditions with complete regiocontrol and complete 2,3diastereocontrol. Para-substituted arylboronic acids bearing electron-donating andwithdrawing groups afforded the desired arylation/lactonization products in high yields (75-87 %). Electron-withdrawing substituents on the indole core at C5 or C6 and electron-donating methyl group at C5 position were all tolerated. The six-and sevenmembered lactones could be produced by using propanoic and butanoic acid derivatives of indoles. In all cases, only one single diastereoisomer was observed. In the presence of substituents at the αor β-position of the alkanoic acid side chain, the desired indolines were also formed with excellent diastereoselectivity but lower yield compared to indoles bearing unsubstituted side chain acids.

More interestingly, the corresponding furo [3,2-b]indoline moiety (239) were also formed if the carboxylic acid is replaced by an alcohol (238) under the optimized conditions (Scheme 53-2), albeit in slightly lower yields. Scheme 53. Pd-catalyzed dearomative and arylative cyclization of indoles by Studer.

Other synthetic studies towards furo[3,2-b]indoline derivatives

Padwa and co-workers published a one-pot process to access the furo [3,2b]indoline moiety through an intramolecular 1,3-cycloaddition (Scheme 54). 87 The treatment of bis(diazo) compound (240) with a homoallyl or allyl alcohol (241) in the presence of a rhodium catalyst lead to the preferential insertion of the carbenoid intermediate on the oxindole into the OH bond. In the other hand, the-amido-ester carbenoid reacted with the carbonyl on the oxindole to form 1,3-dipole (243), subsequently followed by the geometrically feasible intramolecular cycloaddition. The resulting adducts (244) bearing four new stereogenic centers were isolated as a single diastereomer in all cases. Scheme 54. Tandem insertion/cycloaddition of bis(diazo) compounds with homoallyl and allyl alcohols by Padwa.

Photoredox catalysis has recently received a lot of attention owing to the opportunity to manipulate organic molecules'redox state with visible light and organometallic complexes or organic dyes. These catalysts are capable of absorbing visible light efficiently and the resulting exited state of these catalysts can act as an efficient single electron oxidant or reductant.

Zheng and co-workers disclosed a one-step synthesis of N-aryl-furo [3,2b]indolines involving diastereoselective tandem oxidative C-N and C-O bond formations from vinyl aniline (245) which is tethered by an alcohol through visible light irradiation of a ruthenium catalyst (Scheme 55). 88 Considering Zheng's hypothesis, the substrate was oxidized at the nitrogen under photoredox conditions to generate an amine radical cation, which subsequently added to the styrene moiety of the structure to form a C-N bond and produce a benzylic carbocation intermediate (246) after oxidation of the resulting benzylic radical. The tethered alcohol nucleophile was shown to be competitive against the 1,2-aryl/carbon shift 89 (leading to an aromatization product) to intercept the benzylic cation, constructing the C-O bond and providing a fused indoline (247). It was demonstrated that the methyl group on the styrene moiety was responsible for the cascade cyclization 88 The transition-metal-catalyzed cyclization of o-alkynyl-anilines is also an efficient strategy for the construction of indoles. The allenes are also well known as valuable building blocks for constructing cyclic compounds (Scheme 56).

Ohno proposed a novel strategy mediated by a gold catalyst for the construction of furo [3,2-b]indolines starting with 2-alkynyl-N-propargylanilines (248) involving the formation of the indole ring and the intramolecular migration of the propargyl moiety leading to an allene which could undergo further cyclization. 90 The authors uncovered that this synthesis could be divided into two parts through quenching experiments during the reaction and in-situ monitoring of the reaction by 1 H NMR spectroscopy. The cyclization of the starting material by addition of the nitrogen to the gold-activated conjugated alkyne accompanied by migration of the propargyl group led to 3-allenyl indole intermediate (249) during the first part of the reaction without detecting any final indoline. The second part of the reaction involved the cyclization of the indole from its C2-position to the allene via activation of the latter by the gold catalyst. The resulting C3-benzylic carbocation could then be intercepted by the tethered alcohol. Interestingly, the formation of the indoline (250) was only observed after almost complete consumption of the starting material. Notably, this novel gold-catalyzed cascade cyclization strategy revealed the first establishment of the migration of a propargyl moiety from an aniline nitrogen atom. 90 According to Canesi's description, the electron-rich aromatic sulfonamides (251) reacting normally as a nucleophile was converted upon oxidation with diacetate iodobenzene to an electrophilic intermediate (253) which could then be trapped by an appropriate nucleophilic furan. The final dihydrofuranoindoline was obtained after the trapping of the oxonium ion by the nucleophilic attack of the nitrogen of the sulfonamide. Notably, the intermediate (253) formed initially could be stabilized by the 91 Deruer, E.; Canesi, S. Org. Biomol. Chem., 2017, 15, 3736-3741. polar and non-nucleophilic solvent HFIP and the overlap of the lone pair electrons on the sulfonyl oxygen and this electrophilic ion. This proposed mechanism could explain the observed regioselectivity producing the furo [3,2-b]indoline moiety. [3,2-b]indolines developed by our group 2.1.5.1 Direct oxidative coupling between N-Ac indoles and phenols.

Previous access to furo

The direct construction of benzofuroindolines scaffold by direct oxidative coupling between phenols and indoles has drawn our group's attention for a long period.

Generally and as mentioned earlier, two regioisomeric adducts could be obtained through the union of phenols and indoles via an oxidative coupling, producing predominantly the benzofuro [2,3-b]indoline framework owing to the innate reactivity of indoles and our group have developed synthetic methods towards this regioisomer. [START_REF] Beaud | FeCl3-mediated Friedel-Crafts hydroarylation with electrophilic N-acetyl indoles for the synthesis of benzofuroindolines[END_REF] However, our team also investigated the synthesis of the benzofuro [3,2-b]indoline motif of phalarine.

Notably, our group accomplished the first regioselective approach to benzofuro [3,2-b]indolines in 27-62 % yield 93 indoles with FeCl3 (258) which induces the delocalization of the lone pair of the indolic nitrogen into the carbonyl π system, resulting in the C2=C3 bond to be less electronrich and disposed to react with phenol radical intermediate (259). However, the undesired benzofuro [2,3-b]indolines were predominantly produced when 2,3disubstituted N-Ac-indoles were subjected to the optimized conditions, proving that this methodology was not applicable to the total synthesis of phalarine. This work was published before the total synthesis of phalarine by Jia and co-workers (Scheme 47) 75 via a similar process as presented earlier. In comparison with the traditional use of stoichiometric oxidants or reductants, electrochemistry could be considered as a "greener" and environmentally friendly process. Notably, many electrochemical methodologies have been established to solve some drawbacks observed in these classical "stoichiometric" oxidation or reduction reactions.

Following the work of our team towards benzofuro [3,2-b]indolines via the intermolecular annulation between 3-substituted N-acetylindoles (255) and phenols (256) mediated by FeCl3 and DDQ, the same transformation with extended scope and improved yields was achieved by Lei and co-workers in 2017 via an electrochemical version from the same substrates without external chemical oxidants and catalysts, 94 providing a straightforward and atom economic method (Scheme 59). 94 Instead of overcoming the difficulty to control the selectivity of the coupling of indoles and phenols resulting from the innate reactivity of indoles, our team also turned its attention to a non-biomimetic strategy. Over the years, the Fischer indolization proved to be a powerful tool for the synthesis of functionalized indoles and 3,3disubstituted indolines.

In 2016, a new finding was described by our group, 95 With these achievements involving the C2-C3 umpolung of N-acetylindolines in hand, subsequently, our group in collaboration with the one of Xavier Moreau at 95 Versailles also investigated the application of pericyclic reactions for the construction of furo [3,2-b]indolines via dearomative [3+2] cycloadditions. Specifically, domino reactions that merges different classes of pericyclic reactions are powerful tools to construct fused and bridged ring architectures with structural diversity and complexity through a single operation. More interestingly, it was pleasant that not only can FeCl3 activate N-acetylindoles towards [3+2] annulations, but also has the capability to promote the interrupted iso-Nazarov cyclization of dienals. Therefore, in 2016, an efficient domino sequence combining an iso-Nazarov 

Retrosynthesis of cymoside

The synthesis of the rare furo [3,2-b]indoline motif of the unprecedented caged hexacyclic fused-skeleton of cymoside appeared to us as a challenging target in relation with the interests of our team in dearomatization reactions of indole and the bioinspired oxidative strategies that were developed to access furoindoline derivatives.

Considering the abundant knowledge accumulated in the literature and in our team concerning the construction of furoindoline scaffolds and considering the biosynthesis of our natural product target, we decided to adopt a bioinspired approach with the Ideally, the oxidative cyclization could be performed directly on strictosidine itself (4) (or a protected form) which would already contain the glucose part delivering directly cymoside. To this end, a diastereoselective Pictet-Spengler reaction of tryptamine and secologanin (with its glycosyl) could be able to deliver strictosidine in a straightforward and concise manner, mimicking the biosynthetic step which is mediated by the enzyme Strictosidine Synthase.

Considering that there is no evidence of the stability of the glycosylated scaffold of strictosidine under the oxidative cyclization conditions, an alternative approach would be to perform this key step on a protected form of the aglycone of strictosidine.

The latter would arise from the Pictet-Spengler reaction of tryptamine (20) and the aglycone of secologanin (280). The sugar moiety would be introduced at a late-stage via a glycosylation step to finish the total synthesis of cymoside.

Model study of the key oxidative cyclization

Choice of the model substrate

As already explained, the key point of our planned total synthesis of cymoside is the development of an unprecedented oxidative cyclization reaction to mimic the biosynthesis in order to construct the furo [3,2-b]indoline framework of cymoside.

It seemed logic to test this key reaction on a simplified substrate readily accessible before to implement it to the total synthesis of cymoside. In order to assess the viability of the oxidative cyclization approach, we turned our attention towards an analog of strictosidine aglycone (283) without the vinyl substituent (Scheme 64). This compound should be readily prepared according to literature precedents and would allow us to study the oxidative cyclization without to worry about side reaction taking place on the vinyl substituent or the glucose part. Scheme 64. Model substrate to study the oxidative cyclization.

Preparation of des-vinyl secologanin aglycone

Firstly, the secologanin aglycone lacking the vinyl substituent should be prepared prior to conducting the Pictet-Spengler condensation with tryptamine.

The synthesis of this compound was done according to the procedures reported by O'Connor and co-workers in 2009 which was inspired by the synthesis of secologanin aglycone ethyl ether by Tietze (Scheme 65). 26 The tandem Knoevenagel condensation / hetero Diels-Alder cycloaddition sequence mediated by potassium fluoride involved the reaction of trichloromethyl ketone (51) and monoprotected malondialdehyde (54) to form an enone which would react with vinyl ethyl ether (285) to give the intermediate cycloadduct. The trichloromethyl ketone was then subjected to the subsequent methanolysis with 1,8diazabicycloundec-7-ene in methanol, delivering the methyl ester. The deprotection of the diethyl acetal was achieved with aqueous oxalic acid and silica gel, furnishing both 2,4-trans (288) and 2,4-cis (289) diastereoisomers of des-vinyl secologanin aglycone in 7 % and 12 % yield respectively in only 3 steps. They respectively originate from exo and endo approaches during the hetero Diels-Alder cycloaddition.

Scheme 65. Synthesis of des-vinyl secologanin aglycone

Considering the relative 2,4-trans configuration of secologanin, the corresponding 2,4-trans diastereoisomer of des-vinyl secologanin aglycone was used for the following investigations.

Optimization of the Pictet-Spengler reaction

With this trans des-vinyl secologanin aglycone (288) in hand, the Pictet-Spengler reaction of this aldehyde with tryptamine was studied to forge the des-vinyl scaffold of strictosidine (Table 1).

When the reaction was carried out in 80 % acetic acid aqueous solution at room temperature for 72 h, only 35 % yield of the desired compound was obtained (Table 1, entry 1). The reaction running in maleic acid buffer solution (pH 2.0) at room temperature for 48 h gave a 60 % yield of this product (Table 1, entry 4). Only traces of product could be observed when 2 equivalents of acetic acid were used (Table 1, entry 3). The best result was obtained when 1.5 equivalents of trifluoroacetic acid were employed at room temperature for 6 h leading to the desired product as a mixture of two diastereomers (290a/b, dr 1:1) and also to lactam (291) (Table 1, entry 2). This byproduct derived from the lactamization of the ester group with the secondary amine of the undesired epimer. The observed absence of diastereoselectivity is in accord with all observations in the literatures since only the employment of the corresponding enzyme Strictosidine Synthase can stereoselectively produce strictosidine. 

Optimization of the oxidative cyclization

With this strictosidine derivative in hand, the stage was set to evaluate the oxidative cyclization. Unfortunately, the desired framework of cymoside could not be obtained despite intensive efforts. The selected oxidative conditions evaluated (AgOTf, FeCl3, m-CPBA, PIFA, oxaziridine 297) are presented in Table 2. With most of the oxidants tried, unidentified over-oxidant products were observed. The free N4 secondary amine appeared to be rather fragile to oxidative conditions. Considering the sensitivity of the free secondary amine of the strictosidine derivative towards oxidants, we envisioned that the introduction of a protecting group on this amine was essential before optimizing the subsequently pivotal oxidative cyclization. As a versatile protecting group, the para-nosyl group can be easily installed and removed under mild conditions, which make it a good choice for our system. Thus, the para-nosyl group was introduced to strictosidine derivative with 4nitrobenzenesulfonyl chloride in basic conditions as a 1.06:1 mixture of two epimers (Scheme 66).

Scheme 66. Protection of the secondary amine.

In the other hand and beside m-CPBA, oxaziridine (297) was found to be used in several cases to oxidize the indole moiety into hydroxyindolenine derivatives. For instance, in 2013, a chemoselective oxidation of an indoloquinolizidine at the C3 position of the indole moiety to the corresponding hydroxyindolenine was reported by Kozmin and co-workers 97 with oxaziridine (297) at room temperature in dichloromethane (Scheme 67).

Scheme 67. Oxidation of an indole derivative with oxaziridine into a 7-hydroxyindoline.

This oxaziridine could be synthesized following the procedures reported by Davis and co-workers in 1990. 98 Addition of methyllitium to the carbonyl of saccharin (295) produced cyclic N-sulfonyl iminine (296) which is then oxidized with m-CPBA into the desired oxaziridine (297) (Scheme 68).

Scheme 68. Synthesis of oxaziridine (297).

Subsequently, the key oxidative cyclization was examized from this protected strictosidine derivative. Frustratedly, both m-CPBA and this oxaziridine (297) led to messy results. 97 Liu, S.; Scotti, J. S.; Kozmin, S. A. J. Org. Chem., 2013, 78, 8645-8654. 98 Fortunately, we were very pleased to identify that in acidic conditions this oxaziridine (297) is a suitable oxidant to promote the desired oxidative cyclization of (292a) and deliver the intricate fused-hexacyclic skeleton of cymoside in 45 % yield (298) from the epimeric mixture of (292a/b) which represents an 88 % yield from the adequate epimer (292a) (Scheme 69).

It is presumed that this oxaziridine induced the epoxidation of the C2=C7 double bond of the indole of (292a) which is followed by a cascade of cyclizations which will be explained below. No product of the oxidation of the unwanted epimer (292b) could be identified, while starting (292b) was not isolated. The removal of the nosyl group with thiphenol in presence of potassium carbonate is a trivial operation which delivered free secondary amine (299). This results demonstrated the great potential of this strategy in the total synthesis of cymoside. Therefore, after opening of the epoxide (300) by the lone pair of the indolic nitrogen, the dihydropyran at C3 and the hydroxyl group at C7 of hydroxyindolenine (301) are cis to each other which is required to continue the domino cyclization.

Accordingly with the biosynthetic hypothesis of Kritsanida and Grougnet, the enol ether could then add to the imine part of 301 and generate 302 which would be trapped by the hydroxyl group at C7, thus completing the furo [3,2-b]indoline moiety of 298.

First generation total synthesis of cymoside

Choice of the strategy

Having established the proof of concept of the key intramolecular oxidative cyclization, we directed our efforts towards the total synthesis of cymoside itself. One of the potential difficulties would be the selectivity of the oxidation of the indole over the vinyl group which was not present in our model substrate.

In terms of the two strategies we previously envisioned, the first proposed strategy involving the application of a protected version of secologanin already containing the glucose moiety seemed more concise and straightforward. However, there was no synthetic work on the preparation of fully substituted secologanin itself when we started our synthetic study. Therefore, we were convinced that it would be easier to start the investigation with racemic secologanin aglycone ethyl ether (53) since its preparation was already described by Tietze. 22 We would have to introduce the glucose part after the oxidative cyclization (Scheme 71).

Scheme 71. Proposed initial strategy for the total synthesis of cymoside.

Synthesis of strictosidine aglycone

Its synthesis ( 53 Scheme 75. Synthesis of N-nosyl protected strictosidine aglycone ethyl ether.

Oxidative cyclization

Gratefully, the key biomimetic domino sequence of the oxidation with oxaziridine (297) and cyclization of strictosidine derivative (303a) successfully proceeded in the presence of the vinyl substituent (Scheme 76). The oxidant was selective of the enamine of the indole without touching the vinyl moiety.

The complete framework (304) of cymoside was thus obtained in 42 % from the epimeric mixture of (303a/303b) which represents a 72 % yield from (303a).

Meanwhile, the undesired diastereoisomer (303b) was also consumed in the oxidative conditions, but we were not able to isolate products arising from its oxidation.

The racemic ethyl ether aglycon (320) of cymoside was then obtained in 71 % yield after the removal of the nosyl group with thiophenol in basic conditions.

Scheme 76. Synthesis of ethyl ether aglycon (320) of cymoside.

Glycosylation and completion of the synthesis

In order to achieve the total synthesis of cymoside, the main event remaining was the introduction of the β-D-glucose moiety. This operation would allow us to separate the two enantiomers of the racemic mixture of (304, 320) since a highly enantioenriched glycosyl reagent (63) would be used in the corresponding Schmidt glycosylation reaction.

Before to perform the glycosylation, it is first necessary to liberate the hemiacetal from the ethyl acetal. To this end, the hydrolysis of the acetal of 304 was evaluated.

According to related reports on similar transformations, acidic conditions were normally employed to release the corresponding hydroxyl group.

In 2004, Pettus and co-workers 102 In order to do the gycosylation reaction, a highly enantioenriched glycosyl reagent (63) was prepared following the reported procedures. 105 The selective formation of the anomeric isomer is controlled by the anchimeric assistance of the neighboring acetate (Scheme 82). 105 was obtained in the presence of boron trifluoride diethyl etherate in a mixture with two others minor isomers (ratio 2:1:1) as well as the glycosylated product (306b) of the enantiomer of the cymoside scaffold (Scheme 83). We believe that one of these minor isomers is epimeric to 306a or 306b at the anomeric position (α-D-glucose instead of β-D-glucose), while the second one might be an epimer of 306a or 306b at the C21 position. As expected, the enantiomers of the racemate of cymoside scaffold were successfully separated and furnished the nosyl protected glycosylated cymoside 306a.

Finally, we achieved the first total synthesis of cymoside after the successive removal of the nosyl group from the quinolizidine nitrogen and the hydrolysis of the four acetates of the glycosyl moiety in 47 % yield over 2 steps from the mixture of 306a and its isomers.

It is noteworthy that we were also able to perform this double deprotection on 306b

to obtain 334 which is a diastereoisomer of cymoside.

In the isolation paper, it was hypothesized that cymoside was isolated as an ammonium salt by protonation of the N4 secondary amine. Our synthetic cymoside was not obtained as an ammonium salt, since it was isolated after a basic aqueous work-up.

Since all the 1D and 2D NMR data of the natural and synthetic cymoside are concordant, we believe that the natural cymoside was isolated as a free base and not as an ammonium salt.

In conclusion, we performed the first total synthesis of the caged natural product 

Second generation total synthesis of cymoside

Second generation approach

By mimicking the biosynthetic intramolecular oxidative coupling between the indole nucleus and the enol ether part of the terpenic dihydropyrane to complete the furo [3,2-b]indoline core, we finished the first generation total synthesis of cymoside.

However, this first generation total synthesis suffers from some downsides. We In order to improve the efficiency of the synthesis of cymoside, it is indeed, desirable to perform the bioinspired oxidative cyclization on an enantiopure strictosidine derivative and if possible already containing the β-D-glucose moiety and therefore avoid the low yielding hydrolysis of the acetal and glycosylation steps at a late stage of our first generation synthesis. More importantly, half of the cymoside aglycone would not be lost as it is the case in the racemic approach. In addition, obtaining the C3-epimer (335b) would also be an opportunity to study the oxidative cyclization of vincoside derivative (Scheme 84).

Scheme 84. Objective of this work: our second generation synthesis of cymoside.

To have enantiopure strictosidine, it is necessary to perform the Pictet-Spengler reaction from enantiopure secologanin which would already possess the glycosyl part.

Synthesis of secolganin tetraacetate

When we started to study the synthesis of cymoside, no enantioselective syntheses of secologanin (21) or strictosidine (4) were known, despite their pivotal role in the biosynthesis of monoterpene indole alkaloids.

2.5.2.1 Initial attempts towards the synthesis of secologanin tetraacetate.

Scheme 85. Failed attempts towards the synthesis of substituted alkenyl ether 337 of glucose tetraacetate.

Initially, we envisioned to prepare the substituted alkenyl ether of glucose tetraacetate (337) which would be substituted with an alkyl chain containing a thioether, precursor of the terminal alkene of secologanin (Scheme 85). This glucose-containing enol ether (337) would enable to perform the total synthesis of secologanin. We hoped that the glucose moiety would control the diastereoselectivity of the hetero Diels-Alder cycloaddition leading to enantioenriched secogolganin already containing its sugar moiety. However, several attempts towards this aim failed. 107 Representatively, Giuliano's method 108 We therefore attempted to evaluate the hetero Diels-Alder reaction on a simplified and known substrate: the unsubstituted enantioenriched vinyl ether of glucose tetraacetate (340). Following Frauenrath's procedure, 109 However, the Knoevenagel/hetero Diels-Alder sequence from monoprotected malondialdehyde 50 or 54 and 3-formyl-1,1,1-trichloroacetone with this enantiopure vinyl ether (340) mediated by potassium fluoride (Scheme 87) did not succeed and led to a complex mixture of unidentified products.

We also envisioned to perform the glycosylation on racemic secologanin aglycon derivatives. However, this approach also failed. Two intermediates towards the secologanin aglycone ethyl ether 317 and 318 were subjected to the conditions of hydrolysis of acetal to yield the corresponding hemiacetals, which were confirmed by 1 H NMR and mass spectrometry. However, the subsequent Schmit glycosylations led to a complex mixture of products, with only traces of the expected glycosyls as identified by mass spectrometry (Scheme 87). 109 Fortunately, at the end of our first generation synthesis of cymoside, the research group of Ishikawa filled this important gap and reported the first enantioselective synthesis of (-)-secologanin (Scheme 11). As reported in our first chapter, the authors cleverly took advantage of an organocatalyzed trans-selective Michael addition onto a 1-thioester acrylate developed by Hong. 110 It appeared evident to us that using enantiopure secologanin tetraactetae, produced by the Ishikawa enantioselective synthesis, could greatly improve the efficiency of the enantioselective synthesis of cymoside. Therefore, we decided to reproduce the synthesis of Ishikawa to prepare secologanin tetraacetate (64).

The first anti-selective organocatalytic Michael addition reaction of half-thioester malonate derivative (59) and thioether-containing aldehyde (60) proceeded smoothly catalyzed by diphenylprolinol trimethylsilyl ether (61) in Et2O at 0 o C and an extended reaction time of 72 h compared to Ishikawa's procedure, leading to the expected anti compound (62) in 91 % yield as a mixture of two diastereoisomers at the stereogenic 110 The subsequent Fukuyama reduction was carried out under modified conditions compared to Ishikawa synthesis (Scheme 88). We failed to reproduce the reported yield under Ishikawa's conditions. We were able to obtain the dihydropyran ring of ( 346 The remaining task was the functional transformation of the terminal alkyne into an aldehyde via a hydroborationoxidation sequence and the generation of the vinyl group (Scheme 89). To this end, the thioether should also be oxidized into the corresponding sulfoxide, which is the precursor of the vinyl group according to Tietze's sulfoxide elimination. Herein, these two transformations (hydroboration and sulfur oxidation) were accomplished in a one-pot process to furnish the sulfoxide and the aldehyde (349) in 41 % yield via the treatment of (348) with a catalytic amount of Schwartz's reagent and 1.5 equivalents of 9-borabicyclo[3.3.1]nonane (9-BBN) in THF at room temperature for 3 h followed by the addition of excess 30 % aqueous hydrogen peroxide solution.

Finally, after the late stage sulfoxide elimination to generate the terminal olefin, (-)-secologanin tetraacetate (64) was obtained under Tietze's modified conditions ( 10equivalents PO(OMe)3, 1,2-dichlorobenzene, 180 o C, 30 min) in 81 % yield. Overall, this key precursor was obtained in 5.8 % yield over 7 steps.

Synthesis of strictosidine tetraacetate via a Pictet-Spengler reaction

With secologanin tetraacetate (64) in hand according to Ishikawa synthesis, we then studied its Pictet-Spengler cyclization with tryptamine.

The presence of the glucose moiety on secologanin tetraacetate had an impact on the efficiency of the reaction in comparison with ethyl ether aglycone (53) since a low conversion was observed with 1.5 equivalent of TFA as in our previous conditions. The tetraacetate gycosyl of 64 offers several chemical functions which would be protonated and thus compete with activation of the imine to induce the Pictet-Spengler reaction.

The reactivity was restored by increasing the amount of TFA to 8 equivalents with an excess of tryptamine and after one-pot nosylation of the N4-secondary amine, a 76 % yield was obtained of a mixture of protected strictosidine (335a) and protected vincoside (335b), its C3-epimer in a 1:1.4 ratio in favor of the latter (Scheme 90). Scheme 90. Pictet-Spengler reaction of tryptamine and secologanin tetraacetate.

It is known that a diastereoselective Pictet-Spengler reaction could be performed in presence of the enzyme Strictosidine Synthase to obtain selectively the stereochemistry of strictosidine. However, this chemoenzymetic approach is not yet easily available to the most of organic chemistry laboratories.

Therefore, we envisioned to induce a diastereoselective Pictet-spengler reaction with non-racemic chiral catalysts that are known to promote enantioselective Pictet-Spengler reactions.

Unfortunately, neither a cinchona-derived thiourea (350) nor a squaramide (351), nor a BINOL-derived phosphoric acid (352) were able to promote the conversion of the reaction (Figure 10). It is probably due to the presence of competitive protonatable functional groups. Mimicking Strictosidine Synthase with a simple organocatalyst able to induce a highly diastereoselective Pictet-Spengler reaction between tryptamine and secologanin or a protected derivative remains a challenge.

Ishikawa devised an elegant and efficient diastereoselective alternative by using αcyanotryptamine (133) as a chiral tryptamine equivalent as decribed in chapter 1 (Scheme 33). Nevertheless, α-cyanotryptamine is synthesized in three steps from tryptophan and the cyano group needs to be removed afterwards. 

Oxidative cyclization, completion of the synthesis and formation of an unexpected product

Although the diastereoselectivity is not what we expected, this procedure from tryptamine is very straightforward and represents a fast access to protected strictosidine (335a) to pursue the total synthesis of cymoside. In addition, the access to protected vincoside (335b) offered us an opportunity to study its oxidative cyclization. Scheme 91. Divergent oxidative cyclization of 335a and 335b: total synthesis of (-)cymoside and synthesis of (-)-354.

The 1:1.4 diastereomeric mixture of (335a/b) was therefore subjected to the oxidative cyclization that we previously developed with oxaziridine (297) (Scheme 91).

We were delighted to observe that the presence of the glycosyl moiety at this stage did not affect the efficiency of the key bioinspired oxidative cyclization and the furo [3,2b]indoline-containing hexacyclic fused-skeleton (306a) of cymoside was obtained in 30 % yield from the mixture of diastereoisomers which represents a 73 % yield from protected strictosidine (335a). In fact, compound (306a) was an intermediate of our first generation total synthesis of cymoside, which we intercepted in a much more efficient manner in this second generation approach.

We were also thrilled to observe the transformation of protected vincoside (335b) into unexpected hexacyclic-fused compound (353) in 42 % yield which represents a 72 % yield from 335b. 2D NMR analysis of this compound (Figure 11), notably showed HMBC correlation between the C18 and C19 atoms of the former vinyl group with the C2 and C7 atom of the indoline ring. We were therefore able to assign the intricate furo [3, 2-b]indoline-containing structure to 353, which is the product of an oxidative cyclization between the indole moiety and the C18-C19 terminal alkene of 335b. In analogy with the formation of the cymoside skeleton, we can postulate that the indole moiety is oxidized into 7-hydroxyindolenine 355 (Scheme 92). We assume that to minimize steric interactions, the nosyl group blocks the face opposite to the one bearing the monoterpene part at C3. As a result, the oxidation is directed into the latter face which can allow the oxidative cyclization to happen. In contrast to the formation of the cymoside scaffold (306a) from protected strictosidine (335a), the inversion of the configuration at C3 in vincoside derivative (335b) precludes the addition of the enol part to the C-2 position. Alternatively, the terminal position of the C18-C19 alkene is poised to add onto the C2-iminium of 355 leading to the formation of the sevenmembered ring of tertiary carbocation 356. The latter would then be intercepted by the hydroxyl group at C7 to complete the synthesis of the five-membered ring of the furo [3,2-b]indoline moiety of 353.

Scheme 92. Mechanistic hypothesis for the synthesis of (-)-353.

To determine if it is the strictosidine derivative 335a or the vincoside derivative 335b which is the major isomer after the one pot Pictet-Spenglernosylation sequence (Scheme 90), the following experiments were done (Scheme 93). Scheme 93. Determination of the stereochemistry at C3 for 335a and 335b.

The Pictet-Spengler reaction between secologanin tetraacetate (64) and tryptamine (20) was effected with TFA, without the one pot nosylation (Ⅰ). The mixture of strictosidine tetraacetate (135) and vincoside tetraacetate (135b) was left standing 3 days in CDCl3 upon which vincoside tetraacetate lactamized rapidly into strictosamide tetraacetate (357) (Ⅱ) as previously reported. 111 The remaining strictosidine tetraacetate (135) was then submitted to nosylation (Ⅲ) and the 1 H NMR of nosylated strictosidine tetraacetate (335a) displays the same 1 H NMR as the minor isomer of the one pot Pictet-Spengler / nosylation sequence.

As a last control experiment (Ⅳ), 335a was engaged in the oxidative cyclization to yield protected cymoside 306a. 111 Patthy-Lukáts, Á.; Kocsis, Á.; Szabó L. F.; Podányi, B. J. Nat. Prod., 1999, 62, 1492-1499.

At this point, all what remained was to achieve the two deprotection steps to remove the nosyl group and the four acetyls that we already performed in two steps during our first generation synthesis. Attempts to perform this double deprotection in the same pot did not succeed, therefore it was performed as previously in two steps.

The nosyl group was removed from the secondary amine with thiophenol in the presence of potassium carbonate and in a second operation the four acetyl groups were removed from the glucose moiety with potassium carbonate in methanol to finally deliver cymoside in 78 % yield (Scheme 91).

All spectra data of this synthetic cymoside were in strong agreement with the ones of the natural substance as well as the synthetic product of our first generation synthesis as well as the Ishikawa synthesis that we will comment below. Slight differences of the 1 H and 13 C signals at positions in proximity of the N4 secondary amine were observed.

It might be explained by the fact that traces of the acid would influence the NMR chemical shifts of protons or carbons closed to the nitrogen lone pair. 112 The same deprotective sequence of two steps was also applied to 353 to deliver 354. Worthy of note, we did not observe any lactamisation between the methyl ester at C16 and the N4-secondary amine after the removal of the nosyl group in basic conditions.

While the unique structure of 354 is not presently known among natural products, it is not unconceivable that it could be produced by nature via an oxidative cyclization related to the one that we have uncovered (Scheme 92). Indeed, unlike 354, most of the monoterpene indole alkaloids possess a (S)-configuration at the C3 position arising from strictosidine. However, there are few examples of monoterpene indole alkaloids (Figure 12) that display a (R)-configuration at this position such as vincosamide (358) or reserpine (359). In conclusion, we significantly improved our first synthesis of cymoside by starting from enantiopure secologanin tetraacetate instead of its racemic aglycone.

After the Pictet-Spengler reaction, the key bioinspired oxidative cyclization of strictosidine derivative (335a) between the indole and the C16-C17 enol ether proceeded well in the presence of the glucose moiety. Cymoside was synthesized in 4 steps and 18 % yield from secologanin tetraacetate (64) obtained according to the synthesis of Ishikawa, while our first generation synthesis required 6 steps and 1.7 % yield from the racemic secologanin aglycone (53).

In a divergent manner, the oxidation of the vincoside derivative (335b), the 3epimer of 335a, yielded a new fused hexacyclic furo [3,2-b]indoline structure 354 via the reaction of the terminal C18-C19 alkene instead of the C16-C17 enol ether. It was obtained in 4 steps in 25 % yield from secologanin tetraacetate (64). While unexpected, this transformation is very interesting as it expands the molecular diversity and complexity accessible from the strictosidine/vincoside skeleton. The mechanism of its formation might also be relevant from a biosynthetic point of view.

While we were finishing this second generation synthesis of cymoside, Ishikawa published the realization of a similar approach for the total synthesis of cymoside (Scheme 94). 113 In order to ensure a high diastereoselectivity, Ishikawa employed (R)-α-cyano tryptamine (133) for the Pictet-Spengler reaction with secologanin tetraacetate. Desired strictosidine (134) as well as a trace amount of its diastereomer were obtained quantitatively (dr > 10:1). 113 The oxidative cyclization was performed on protonated strictosidine derivative with m-CPBA after prior protonation of the N4 amine with 10 equivalents of trifluoroacetic acid. A proposed indoline intermediate (360) generated from the introduction of β-hydroxyl group at the C7 position underwent a domino [3+2] cycloaddition to forge the hexacyclic skeleton, delivering the protected cymoside derivative (361) with accurate stereochemistry. Eventually, cymoside was delivered in 61 % yield after the subsequent decyanation by reduction of the aminonitrile with sodium cyanoborohydride (10 equivalents) and acetic acid (10 equivalents) in methanol and deacetylation by the methanolysis of the acetyl groups mediated by potassium carbonate in methanol. Scheme 94. Concomitant Ishikawa synthesis of cymoside.

Conclusion

In conclusion, the total synthesis of cymoside have been achieved via two approaches. Initially, the des-vinyl secologanin aglycone (57) was prepared and employed to carry out the Pictet-Spengler condensation. The key oxidative cyclization was examined with the formed trans des-vinyl secologanin aglycone. With the optimized oxidative conditions in hand, we started to focus on the total synthesis of cymoside itself via two perspectives (Scheme 95).

The first strategy started with the Pictet-Spengler condensation of tryptamine and secologanin aglycone ethyl ether (53) prepared following Tietze's procedure to give the protected strictosidine aglycon ethyl ether 303a. The key oxidative cyclization mediated by oxaziridine (297) in acidic conditions afforded the racemic scaffold of cymoside (304). Hydrolysis of acetyl and glycosylation, separation of diastereoisomers gave protected cymoside (306a). The first total synthesis was achieved in 1.7 % yield over 6 steps after the successive deprotective steps.

Alternatively, the enantiopure secologanin tetraacetate (64) prepared following Ishikawa's reports with small modifications was employed in the second strategy to carry out the Pictet-Spengler reaction, yielding the corresponding glycosylated protected strictosidine (335a). The following oxidative cyclization under optimized conditions furnished directly protected cymoside (306a). After the two known deprotection steps, the second generation of the total synthesis of cymoside was achieved in 18 % yield in 4 steps, which is more concise and straightforward. Scheme 95. Two generations of the total synthesis of (-)-cymoside.

Chapter 3. Towards the total synthesis of ophiorrhine A

Along with the isolation of ophiorrhine A (2) by He, Zuo, Liu and co-workers, the authors proposed a biosynthetic hypothesis, involving a strictosidine-apparented carbolinone intermediate (180) which was envisioned to undergo an intramolecular This key intermediate should be derived from the condensation of indolyacetamide (363) and secologanin carboxylic acid (364) via 2-acylindole intermediate (365). The amide can be prepared from indole-3-acetic acid (362). Secologanin carboxylic acid (364) can be prepared following the same procedure of our cymoside work followed by subsequent oxidation of the aldehyde into the carboxylic acid. Scheme 96. Retrosynthetic analysis of ophiorrhine A. The diene moiety of our Diels-Alder precursor displays two exocyclic double bonds on the indoline scaffold which can be seen as an indole-2,3-quinodimethane (367) derivative (Figure 13). However, with dienophiles, these highly reactive compounds normally yield the Diels-Alder adducts in poor yields when generated in situ. However, the embodiment of the diene moiety into a cycle fused to the indoline and the presence of an electron withdrawing group allows to obtain compounds such as indolopyrones or indolopyridones which are easier to manipulate in Diels-Alder cycloadditions.

State of the art for the synthesis and Diels-Alder of indolopyridones and related compounds

In 1988, Moody and Shah described the first case of an intramolecular Diels-Alder reaction 115 of the indolopyrone diene system to furnish carbazole derivatives (Scheme 97). The diene component was synthesized but not isolated from acyl chloride (371) which contains a terminal alkyne and indole-3-acetic acid methyl ester (370) mediated by zinc chloride followed by the hydrolysis of the ester and heating in acetic anhydride.

The spontaneous intramolecular Diels-Alder reaction between the pyranone and the alkyne delivered the corresponding carbazoles (375) in modest yields after the elimination of CO2 via a retro Diels-Alder event.

However, when a terminal olefin instead of a terminal alkyne was engaged in the intramolecular Diels-Alder reaction, a 16 % yield of the carbazole was obtained probably via a 1,4-dihydrocarbazole. The yield could be boosted to 43 % when palladium on charcoal was used as a dehydrogenating agent in the intramolecular Diels-Alder reaction. Scheme 97. Synthesis of indolopyrones and their intramolecular Diels-Alder reactions.

In 1990, Moody and co-workers described the synthesis of carbazoles involving a complete regioselective intermolecular Diels-Alder reaction (Scheme 98). 116 Initially, an indolopyrone (379) was formed in 75 % yield from indole-3-acetic acid and octanoic anhydride (378) mediated by boron trifluoride diethyl etherate. Then the formed pyrone derivative was subjected to the regioselective Diels-Alder reaction with ethyl 3trimethylsilylpropynoate (380) to yield carbazole (381) in 74 % yield involving the loss of carbon dioxide. This complete regioselectivity was controled by the steric hindrance of the trimethylsilyl group. The high temperature required to perform the Diels-Alder reaction of these indolopyrones do not allowed to isolate the cycloadduct prior to the CO2 elimination.

Scheme 98. Intermolecular Diels-Alder reaction of an indolopyrone.

The synthesis of the β-carbolinones (383) is also described from the corresponding indolopyrones (382). In fact, the heterocyclic oxygen of the indolopyrones could be replaced by a nitrogen via reported methods like refluxing with ammonium acetate in acetic acid (Scheme 99). 117 

Scheme 99. Conversion of indolopyrones into the corresponding indolopyridones.

In 2008, Tsoleridis, Stephanidou-Stephanatou and co-workers described a one-pot synthesis of hydrazine-derived β-carbolinones (Scheme 100). 118 In 2004, Dulenko and co-workers reported a two-step sequence for the synthesis of 1-methyl-2-benzyl-or phenyl β-carbolinones derivatives (398) (Scheme 103). 120 The reaction of indolopyrones (396) and anilines at the refluxing temperature of DMF yielded the corresponding arylamides (397) in 93-98 % yields, which were then subjected to a cyclodehydration in the presence of trimethylamine in acetic acid affording the desired indolopyridones.

Scheme 103. Conversion of indolopyrones into indolopyridones with anilines.

Concerning the reactivity of indolopyridones, only Pindur and co-workers reported that they could react intermolecularly with electron-poor dienophiles 121 

Model study for the intramolecular Diels-Alder

As mentioned in Scheme 96, our proposed retrosynthetic analysis of ophiorrhine A requires the acylation of an indolacetic derivative with the carboxylic acid of secologanin.

Taking into consideration, the difficulty of the preparation of secologanin derivatives, we decided to start with a simplified substrate to examine the key intramolecular Diels-Alder with an alkene which is more electronrich that the one studied in the intermolecular reaction with indolopyridones of Scheme 104. We thus selected indolopyridone (408) which would be the product of the condensation between 5-hexenoic acid (407) and indole-3-acetic acid or their derivatives (406) (Scheme 105). Scheme 105. Model study with a simplified indolopyridone to test the key intramoleculair Diels-Alder cycloaddition.

First, the acylation was examined with the reactive mixed anhydride (410) prepared from 4-pentenoic acid (410) and trifluoroacetic anhydride. In one-pot, this mixed anhydride (410) was subjected to the acylation of 3-indolyl acetic acid derivatives mediated by a Lewis acid. From the methyl ester (370), only 9 % yield (Table 4, entry 1) of the expected product (413a) could be obtained in the presence of 3 equivalents of aluminium chloride. The yield was boosted to 23 % (Table 4, entry 2) when boron trifluoride diethyl ethrate was used. The best result was obtained in the presence of zinc chloride, leading to the desired product in 73 % (Table 4, entry 3) yield. However, decreased yields were obtained when indole-3-N-methyl acetamide (363) was employed instead of the methyl ester in presence of ZnCl2 or BF3•OEt2 (Table 4, entry 4 and 5).

Then we extended our study to 5-hexenoic acid, a substrate with one-more carbon.

The acylation of its corresponding mixed anhydride (412) and methyl indole-3-acetate (370) in the presence of ZnCl2 or BF3•OEt2 (Table 4, entry 8 and 9) yielded the expected product (414a) in only 11% and 12 % yields respectively. Unfortunately, only traces of the desired product was detected when indole-3-N-methyl acetamide (363) was employed in the acylation mediated by ZnCl2 or BF3•OEt2 (Table 4, entry 6 and 7). a The reactions were carried out following a one-pot procedure. The mixed acid anhydride was used directly for the continuous sequence.

Then, the dehydrative cyclization to access the desired β-carbolinones was examined (Scheme 106). The transformation could be achieved from two substrates. We thought that the reason of the resistence of this substrate to react in the intramolecular Diels-Alder cycloaddition should be the non-favourable formation of a spirocyclic four-membered ring.

Therefore, we evaluated an intermolecular Diels-Alder reaction with 1-hexene (416) to test the reactivity of the pyridine moiety as a diene. However, both ZnCl2 as a Lewis acid and refluxing in bromobenzene led to the recovery of the starting material. 

Towards ophiorrhine A

Having performed the key intramolecular Diels-Alder cycloaddition with a simplified substrate, we started to focus on the total synthesis of ophiorrhine A and therefore needed to form the related indolopyridone from secologanin carboxylic acid.

With Tietze secologanin ethyl ether aglycone in hand from our cymoside synthesis, we proposed to optimize the reaction conditions with this simplified secologanin derivative before installing secologanin itself.

Scheme 108. Oxidation of secologanin aglycone into its carboxylic acid derivative.

To access the carboxylic acid of secologanin aglycone (417), oxidation of its aldehyde (53) was achieved according to a known procedure (Scheme 108). The Jones reagent was prepared from chromium trioxide and concentrated sulfuric acid and diluted in water to give a 2.67 M solution. The secologanin aglycone ethyl ether (53) was then subjected to the Jones oxidation 122 to give the corresponding acid (417) in 76 % yield.

Hovever, when this carboxylic acid of secologanin ethyl ether aglycone was subjected to our optimized acylation conditions, no desired compound (419b) was detected from amide (363) (Table 5, entry 2). The same result was obtained from amide (363) or methyl ester (370) when the mixed acid anhydride (418a) was prepared in neat TFAA (Table 5, entry 1 and 5). The employment of indole-3-acetic acid (362) also did not give the desired product (419c) (Table 5, entry 6 and 7). Meanwhile, the reaction of indoles with acyl chloride (418b) from the carboxylic acid was also examined, and no product of acylation was observed (Table 5, entry 3 and 4). 122 Considering the inefficiency of the coupling of the carboxylic acid of secologanin aglycone ethyl ether and indoles, we directed our efforts to other strategies to construct the key indolopyridone precursor (366).

Herein, an alternative strategy was proposed to access this total synthesis. The key Initially, the secologanin aglycone ethyl ether ( 53) was used to evaluate the Pictet-Spengler reaction with L-tryptophan (420). It proceeded well to give the expected product (424). After removal of the solvents, the residue was employed directly in the decarboxylation and aromatization sequence to produce the pyridine ring of tetradehydro strictosidine aglycone (425). Unlike the case of cymoside the diastereoselectivity of the Pictet-Spengler reaction does not matter since the created stereocenter will be destroyed during the oxidation.

The use of potassium perchromate 123 was described by Sakai and co-workers to realize this oxidation from the Pictet-Spengler product of tryptophan and secologanin itself leading to the desired pyridine. However, we only obtained a poor yield (Table 6, entry 1 and 2) in our case.

In 2015, Kamal and co-workers developed a one-pot sequence of decarboxylation and aromatization of tetrahydro-β-carbolines. By treatment with N-chlorosuccinimide (NCS) 124 at room temperature in the presence of trimethylamine in DMF, the corresponding β-carbolines were formed in good yields.

Meanwhile, they also prepared these β-carbolines in good yields via a one-pot sequence of oxidative decarboxylation and aromatization of the corresponding tetrahydro-β-carbolines mediated by hypervalent iodine reagent PhI(OAc)2. 125 Trichloroisocyanuric acid (TCCA) 126 was also used as a mild oxidizing reagent by Babu and co-workers in 2017 to produce β-carbolines from the corresponding tetrahydro-β-carbolines, via a one-pot sequence of decarboxylation and aromatization. Following these developed approaches, the product (424) of Pictet-Spengler reaction was then subjected to these conditions. The desired -β-carboline was obtained mediated by N-chlorosuccinimide (NCS) with triethylamine (Table 6, entry 3) or (diacetoxyiodo)benzene (Table 6, entry 4) in 26 % yield and 19 % yield respectively.

However, the reaction mediated by trichloroisocyanuric acid (Table 6, entry 5) gave a complex mixture and only trace of the desired product could be observed. Considering that this oxidation could be problematic, several estabilished conditions known for similar transformations were evaluated. Potassium ferricyanide was commonly employed in the oxidation of N-methyl pyridinium salts to deliver the corresponding pyridones. 127 One successful representative case was described by Hsieh and co-workers (Scheme 111-1). Meanwhile, Fu and co-workers 128 Unfortually, the reactions carrying out in both conditions led to complex mixtures and did not give the desired product. We are still working on this key transformation for the total synthesis of ophiorrhine A. We also attempted to perform the intramolecular [4+2] cycloaddition at an earlier stage. The N-methyl pyridinium of tetradehydro strictosidine aglycone (426) was heated in a solution of bromobenzene and water (25:1) at 156 o C in order to perform a

Bradsher cycloaddition (Scheme 112). 129 However, only starting material and a small amount of an unknown compound could be isolated.

Scheme 112.

Unsuccesful attempt of intramolecular Bradsher cycloaddition on the Nmethyl pyridinium. 129 Magnier, E.; Langlois, Y.; Mérienne, C. Tetrahedron Lett., 1995, 36, 9475-9478.

Conclusion

In summary, we proposed to achieve the total synthesis of ophiorrhine A via a bioinspired intramolecular Diels-Alder cycloaddition of an indolopyridone.

This key step was evaluated on a simplified model compound (408). 

Chapter 4. Conclusion and perspectives

The biosynthesis of two monoterpene indole alkaloids was a great source of inspiration to tackle the total synthesis of these natural products. Cymoside and ophiorrhine A are both postulated to be produced in Nature by the cyclization of an oxidized analogue of strictosidine, the precursor of all monoterpene indole alkaloids.

The We achieved the first bioinspired total synthesis of cymoside, as well as a significantly improved second generation synthesis via a related strategy.

Inspired by the biosynthetic consideration involving a unique oxidative cyclization cascade from strictosidine, a biomimetic chemical transformation was examined from a simplified substrate. Oxaziridine 297 in acidic conditions was identified as a suitable oxidant to promote this desired oxidative cyclization and forge the intricate fusedhexacyclic skeleton of cymoside. Having established the proof of concept of the key oxidative intramolecular coupling, the efforts were directed towards the total synthesis of cymoside itself by carrying out the Pictet-Spengler reaction of tryptamine and racemic secologanin aglycone ethyl ether (53).

Eventually, the Pictet-Spengler reaction of the racemic Tietze secologanin aglycone (53) followed by protection of the secondary amine with a para-nosyl group yielded protected strictosidine aglycone (303a) in a 1.4:1 mixture with its epimer 303b.

The key biomimetic domino sequence of oxidation with oxaziridine (297) and cyclization of strictosidine derivative 303a successfully proceeded in the presence of the vinyl substituent, yielding the complete framework 304 of cymoside in 42 % yield (72 % based on 303a) (Scheme 117).

The main event remaining was the introduction of the β-D-glucose group by the Schmidt glycosylation of 305 obtained from the hydrolysis of the acetal of 304 with an enantiopure glycosyl trichloroacetimidate mediated by trifluoroborane, leading mainly to two separable enantioenriched diastereoisomers arising from the coupling of a racemic and an enantiopure substrates. The first total synthesis of cymoside was achieved after the successive removal of the nosyl group from the quinolizidine nitrogen and hydrolysis of the four acetates of the glycosyl moiety in 1.7 % overall yield in 6 steps.

Scheme 117. First generation total synthesis of cymoside.

An improved second generation total synthesis of cymoside was developed from enantiopure secologanin tetraacetate (64) which synthesis was described by Ishikawa. 27 When the enantiopure secologanin tetraacetate (64) was engaged in the Pictet-Spengler reaction with tryptamine followed by the protection of secondary amine with para-nosyl group, the corresponding glycosylated para-nosyl protected strictosidine (335a) and vincoside (335b) were synthesized in 76 % yield, in a 1:1.4 ratio in favor of the latter. The presence of the glycosyl moiety at this stage did not affect the efficiency of the key bioinspired oxidative cyclization and protected cymoside already obtained in the first generation synthesis was intercepted. Meanwhile, protected vincoside (335b)

was also oxidized into an unexpected hexacyclic-fused compound via the reaction with the terminal C18-C19 alkene instead of the C16-C17 enol ether. The previous deprotective sequence of two steps was also applied to 306a and 353 to deliver cymoside in 18 % overall yield and 354 in 25 % overall yield respectively in 4 steps from 64.

One aspect to improve in these two approaches would be to better control the diastereoselectivity of the Pictet-Spengler reaction in presence of a chiral catalyst.

Scheme 118.

Second generation total synthesis of cymoside and synthesis of 354.

A preliminary study toward ophiorrhine A was undertaken to evaluate the key biomimetic intramolecular Diels-Alder reaction. From a simplified indolopyridone (408) model compound, the corresponding cycloadduct was obtained in 28 % yield in refluxing bromobenzene (Scheme 113). Unfortunately, the preparation of indolopyridone (432) corresponding to strictosidine proved to be difficult. Acylation of 3-indole acetic acid derivatives with the carboxylic acid of secologanin aglycone failed (Scheme 114). Alternatively, we sought to obtain this indolopyridone via oxidation of its N-methyl pyridinium salt (426). This β-carboline (425) corresponding to strictosidine aglycone was prepared in 26 % yield over 2 steps. However, many efforts towards the oxidation of its N-methyl pyridinium salt (426) into indolopyridone or the intramolecular Diels-Alder cycloaddition of the N-methyl pyridinium salt (426) were unsuccessful (Scheme 119). We are currently working on these problematic issues.

Scheme 119. Synthetic studies towards ophiorrhine A.

We envision that the formation and acylation of an indolopyridine-N-oxide could be one solution to prepare the key indolopyridone intermediate. In 2010, Wang and Lu described the synthesis of 3-substituted β-carbolinones from 3-substituted β-carbolines via oxidation with m-CPBA and heating in anhydride acetic. 130 This approach may be applied to the synthesis of key indolopyridone 445 via oxidation of indolopyridine (425) with m-CPBA followed by heating in acetic 130 To a solution of KF (0.290 g, 5 mmol) in 12 mL of CH2Cl2 were added 54 (0.731 g, 5.0 mmol) and 51 (0.947 g, 5.0 mmol) at rt. Then 285 (0.360 g, 5 mmol) was added dropwise. Additional 51 (0.475 g, 2.5 mmol), 54 (0.365 g, 2.5 mmol) and KF (0.150 g, 2.5 mmol) were added after stirring for 24 h. The reaction was stirred at this temperature for another 24 h. Then additional 51 (0.475 g, 2.5 mmol), 54 (0.365 g, 2.5 mmol) and KF (0.150 g, 2.5 mmol) were added and the reaction was stirred for 36 h before it was diluted with Et2O. After filtration, the mixture was concentrated with a rotovap. The residue was dissolved in Et2O and purified by flash column chromatography on silica gel with Et2O as the eluent to give 1.003 g of the crude 437.

Experimental procedures and spectroscopic data of compounds

The crude product 437 was dissolved in 26 mL of methanol and then DBU (0.772 g) was added dropwise at r.t. and the reaction was then stirred overnight at r.t. Then the solvent was removed under reduced pressure with a rotovap. The residue was purified by flash chromatography on silica gel with Et2O as the eluent to give 0.432 g of 438.

To a solution of 1.00 g oxalic acid and 1.00 g silica gel in THF/H2O (8 mL/2 mL) was added compound 438 at r.t. The reaction was stirred at this temperature for 36 h before it was extracted with CH2Cl2 for 3 times. The combined organic phase was dried over Na2SO4. After filtration, the solvent was removed under reduced pressure with a rotovap. The residue was purified by flash chromatography on silica gel (petroleum Compound 297

7b-methyl-7bH-benzo[d] [1,2] oxazireno [2,3-b] isothiazole 3,3-dioxide
297 was prepared according to a previous report. 98,134 To a solution of saccharin 295 (0.915 g, 5.0 mmol) in THF (50 mL) kept at -78 o C for 10 minutes was added dropwise 6.6 mL of a solution of CH3Li (1.6 M in diethyl ether, 10.5 mmol). The reaction was then stirred at -78 o C for 4 h. Then the reaction was quenched with 25 mL of H2O. The mixture was extracted with EtOAc (3 x 50 mL).

The combined organic phase was dried over Na2SO4. After filtration, the solvent was removed at 30 o C under reduced pressure with a rotovap. The residue was purified by column chromatography on silica gel (petroleum ether/EtOAc 1:1) to give 296.

To a solution of 296 in 30 mL of CH2Cl2 was added 30 mL of a saturated aqueous solution of K2CO3. Then a solution of m-CPBA (1.070 g, 6.2 mmol) in 20 mL of CH2Cl2

was added dropwise at 0 o C. The reaction was then warmed-up to r.t. and stirred for 3 h and the reaction mixture was extracted with CH2Cl2 (3 x 50 mL). The combined organic phases were dried over Na2SO4. After filtration, the solvent was removed at 30 o C under reduced pressure with a rotovap. The residue was purified by column 134 [M + Na] + calcd for C8H7NNaO3S + 220.0039, found 220.0035.

The 1 H and 13 C NMR are consistent with the one previously reported. 98,132 Compound 20

methyl-3-ethoxy-6-((4-nitrophenyl) sulfonyl)- The organic phase was washed with brine, dried over Na2SO4. After filtration, the solvent was removed under reduced pressure with a rotovap. The residue was purified by column chromatography on silica gel (petroleum ether/EtOAc 5:1) to give 36 mg of 298 (63 mg, 45% yield which represent a 88% yield based on 292a) as a yellow foam. Rf = 0.43 (petroleum ether/EtOAc 2:1) 

Compound 299

methyl-3-ethoxy- To a solution of 1,1,3,3-tetramethoxylpropane 310 (8.210 g, 50 mmol) and 1,3dimercaptopropane 311 (5.411 g, 50 mmol) in CHCl3 (100 mL) was added 6 N HCl (0.24 mL, 250 mg) dropwise. Then the reaction was stirred at r.t. for 72 h before it was quenched carefully by solid Na2CO3. After filtration, the solvent was removed very carefully under reduced pressure with a rotovap. The residue containing 312 and 439 was purified by silica gel chromatograph (petroleum ether/Et2O 6:1 to 5:1 to 4:1) to give 5.653 g of 312 as a colorless oil.

312 was stirred with oxalic acid/silica gel 1/1 (8.00 g/8.00 g) in 1,2dichloroethane/tetrahydrofuran (80 mL/80 mL) at 60 o C for 60 h. The reaction was then cooled down to rt and Na2CO3 solid was added carefully to neutralize the reaction. After filtration, the solvent was removed very carefully under reduced pressure with a rotovap.

The residue was purified by flash chromatography on silica gel (petroleum ether/Et2O, 6:1 to 5:1 to 4:1) to give 4.125 g of 50 (25.4 The 1 H NMR is consistent with the one previously reported. 99 Compound 317

methyl 4-((1, 3-dithian-2-yl) methyl) -2-ethoxy-3-(2-(phenylsulfinyl) ethyl)-3, 4-
dihydro-2H-pyran-5-carboxylate 317 was prepared via 52 according to a previous report from Tietze. 22 To a solution of KF (120 mg, 2.06 mmol) in 10 mL of toluene at r.t. were added 50

(648 mg, 4.00 mmol), 51 (757 mg, 4.00 mmol) and then 315 (448 mg, 2.00 mmol, E/Z 86:14) was subsequently added dropwise. The reaction mixture was then heated to 120 o C with an oil bath. After 1 h, additional 50 (324 mg, 2.00 mmol), 51 (378 mg, 2.00 mmol) and KF (60 mg, 1.00 mmol) were added. The reaction was stirred at 120 °C for another 1 h, then the reaction was cooled down to r.t. The reaction mixture was directly purified by flash chromatography on silica gel (petroleum ether/Et2O 1:0 to 3:1) to give 310 mg of 52 (mixture of diastereoisomers) as a red oil. The latter was dissolved in 20 mL of methanol after which DBU (0.3 mL) was added dropwise. The reaction was then stirred at r.t. for 30 min. After removing the solvent under reduced pressure with a rotovap, the residue was purified by flash chromatograph on silica gel (petroleum ether/Et2O 1:6) to give 207 mg of 317 (0.440 mmol, 22 % yield over 2 steps) as a colorless oil which was rapidly engaged in the next step. Rf = 0.31 (petroleum ether/Et2O 1:6) [M + Na] + calcd. for C16H24NaO4S2 + 367.1008, found 367.0995.

Compound 53

methyl-2-ethoxy-4-(2-oxoethyl)-3 -vinyl-3, 4-dihydro-2H-pyran-5-carboxylate 53 was prepared according to a previous report fromTietze. 22 To a solution of 318 (234 mg, 0.679 mmol) and CaCO3 (600 mg, 6.00 mmol) in CH3CN/H2O (15.0 mL/1.5 mL) at r.t., was added dropwise 2.0 mL of CH3I (32.1 mmol).

The reaction was stirred for 13 h and was then extracted with CH2Cl2 for 5 times. The combined organic phases were dried over Na2SO4 and after filtration, the solvent was removed under reduced pressure with a rotovap. The residue was purified by flash chromatography on silica gel (petroleum ether/Et2O 6:1 to 4:1) to give 134 mg of 53 [M + Na] + calcd. for C29H31N3O9NaS + 620.1673, found 620.1664.

Compound 320

Methyl-3-ethoxy-4-vinyl-3,4,4a,5,5a,6,7,8-octahydro-13H- 

DFT minimization of 292a

DFT computations were carried out analyze the best possible conformation of compound 292a. The Gaussian 09 software package was used [START_REF] Frisch | Gaussian 09, revision D.01[END_REF] with its implemented M06 functional [START_REF] Zhao | [END_REF] The structure is rigidified by an intramolecular hydrogen bond between one acetate carbonyl and the indole hydrogen. The electron density in the O-H space was calculated to be max = 0.0162 e•Å 3 , which is typical of a weakly covalent interaction. 138 Energy of the computed structure These spectral data matched the reported ones. 138 Then to a solution of 444 (5 mmol, 0.885 g) in anhydrous CH2Cl2 (20 mL) was added DIBAL (10 mmol, 1 M in toluene) dropwise at -78 °C under argon atmosphere.

E (RM06) = -
The reaction was then stirred at this temperature for 2 h before 1 M HCl (10 mL) was added to quench the reaction. Then the reaction was allowed to warm-up to room temperature and stirred for 30 min before addition of H2O (10 mL). The mixture was extracted with CH2Cl2 (50mL*3). After evaporation under reduced pressure with a rotovap, the residue was purified by flash column chromatography on silica gel 

Compound 62

Prepared according to Ishikawa's report. 27 To a solution of 60 (3 mmol, 540 mg) and the proline-derived catalyst 139 [M + Na] + calcd. for C34H44NaO13SSi + 743.2164, found 743.2137.

[𝛂] 24 𝐃 = -154.6 (c 0.48, CHCl3).

These data matched the reported ones. 27

Compound 348

Prepared according to Ishikawa's report. 27 To a solution of 347 (430 mg, 0.6 mmol) in anhydrous THF (12 mL) was added TBAT (806 mg, 1.49 mmol) at room temperature under Ar atmosphere. The reaction mixture was then stirred for 3 h at this temperature before addition of a saturated NH4Cl aqueous solution at 0 °C. The resulting mixture was extracted with EtOAc (20 mL*3).

The combined organic phases were dried over Na2SO4 and concentrated with a rotovap under reduced pressure to provide the residue, which was purified by flash column [𝛂] 24 𝐃 = -119.6 (c 0.53, CHCl3).

These data matched the reported ones. 27

Compound 349

Prepared according to Ishikawa's report. 27 To a solution of 348 (580 mg, 0.89 mmol) in anhydrous THF (9 mL) was added Cp2ZrHCl (58 mg, 0.22 mmol) and 9-BBN (1.34 mmol, 2.69 mL, 0.5 M in THF) under Ar atmosphere. The reaction was stirred for 3 h at 30 °C before addition of 1 mL H2O.

After additional 5 min, a 30 % aqueous H2O2 solution (0.83 mL) was added at 0 °C.

Then the reaction was stirred for 15 h at room temperature under Ar atmosphere before addition of H2O (20 mL). The mixture was extracted with EtOAc (30 mL*3). The combined organic phases were dried over Na2SO4, concentrated under reduced pressure to give the residue, which was purified by flash column chromatography on silica gel This procedure could also be applied to pure 335a (2 mg, 0.0026 mmol) with 1 mg of 7 (0.00507 mmol) and 3 mg of TFA in 1 mL of CH2Cl2 to yield 1.3 mg of 306a (0.00147 mmol, ~56% yield).

Data for 306a

Rf = 0.42 (PE/EtOAc 1:1) [𝛂] 25 𝐃 = -18.1 (c 0.9, CHCl3).

These data matched our previously described ones in the first generation. [𝛂] 25 𝐃 = -29.5 (c 0.475, CH3OH).

These data matched the reported ones. 5a, 113, 141 Assignment and comparison of 1 H and aqueous solution. The organic layer was collected and dried over anhydrous Na2SO4.

After concentration with a rotovap under reduced pressure, the residue was purified by flash column chromatography on silica gel (PE:EA 2:1) to give the corresponding glycosyl bromide 338 of 7.660 g product (18.68 mmol, 98 % yield) as a white solid.

The 7.660 g of glycosyl bromide 338 were then dissolved in 140 mL formic acid, followed by the addition of 6.347 g AgNO3 (37.4 mmol) in portions at room temperature. Then the mixture was stirred at room temperature for 1 h. After dilution with 100 mL CH2Cl2, it was filtered over celite and washed with CH2Cl2. The filtrate was washed with saturated NaHCO3 aqueous solution and saturated NaCl aqueous solution. The organic layer was concentrated with a rotovap under reduced pressure to give a residue, which was purified by flash column chromatography on silica gel (PE:EA 1:1) to give 5.17 g of the corresponding formyl glycoside 339 (13.746 mmol, 73 % yield) as a white solid. 

Preparation of Tebbe's reagent (2 M solution in

D. Comparison of NMR spectra and data between synthetic and natural Cymoside

The spectra of synthetic cymoside in our first generation were compared to the natural cymoside from Kritsanida, Grougnet and co-workers. Unlike many other monoterpene indole alkaloids, the biosynthesis of cymoside involves a unique oxidative cyclization cascade from strictosidine. Inspired by this biosynthetic consideration, we achieved this unprecedented transformation from an adequately protected strictosidine aglycone in the presence of an oxaziridine. Key to the success of this biomimetic reaction is the use of a nosyl protecting group of the N4 secondary amine, which masks the reactivity of the latter and directs the facial selectivity of the oxidation of the indole nucleus into a hydroxyindolenine. Addition of the enol ether of the terpenic moiety to this imine was followed by the trapping of the generated oxocarbenium by the hydroxyl to deliver the furo [3,2-b]indoline framework of the natural product. The first total synthesis of cymoside was finally achieved by a late-stage introduction of the β-D-glucose, in 1.7 % yield in 6 steps from the racemic ethyl ether of secologanin aglycone. This first synthesis was significantly improved by starting from enantiopure secologanin tetraacetate instead of its racemic aglycone. The key bioinspired oxidative cyclization between the indole and the C16-C17 enol ether of protected strictosidine tetraacetate proceeded well in the presence of the glucose moiety. The second generation synthesis was accomplished in 4 steps and 18 % yield from secologanin tetraacetate, and was more concise and straightforward than the first one.

. A preliminary study was also undertaken to achieve the total synthesis of ophiorrhine A, displaying a polycyclic-fused structure with a spirocyclic connectivity at C3 via a bioinspired intramolecular Diels-Alder cycloaddition of an indolopyridone. This key cycloaddition was successfully evaluated on a simplified model substrate yielding the corresponding cycloadduct in 28 % yield in refluxing bromobenzene. However, the acylation of indole derivatives with the carboxylic acid of secologanin aglycone failed to produce the corresponding key indolopyridone intermediate. An Unfortunately, the subsequent oxidation into the indolopyridone was problematic and several attempts failed. Intramolecular Diels-Alder cycloaddition of the N-methylpyridinium salt also did not succeed. The oxidation of the pyridinium into a pyridine are still under investigation.

Synthèse en français

La très grande famille des alcaloïdes indolomonoterpéniques comprend plus de 3000 composés qui présentent une importante diversité de structures chimiques avec de nombreuses activités biologiques. Parmi ces composés, le cymoside et les ophiorrhines A et B ont retenu notre attention en raison de leurs architectures complexes et fascinantes. Le cymoside possède une structure sans précédent avec un squelette hexacyclique fusionné en forme de cage englobant un motif furo [3,2-b]indoline. La biosynthèse du cymoside implique une cyclisation oxydative unique via une suite d'étapes en cascade à partir de la strictosidine. Ainsi, un protocole chimique bioinspiré a été examiné à partir de l'aglycone de la strictosidine adéquatement protégé. L'oxaziridine 297 dans des conditions acides a été identifiée comme un oxydant approprié pour favoriser cette cyclisation oxydative souhaitée. La clé du succès de cette réaction bioinspirée est l'utilisation d'un groupe protecteur nosyle de l'amine secondaire N4, qui masque la réactivité de cette dernière et dirige la sélectivité faciale de l'oxydation du noyau indole en une hydroxyindolénine. L'addition de l'éther d'énol de la partie terpénique à cette imine a été suivie du piégeage de l'oxocarbénium généré par l'hydroxyle pour délivrer la structure furo [3,2b]indoline du cymoside.

Nous avons effectué deux synthèses totales du cymoside basées sur cette transformation clé, suivant qu'elle s'effectue avant ou après l'introduction du substituant glucose. Notre synthèse de première génération a pour point de départ l'éther éthylique de l'aglycone de la sécologanine (53) sous forme racémique. Une réaction de Pictet-Spengler avec la tryptamine suivie d'une protection de l'amine secondaire avec un groupe para-nosyle ont donné l'aglycone protégé du strictosidine (303a) dans un mélange 1.4:1 avec son épimère 303b. La cyclisation oxydative clé s'est déroulée avec succès, générant la structure complète 304 du cymoside avec un rendement de 42 % (Schéma 122). L'introduction du groupe β-D-glucose par glycosylation de Schmidt de l'hémiacétal 305 fournit deux diastéréoisomères énantioenrichis séparables. La première synthèse totale bioinspirée de cymoside a finalement été achevée par deux étapes de déprotection avec un rendement global de 1.7 % en 6 étapes. Schéma 122. Synthèse totale de première génération du cymoside.

Une synthèse de deuxième génération considérablement améliorée a été développée à partir du tétraacétate de sécologanine énantiopure (Schéma 123). Après la réaction de Pictet-Spengler suivie de la protection monotope de l'amine secondaire avec un nosyle, les dérivés du strictosidine (335a) et de son épimère, le vincoside (335b), ont été synthétisés avec un rendement de 76 %. La présence du glycosyle à ce stade n'a pas affecté l'efficacité de la cyclisation oxydative et le cymoside protégé déjà obtenu dans la synthèse de première génération a été intercepté. Pendant ce temps, le vincoside protégé a également été oxydé en un composé fusionné hexacyclique inattendu via la réaction avec l'alcène terminal C18 = C19 au lieu de l'éther énolique C16 = C17. La séquence de déprotection précédente a également été appliquée pour délivrer le cymoside et 354 avec respectivement des rendements de 18 % et de 25 % en 4 étapes à partir de 64. Schéma 123. Synthèse totale de deuxième génération du cymoside et synthèse de 354.

Une étude préliminaire concernant la synthèse de l'ophiorrhine A a ensuite été entreprise pour construire son squelette spirocyclique via une réaction de Diels-Alder bioinspirée. A partir d'un composé modèle simplifié de l'indolopyridone (408), la réaction intramoléculaire de Diels-Alder a été évaluée pour donner le cycloadduit correspondant avec 28 % de rendement dans le bromobenzène au reflux (Schéma 124). Malheureusement, la préparation de l'indolopyridone (432) correspondant à la strictosidine s'est avérée difficile. L'acylation de dérivés de l'acide indole-3acétique avec l'acide carboxylique de l'aglycone de la sécologanine a échoué. Alternativement, nous avons envisagé l'obtention de cette indolopyridone a partir du N-méthyl pyridinium (426), qui a été produit par la méthylation de la β-carboline résultant d'une réaction de Pictet-Spengler entre la sécologanin et le tryptophan. Cependant, nos tentatives d'oxydation de ce N-méthyl pyridinium en indolopyridone ou la cycloaddition intramoléculaire de Diels-Alder du N-méthyl pyridinium ont échoué. Cette transformation est toujours à l'étude au sein de notre équipe de recherche. Schéma 124. Etude de la synthèse de l'ophiorrhine A.
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 2 Figure 2. Representative terpene indole alkaloids with the corresponding species of plants from which they are isolated and their corresponding biological activities.
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 10 Scheme 10. Practical synthesis of (±)-desvinyl secologanin aglycone ethyl ether by O'Connor and co-workers according to Tietze strategy.
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 11 Scheme 11. The first enantioselective total synthesis of (-)-secologanin by Ishikawa in 2019.
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 1213 Scheme 12. The discovery of the Pictet-Spengler reaction and the first case involving tryptamine.
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 3414 Scheme 14. Immobilized Strictosidine Synthase-mediated synthesis of (-)-strictosidine
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 153716 Scheme 15. Strictosidine Synthase-mediated synthesis of a des-vinyl analogue of strictosidine.
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 18 Scheme 18. Chemical synthesis of iso-vincoside and vincoside.

  Scheme 19. Straightforward synthesis of strictosidine derivatives by tandemKnoevenagel condensation/hetero-Diels-Alder cycloaddition after the Pictet-Spengler reaction.

  42 a) Cox, E. D.; Cook, J. M. Chem. Rev., 1995, 95, 1797-1842; b) Lorenz, M.; Van Linn, M. L.; Cook, J. M. Curr. Org. Synth., 2010, 7, 189-223.
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 2122 Scheme 21. Asymmetric Pictet-Spengler reaction with N, N-phthaloyl amino acid chlorides as chiral auxiliaries.

  Scheme 23. The first external reagent-mediated enantioselective Pictet-Spengler reaction.

Scheme 24 .

 24 Scheme 24. Catalytic asymmetric Pictet-Spengler condensation catalyzed by a chiral phosphoric acid derived from binaphthol.
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 27 Scheme 27. SPINOL-phosphoric acid catalyzed asymmetric Pictet-Spengler reactions of Nb-α-naphthylmethyl tryptamines with aldehydes.
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 5 Figure 5. Representatives monoterpene indole alkaloids derived from strictosidine.
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 34 Scheme 34. Biosynthesis of geissochizine and the corynanthe skeleton and representative molecular evolution.
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 40 Scheme 40. Biosynthesis of ophiorrhines A and B.
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 6 Figure 6. Structures of phalarine, lapidilectine B and grandilodine C.
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 1 State of the art for the synthesis of furoindoline-related scaffolds 2.1.1 Phalarine 2.1.1.1 Biosynthesis of phalarine.
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 7 Figure 7. Natural products containing a benzofuro[2,3-b]indoline moiety.
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 112 First total synthesis of (±)-phalarine by Danishefsky and co-workers.The first racemic total synthesis of phalarine(16) was accomplished by Danishefsky in 2007 with an original strategy,70 involving a novel and straightforward rearrangement of an arylketone intermediate into the benzofuro[3,2-b]indoline skeleton (Scheme 42).71 The synthetic sequence started with the addition of a nucleophilic aryllithium species (188) to a N-tosyl-3,3-spiro-oxindole (189) to form a C-C bond. Cleavage of the C-N bond of the oxindole yielded an arylated ketone (190). The rearrangement of the aryl ketone (190) was realized through the deprotection of the MOM group followed by treatment with camphorsulfonic acid to give the benzofuro[3,2-b]indoline precursor (191) to phalarine. It involved the ring expansion of the pyrrolidine ring onto the ketone with the cleavage of a C-C bond and the formation of a new C-C bond as well as a C-N bond. After successive functional transformations, phalarine was obtained as a racemic compound.

Scheme 43 .

 43 Scheme 43. Proposed mechanism of the rearrangement.
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 45 Scheme 45. Palladium-catalyzed tandem C-O and C-N bond formation reported by Muniz.
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 8149 Scheme 49. Enantioselective total syntheses of (+)-lapidilectine B and (+)-grandilodine C by Nishida.

2. 1 . 2 . 3 82 Scheme 50 .

 1238250 Scheme 50. Total synthesis of (±)-lapidilectine B by Ma.
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 124 The total synthesis of seven members of the lapidilectine and grandilodine family of alkaloids by Echavarren.

  (221) mediated by digold photoredox catalyst (dppmAuCl)2 in basic conditions under 365 nm UV LEDS to give spirocyclic intermediate (228) in 91 % yield. Lactonization of the methyl ester (228) into the double bond at C3 in acidic condition led to furo[3,2b]indolone (229) which was then converted to (+)-grandilodine C (18) and (+)lapidilectine B (17).

  a) Revol, G.; McCallum, T.; Morin, M.; Gagosz, F.; Barriault, L. Angew. Chem., Int. Ed., 2013, 52, 13342-13345; b) Kaldas, S. J.; Cannillo, A.; McCallum, T.; Barriault, L. Org. Lett., 2015, 17, 2864-2866.

Scheme 55 .

 55 Scheme 55. One-step synthesis of furo[3,2-b]indolines mediated by visible light photoredox catalysis.

Scheme 56 .

 56 Scheme 56. Gold-catalyzed cyclization of 2-alkynyl-N-propargylanilines by Ohno.

  in 2014 through the direct oxidative coupling of 3-substituted N-Ac-indoles (255) and phenols (256) mediated by FeCl3 and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) which worked synergistically (Scheme 58). After oxidizing the electron-rich phenol into a phenol radical, followed by the dual activation of the phenol radical and N-acetyl indole by FeCl3, the regioselective synthesis of benzofuro[3,2-b]indoline (257) was achieved via the crosscoupling of the two activated species with only traces of undesired benzofuro[2,3b]indoline. Herein, in this transformation, the N-Ac protecting group plays a crucial role in reversing the regioselectivity. The innate nucleophilic reactivity of the indole nucleus at C3 seems to have been modified significantly by the combination of the N-acetyl 92 a) FeCl3-mediated Friedel-Crafts hydroarylation with electrophilic N-acetyl indoles for the synthesis of benzofuroindolines, Beaud, R.; Guillot, R.; Kouklovsky, C.; Vincent, G. Angew. Chem. Int. Ed., 2012, 51, 12546-12550; b) Bioinspired direct access to benzofuroindolines by oxidative [3 + 2] annulation of phenols and indoles, Denizot, N.; Pouilhès, A.; Cucca, M.; Beaud, R.; Guillot, R.; Kouklovsky, C.; Vincent, G. Org. Lett., 2014, 16, 5752-5755; c) Lachkar, D.; Denizot, N.; Bernadat, G.; Ahamada, K.; Beniddir, M. A.; Dumontet, V.; Gallard, J.-F.; Guillot, R.; Leblanc, K.; Otogo N'nang, E.; Turpin, V.; Kouklovsky, C.; Poupon, E.; Evanno, L.; Vincent. G. Nat. Chem., 2017, 9, 793-798. 93 Tomakinian, T.; Guillot, R.; Kouklovsky, C.; Vincent, G. Angew. Chem. Int. Ed., 2014, 53, 11881-11885.

Scheme 58 .

 58 Scheme 58. Oxidative cross-coupling of N-Ac indoles and phenols to access benzofuro[3,2-b]indolines with FeCl3 and DDQ.

  Scheme 59. Electrooxidative[3+2] annulation to access benzofuro[3,2-b]indolines. HFIP = 1,1,1,3,3,3-hexafluoroisopropyl alcohol

  Scheme 60. Interrupted-Fischer indolization towards the synthesis of benzofuro[3,2b]indoline amines from 2-substituted benzofuran-3-ones.

  Scheme 61. A straightforward iso-Nazarov / [3+2] annulation domino process leading to furo[3,2-b]indolines.

  generated an activated dipolarophile (258), which could react with the oxyallyl cation intermediate (277) to give the desired furo[3,2-b]indolines through the coupling of the electrophilic C3 position of the indole and the nucleophilic oxygen atom of the cyclic oxyallyl cation. In most cases, the undesired regioisomer was also observed as the minor cycloadduct.

  Scheme 62. General retrosynthesis of cymoside via a pivotal oxidative cyclization.

  Oxaziridine 297 Traces of 284. b a. All reactions were monitored by TLC and analyzed by mass spectrometry of the crude reaction mixtures. b. The correct m/z could be detected only by mass spectrometry of the crude reaction mixtures.

Figure 8 .

 8 Figure 8. Structure of oxaziridine (297).

Scheme 69 .Scheme 70 .

 6970 Scheme 69. Successful oxidative cyclization of model substrate 292a/b with oxaziridine (297).

Scheme 72 .Scheme 73 .Scheme 74 .

 727374 Scheme 72. Preparation of the starting materials for the Knoevenagel condensation.

  cymoside. Unlike many other monoterpene indole alkaloids, the biosynthesis of this hexacyclic-fused cymoside involves a unique oxidative cyclization cascade from strictosidine. Inspired by this biosynthetic consideration, we achieved this unprecedented transformation from an adequately protected strictosidine aglycone in the presence of an oxaziridine. Key to the success of this biomimetic reaction is the use of a nosyl protecting group of the N4 secondary amine, which masks the reactivity of the latter and directs the facial selectivity of the oxidation of the indole nucleus into a hydroxyindolenine. Addition of the enol ether of the terpenic moiety to this imine was followed by the trapping of the generated oxocarbenium by the hydroxyl to deliver the furo[3,2-b]indoline framework of the natural product. The total synthesis of cymoside(1) was finally achieved by a late-stage introduction of the β-D-glucose. Overall, this total synthesis was achieved in 1.7 % yield in 6 steps from the racemic ethyl ether secologanin aglycone(53).

  synthesized secologanin aglycone derivative(53) in a racemic manner by reproducing the work of Tietze via a Knoevenagel condensation and hetero Diels-Alder cycloaddition sequence. This aldehyde was engaged in a Pictet-Spengler reaction with tryptamine to deliver strictosidine aglycone derivative 303 with a modest diastereoselectivity. The fact that the key bioinspired cyclization was performed on the racemic aglycon derivative (303) is the major drawback since only half of this material could lead to the enantiopure natural product.

Scheme 86 .

 86 Scheme 86. Synthesis of unsubstituted vinyl ether of glucose tetraacetate.

Figure 9 .

 9 Hong, B.-C.; Dange, N. S.; Yen, P.-J.; Lee, G.-H.; Liao, J.-H. Org. Lett., 2012, 14, 5346-5349.center bearing the two esters (Scheme 88).The proposed transition state of Hong's anti-organocatalytic Michael addition is represented in The steric hindrance of the sp carbon is lower than the sp 2 carbon, forcing the alkyne moiety closer to the diphenylprolinol trimethylsilyl ether catalyst moiety in the more favorable transition state.

Figure 9 .

 9 Figure 9. Proposed transition state of Hong's anti-organocatalytic Michael addition.

) in 40 %

 40 Scheme 88. Synthesis of secologanin tetraacetate precursor 348 according to Ishikawa.

Figure 10 .

 10 Figure 10. Selected failed catalytic conditions tried for the asymmetric Pictet-Spengler reaction.

Figure 11 .

 11 Figure 11. Key HMBC correlation of 353 and 354.

  The optical rotation of the product obtained in the second generation synthesis ([α] 25 D -29.5, c 0.475 in MeOH) is also similar to the ones of our first generation ([α] 20 D -26.3, c 0.38 in MeOH) and the Ishikawa syntheses ([α] 23 D -28.9, c 0.30 in MeOH). These three values significantly differ from the optical rotation reported in the isolation paper ([α] 20 D +190, c 0.011 in MeOH) which may not be accurate.

Figure 12 .

 12 Figure 12. Vincosamide (358) and reserpine (359): rare 3-(R) monoterpene indole alkaloids.

[

  4+2] Diels-Alder cycloaddition to construct the polycyclic-fused intricate structure displaying a spirocyclic connectivity at C3. Inspired by this biosynthesic postulate, we proposed a retrosynthesis pathway of ophiorrhine A (Scheme 96), involving this biosynthetic indolopyridone (366) as the precursor to a bioinspired late stage intramolecular [4+2] Diels-Alder cycloaddition.

  As a reasonable intermediate to access ophiorrhine A, the preparation of the key carbolinone and the subsequent [4+2] Diels-Alder cycloaddition are obviously the pivotal tasks of the total synthesis. In fact, there are a few known methods to construct similar carbolinone scaffolds and reports on their behavior in [4+2] cycloaddition in the scientific literature.

114

 114 

Figure 13 .

 13 Figure 13. Indole-2,3-quino-dimethane derivatives.

Scheme 100 .

 100 Scheme 100. Conversion of indolopyrones into indolopyridones with hydrazinederivatives.

  Scheme 104. Intermolecular Diels-Alder cycloadditions of an indolopyridone with electron-poor dienophiles.

First, the treatment

  of the methyl-indole-3-acetate derivative (413a) with excess aminomethane in the presence of ammonium acetate in toluene at 95 o C yielded the corresponding β-carbolinones (415) in 65 % yield. Alternatively, heating a solution of indole-3-N-methyl acetamide derivative (413b) with excess triethylamine in acetic acid at 115 o C gave the same product in 89 % yield. The following task was the key intramolecular Diels-Alder cycloaddition of the formed β-carbolinones (Scheme 106). Unfortunately, the treatment of the βcarbolinone (415) with Lewis acids like BF3•OEt2, ZnCl2 and AlCl3 resulted in the recovery of the starting material and no expected product was observed. Refluxing the solution of the β-carbolinone (415) in bromobenzene at 156 o C gave the same result.

Scheme 106 .

 106 Scheme 106. Synthesis of pentenoic acid-derived indolopyridone 415 and its evaluation as a diene in Diels-Alder reactions.

Scheme 109 .

 109 Scheme 109. Alternative retrosynthesis to access the key indolopyridone via oxidation of a pyridinium.

estabilished an access to various pyridones via a photocatalyzed aerobic oxidation shown in Scheme 111 - 2 .Scheme 111 .

 1112111 Scheme 111. Selected oxidations of N-methyl pyridinium salts to pyridones.

Scheme 113 .Scheme 114 .Scheme 115 .

 113114115 Scheme 113. Model study of the intramolecular Diels-Alder cycloaddition.

Scheme 116 .

 116 Scheme 116. Biosynthesis of cymoside and ophiorrhine A as an inspiration for their total syntheses.

131 Scheme 120 .

 131120 Scheme 120. Synthesis of 1-and 3-substituted β-carbolinones.

  of 292a/b (dr 1.06:1, 77 mg, 0.139 mmol) and oxaziridine 297 (40 mg, 0.202 mmol) in 9 mL of CH2Cl2 was added TFA (64 mg, 0.561 mmol) dropwise at 0 o C. Then the reaction was warmed up to r.t. and stirred for 24 h. The reaction was quenched with a saturated aqueous solution of NaHCO3 and then diluted with CH2Cl2.

( 0 . 13 C

 013 527 mmol, 78 %) as a white solid. Rf = 0.44 (petroleum ether/Et2O 2:1) 1 H NMR (300 MHz, CDCl3): δ = 1.22 (t, J = 7.0 Hz, 3 H), 2.41 (ddd, J = 17.3, 7.3, 1.5 Hz, 1 H), 2.65-2.71 (m, 1 H), 2.82 (ddd, J = 17.3, 6.0, 1.5 Hz, 1 H), 3.37-3.43 (m, 1 H), 3.57-3.65 (m, 1 H), 3.69 (s, 3 H), 3.81-3.92 (m, 1 H), 4.93 (d, J = 4.5 Hz, 1 H), 5.16-5.26 (m, 2 H), 5.54 (ddd, J = 17.0, 10.7, 9.4 Hz, 1 H), 7.49 (d, J = 1.6 Hz, 1 H), 9.73 (t, J = 1.6 Hz, 1 H). NMR (75 MHz, CDCl3): δ = 15.0, 26.7, 44.3, 44.7, 51.2, 64.7, 100.2, 108.1, 120.1, 133.5, 153.0, 167.3, 201.2. HRMS (m/z): [M + Na] + calcd. for C13H18NaO5 + 277.1046, found 277.1036. The 1 H and 13 C NMR are consistent with the ones previously reported by Tietze. 22 Compound 303a/b methyl-2-ethoxy-4-((2-((4-nitrophenyl)sulfonyl)-2,3,4,9-tetrahydro-1H-pyrido [3, 4-b] indol-1-yl) methyl)-3-vinyl-3,4-dihydro-2H-pyran-5-carboxylate To a solution of tryptamine 20 (105 mg, 0.655 mmol) and aldehyde 53 (136 mg, 0.535 mmol) in 25 mL of CH2Cl2 at 0 o C was added dropwise TFA (93 mg, 0.816 mmol). Then the reaction mixture was warmed-up to r.t. and stirred for 6 h until no 53 is left as monitored by TLC. Subsequently, NEt3 (275 mg, 2.71 mmol) and p-NsCl (241 mg, 1.087 mmol) were added and the reaction mixture was stirred overnight at r.t. The solvent was removed under reduced pressure with a rotovap and the residue was purified by column chromatography on silica gel (petroleum ether/EtOAc 4:1) to give 258 mg of a 1.4:1 mixture of diastereoisomers 303a and 303b (0.443 mmol, 83 % yield) as a yellow foam. Rf = 0.40 (petroleum ether/EtOAc 3:1)

and the 6 -Figure 14 .

 614 Figure 14. M06/6-31 G (d, p) calculated structure

  PhMe): To a solution of 1.25 g Cp2TiCl2 (5 mmol) in 5 mL anhydrous toluene was added 5 mL Al (CH3)3 (2.0 M in toluene) dropwise at 0 o C under Ar atmosphere. Then the mixture was stirred overnight at room temperature. A solution of 850 mg of formyl glycoside 339 (2.26 mmol) in 20 ml anhydrous THF was added pyridine (3.6 ml) and then stirred at -20 o C for 20 minutes, followed by the addition of 5 ml of Tebbe's reagent (2 M in toluene) dropwise at -78 o C. Then the reaction was stirred at this temperature for 30 minutes before warming up to 0 o C and stirred at 0 o C for another 4 h. Then NaOH solution (104 mg/1 mL H2O) added dropwise at 0 o C. The mixture was warmed up to room temperature and stirred for another 1 minute before dilution with 100 ml CH2Cl2. After filtration over Celite, the filtrate was washed with 1 N HCl and saturated NaHCO3 aqueous solution. The organic layer was dried over anhydrous Na2SO4 and concentrated with on a rotovap under reduced pressure to give a residue, which was purified by flash column chromatography on silica gel (PE:EA 4:1 to 3.

C. Towards the total synthesis of ophiorrhine A Compound 417 2 -

 2 ((2R,3R,4S)-2-ethoxy-5-(methoxycarbonyl)-3-vinyl-3,4-dihydro-2H-pyran-4-yl) acetic acid To a solution of 55 mg (0.216 mmol) of the aldehyde 53 in 4 mL acetone was added 0.12 mL of the Jones Reagent (2.67 M) dropwise at 0 °C. Then the reaction was stirred at 0 °C for 30 min until no aldehyde 53 was left monitored by TLC. It was quenched with excess isopropyl alcohol. The color changed from red to green. After filtration to remove the precipitation, the filtrate was concentrated with a rotovap under reduced pressure to remove the solvent to give the residue, which was purified by flash column chromatography on silica gel to give 48 mg (0.178 mmol, 82 % yield) of product 417 as a white solid. Rf = 0.47 (CH2Cl2/MeOH 10:1).

Compound 414a methyl 2 -

 2 (2-(hex-5-enoyl)-1H-indol-3-yl)acetate To a solution of 57 mg of 5-hexenoic acid 407 (0.5 mmol) in 1 mL anhydrous CH2Cl2 was added 137 mg of TFAA (0.65 mmol) at 0 o C under Ar atmosphere. Then the reaction was allowed to warm-up to room temperature and stirred overnight. Then 113 mg of ethyl 3-indoleacetate 370 (0.6 mmol) were added to the reaction mixture at 0 o C followed by the addition of 213 mg of BF3•OEt2 (1.5 mmol). The mixture was then stirred at room temperature for 24 h. After the removal of solvents with a rotovap under reduced pressure, the residue was purified by flash column chromatography on silica gel to give 17 mg of product 414a (0.06 mmol, 12 % yield) as a white solid. Rf = 0.47 (PE/EA 3:1).

  3R,4S)-4-((9H-pyrido[3,4-b]indol-1-yl)methyl)-2-ethoxy-3-vinyl-3,4dihydro-2H-pyran-5-carboxylate To a solution of 46 mg of tryptophan 420 (0.228 mmol) and 29 mg of secologanin aglycone ethyl ether 53 (0.114 mmol) in 3 mL of anhydrous CH2Cl2 was added 65 mg of TFA (0.571 mmol) at 0 o C under Ar atmosphere. Then the reaction was stirred at room temperature overnight. After concentration under reduced pressure with a rotovap to remove the solvents, the residue was dissolved in 2 mL DMF, followed by addition of 64 mg of N-chlorosuccinimide (NCS, 0.479 mmol) and 58 mg of triethylamine (0.571 mmol) at 0 o C. Then the mixture was stirred at room temperature for 3 h. After dilution of 30 mL ethyl acetate, the mixture was washed with saturated NaCl aqueous solution (15mL*3). The combined organic layer was concentrated with on a rotovap under reduced pressure to give a residue, which was purified by preprarative TLC (CH2Cl2:MeOH 18:1) to give 13 mg (0.033 mmol, 29 % yield over 2 steps) of product 425 as a pale yellow solid. Rf = 0.63 (CH2Cl2/MeOH 10:1).

Chapter 5 .

 5 Experimental section 202 HRMS (m/z): [M + H] + calcd. for C23H25N2O4 + 393.1809, found 393.1791. Compound 426 1-(((2R,3R,4S)-2-ethoxy-5-(methoxycarbonyl)-3-vinyl-3,4-dihydro-2H-pyran-4yl)methyl)-2-methyl-9H-pyrido[3,4-b]indol-2-ium iodide To a solution of 12.6 mg of pyridine 425 (0.0321mmol) in 1 ml CH3CN was added 229 mg (1.607 mmol) of MeI at room temperature. Then the reaction was stirred at 80 o C for 24 h. After cooling down to room temperature, the mixture was concentrated with a rotovap under reduced pressure to give a residue, which was purified by preparative TLC (CH2Cl2: MeOH 10:1) to give 11 mg of product 426 (0.0206 mmol, 64 % yield; 76 % brsm) as a red solid and 2 mg (0.0051 mmol) of starting material. Rf = 0.31 (CH2Cl2/MeOH 10:1).
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  Kumar, N.; Maity, A.; Gavit, V. R.; Bisai, A. Chem. Commun., 2018, 54, 9083-9086. Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, FranceECOLE DOCTORALE N°571 Sciences chimiques : molécules, matériaux, instrumentation et biosystèmes (2MIB) Titre : Synthèse totale du cymoside et études synthétiques vers l'ophiorrhine A Mots clés : la synthèse totale, alcaloïde indolo monoterpènique, cymoside, ophiorrhine A Résumé : Le cymoside est un alcaloïde indolomonoterpénique isolé de Chimarrhis cymosa, qui présente un squelette hexacyclique fusionné en forme de cage. Cette structure sans précédent possède un motif furo [3,2-b] indoline qui est rare. La biosynthèse postulée du cymoside implique une cyclisation oxydante unique en cascade directement à partir de la strictosidine ce qui est en contraste avec de nombreux autres alcaloïdes indolomonoterpéniques. Inspirés par cette considération biosynthétique, nous avons réalisé cette transformation sans précédent à partir de l'aglycone adéquatement protégé de la strictosidine en présence d'une oxaziridine. La clé du succès de cette réaction biomimétique est l'utilisation d'un groupement nosyl protecteur de l'amine secondaire N4, qui masque la réactivité de cette dernière et oriente la sélectivité faciale de l'oxydation du noyau indole en hydroxyindolénine. L'addition de l'éther d'énol de la partie terpénique sur la fonction imine de cette indolenine est suivie par le piégeage de l'oxocarbénium généré par le groupe hydroxyle sur l'indoline pour délivrer la charpente furo [3,2-b] indoline de la substance naturelle. La première synthèse totale du cymoside a finalement été réalisée par une introduction tardive du fragment β-Dglucose, avec un rendement de 1,7% en 6 étapes à partir de l'éther éthylique racémique de l'aglycone de la sécologanine. Cette première synthèse a été significativement améliorée en partant du tétraacétate de sécologanine énantiopure au lieu de son aglycone racémique. La cyclisation oxydante clé et bioinspirée entre l'indole et l'éther d'énol du tétraacétate de strictosidine protégé a été efficace et cela en présence du fragment glucose. La synthèse de deuxième génération a ainsi été réalisée en 4 étapes et avec un rendement de 18% à partir du tétraacétate de sécologanine, et était plus concise et directe que la première synthèse totale. Une étude préliminaire a également été entreprise pour réaliser la synthèse totale de l'ophiorrhine A, présentant une structure polycyclique fusionnée avec une connectivité spirocyclique en C3 via une cycloaddition intramoléculaire bioinspirée de Diels-Alder d'une indolopyridone. Cette cycloaddition clé a été évaluée avec succès sur un substrat modèle simplifié donnant le cycloadduit correspondant avec un rendement de 28% au reflux du bromobenzène. Cependant, l'acylation de dérivés d'indoles avec l'acide carboxylique de l'aglycone de la sécologanine n'a pas réussi à produire l'intermédiaire indolopyridone désiré qui est clé pour la suite de la synthèse. Une approche alternative a été examinée pour former l'indolopyridone requise par oxydation d'une indolopyridine. La condensation Pictet-Spengler du L-tryptophane avec l'éther éthylique de l'aglycone de la sécologanine suivie de d'une aromatisation décarboxylante dans des conditions oxydantes a donné la ß-carboline correspondant à l'aglycone de la strictosidine. La méthylation de la pyridine ainsi formée a donné le sel de N-méthylpyridinium souhaité. Malheureusement, l'oxydation ultérieure en indolopyridone s'est montrée problématique et plusieurs tentatives ont échoué. La cycloaddition intramoléculaire de Diels-Alder du sel de Nméthylpyridinium n'a pas non plus réussi. L'oxydation du sel de pyridinium en pyridone est toujours à l'étude. Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France ECOLE DOCTORALE N°571 Sciences chimiques : molécules, matériaux, instrumentation et biosystèmes (2MIB) Title : Total synthesis of cymoside and synthetic studies toward ophiorrhine A Keywords : total synthesis, monoterpene indole alkaloids, cymoside, ophiorrhine A Abstract: Cymoside is a monoterpene indole alkaloid isolated from Chimarrhis cymosa, displaying an unprecedented caged hexacyclic fused-skeleton encompassing a rare furo[3,2-b]indoline motif.

  alternative approach was examined to form the required indolopyridone via oxidation of a pyridine ring. Successive Pictet-Spengler condensation of L-tryptophan with secologanin β-carboline corresponding to strictosidine aglycone. Methylation of the latter yielded the desired N-methylpyridinium salt.

Figure 14 .

 14 Figure 14. Structures du cymoside et des ophiorrhines A et B.

  Huang, D.; Xu, F.; Lin, X.; Wang, Y. Chem. Eur. J., 2012, 18, 3148-3152.

  Mittal, N.; Sun, D. X.; Seidel, D. Org. Lett., 2014, 16, 1012-1015.

Table 1 .

 1 Optimization of the Pictet-Spengler reaction.

	Entry	Conditions	Yield 290a/b (dr) Yield 291
	1	80 % AcOH (aq.), r.t.	35 % (1:1)	trace
	2	TFA, CH2Cl2, r.t.	84 % (1:1)	4 %
	3	AcOH, CH2Cl2, r.t.	trace	trace
	4	Maleic acid buffer (pH 2.0), CH2Cl2, r.t.	60 % (1:1)	trace

Table 2 .

 2 Initial attempts towards the oxidative cyclization.a 

	Entry	Oxidants	Results
	1	AgOTf	284 not detected

Table 3 .

 3 However, this condition only gave trace of our desired compound even if we increased the temperature to 100 o C (Table3, entry 2). Selective hydrolysis of the methyl acetal by Murakami. this condition was applied to our cymoside ethyl ether aglycone, only traces of the desired product could be detected by TLC after 48 h at 40 o C (Table3, entry 3).Other conditions for the hydrolysis of a methyl acetal (325) were described by Wan and co-workers, providing the corresponding 1-hydroxyl-glycoside (326) in 71 % yield at 85 o C for 24 h in 80% acetic acid in water (Scheme 79).104 Scheme 79. The hydrolysis of a methyl acetal by Wan. Hydrolysis of the acetal.

	carried out one similar transformation. The

77.

The hydrolysis of the acetal of 321 by Pettus.

Another case of selective hydrolysis of the methyl acetal (323)

103 

was realized by Murakami and co-workers in 2010. The resulting hemiacetal (324) was obtained in 10 % HCl-THF in 43 % yield, with 42 % starting material recovered (Scheme 78). Scheme 78.

102 

Selenski, C.; Pettus, T. R. R. J. Org. Chem., 2004, 69, 9196-9203.

103 

Tamura, S.; Shimizu, N.; Fujiwara, K.; Kaneko, M.; Kimura, T.; Murakami, N. Bioorg. Med. Chem. Lett., 2010, 20, 2159-2162.

When

Fortunately, small modification of Wan'conditions could be applied to our substrate. The desired hemiacetal (305) was produced as a 9:1 mixture of epimers in 33 % yield by treatment of cymoside ethyl ether aglycon (304) in a 80 % acetic acid aqueous solution at 85 o C for 48 h (Table

3

, entry 1). Unreacted starting material could be recovered and reengaged which allowed to calculate a 79 % yield based on the recovered starting material (brsm).

104 

Zeng, J.; Sun, G.; Yao, W.; Zhu, Y.; Wang, R.; Cai, L.; Liu, K.; Zhang, Q.; Liu, X.-W.; Wan, Q. Angew. Chem. Int. Ed., 2017, 56, 5227-5231.

  Treatment of g β-D-Glucose pentaacetate (327) with 1.1 equivalent of hydrazine acetate at 40 o C in dry DMF for 2 h, delivered the corresponding hemiacetal (328) quantitatively. Then it was subjected

	to excess trichloroacetonitrile and potassium carbonate, furnishing desired glucose
	tetraacetate trichloroacetimidate (63) in 85 % yield over 2 steps (Scheme 80).

Scheme 80. Preparation of enantioenriched glucose trichloroacetimidate reagent. With this the highly enantioenriched glycosyl trichloroacetimidate reagent (63) and the hemiacetal of the cymoside aglycone (305) in hand, the subsequent Schmidt glycosylation was carried out. In 2018, the Li's group employed a highly stereoselective glycosylation of a similar hemiacetal with this trichloroacetimidate mediated by boron trifluoride diethyl etherate 106 in the total synthesis of hybridaphniphylline B (Scheme 81). Scheme 81. Highly stereoselective glycosylation of a hydroxy-genepin aglycon by Li.

  Stereoselectivity in the Schmidt glycosylation with glucose tetraacetate trichloroacetimidate via anchiomeric assistance.

	Scheme 83. Total synthesis of cymoside.
	Following Li's procedure, the expected glycosylated protected cymoside (306a)

Wu, L.; Sampson, N. S. ACS Chem. Biol., 2014, 9, 468-475. 106 Zhang, W.; Ding, M.; Li, J.; Guo, Z.; Lu, M.; Chen, Y.; Liu, L.; Shen, Y.-H.; Li, A. J. Am. Chem. Soc., 2018, 140, 4227-4231. Scheme 82.

  allowed us to prepare the mixed acetal glycoside (336) in 80 % yield mediated by pyridinium p-toluenesulfonate, but the next step, did not yield the expected alkenyl ether product via elimination of ethanol.

107 a) Kondratov, I. S.; Gerus, I. I.; Kacharov, A. D.; Gorbunova, M. G.; Kukhar, V. P.; Frohlich, R. J. Fluorine Chem., 2005, 126, 543-550; b) Zeng, Z.; Dai, S.; Jiao, Y.; Jiang, L.; Zhao, Y.; Wang, B.; Zong, L. Int. J. Pharm., 2016, 506, 394-406; c) Tietze, L.-F.; Meier, H.; Voß, E. Synthesis, 1988, 4, 274-277. 108 Hughes, K. D.; Nguyen, T.-L. N.; Dyckman, D.; Dulay, D.; Boyko, W. J.; Giuliano, R. M. Tetrahedron: Asymmetry, 2005, 16, 273-282.

  Yuan, J.; Lindner, K.; Frauenrath, H. J. Org. Chem., 2006, 71, 5457-5467. Synthesis of secologanin tetraacetate following Ishikawa's work.

	Scheme 87. Failed attempts towards the synthesis of glucose-containing secologanin
	derivatives.
	2.5.2.2

Table 4 .

 4 Investigation of the acylation of 3-indolyl acetic acid derivatives.a 

	Entry	Conditions	n	XR 2	Yield
	1	3 eq. AlCl3	1	OMe	9 %
	2	3 eq. BF3 OEt2	1	OMe	23 %
	3	3 eq. ZnCl2	1	OMe	73 %
	4	3 eq. ZnCl2	1	NHMe	34 %

Table 5 .

 5 Investigation of indole acylation with secologanin aglycone carboxylic acid.

	Entry Condition a	Condition b	XR 2	Solvent	Result
	1	Neat TFAA	3 eq. ZnCl2	NHMe	CH2Cl2	No 419 formed
	2	3 eq. TFAA	3 eq. ZnCl2	NHMe	CH2Cl2	No 419 formed
	3	2 eq. C2O2Cl2	3 eq. ZnCl2	NHMe	MTBE	No 419 formed
	4	2 eq. C2O2Cl2	3 eq. ZnCl2	OMe	CH2Cl2	No 419 formed
	5	Neat TFAA	3 eq. BF3 OEt2	OMe	CH2Cl2	No 419 formed
	6	Neat TFAA	3 eq. BF3 OEt2	OH	CH2Cl2	No 419 formed
	7	Neat TFAA	3 eq. AlCl3	OH	CH2Cl2	No 419 formed

Table 6 .

 6 Sequence of Pictet-Spengler reaction and oxidative decarboxylation. With this expected β-carboline of tetradehydro strictosidine aglycone (425) in hand, the next one-pot sequence of methylation and oxidation was examined. Treatment of the β-carboline with excess iodomethane in acetonitrile at 80 o C yielded the corresponding N-methyl pyridinium salt (426) (64 % yield; 76 % yield brsm). Then it could be subjected to the next oxidation directly without further purification.

	Entry	Oxidative decarboxylation conditions	Yield (2 steps)
	1	4 equiv. K3CrO8, r.t., HOAc/THF/H2O 1:1:1	No reaction
	2	4 equiv. K3CrO8, 60 o C HOAc/THF/H2O 1:1:1	Traces
	3	2.1 equiv. NCS , 2.5 equiv. TEA, DMF, r.t.	26 %
	4	2 equiv. PhI(OAc)2 , DMF, r.t.	19 %
	5	0.7 equiv. TCCA, DMF, r.t.	Traces

Scheme 110. Methylation of tetradehydo strictosidine aglycone into N-methyl pyridinium 426.

Table 7 .

 7 Attempts towards the oxidation of N-methyl pyridinium (426) into pyridone.

	Entry	Oxidative Conditions	Results
	1	2 mol % Eosin Y, 1.5 equiv. Cs2CO3, THF, air, r.t., 40 W CFL, 6h	Complex mixture
	2	11 equiv. K3Fe(CN)6, 11 equiv. NaOH THF/H2O 2:1, r.t., 12 h	Complex mixture

  The key intramolecular Diels-Alder cycloaddition could be performed before or after the methylation of the amide nitrogen. Currently, Wei Cao, new PhD student in our lab, is investigating this approach towards the total synthesis of ophiorrhine A.

	Chapter 5. Experimental section
	5.1 General information
	All reactions were carried out in anhydrous solvents under an inert argon
	atmosphere unless otherwise stated. Tetrahydrofuran (THF) was distilled from sodium-
	benzophenone before use. Dichloromethane (CH2Cl2) and toluene (PhMe) were
	distilled from calcium hydride before use. Trimethylamine (Et3N), m-Xylene and 1, 2-
	dichlorobezene were distilled from calcium hydride and stored under argon atmosphere.
	Anhydrous acetonitrile was obtained by filtration through a drying column on a Glass
	Technology system. All others commercial reagent-grade chemicals and solvents were
	used directly without further treatment unless noted. Reactions were monitored with
	analytical thin-layer chromatography (TLC) on silica gel 60 F254 plates and visualized
	Scheme 121. Proposed solution for the synthesis of the key indolopyridone
	intermediate.

Lin, G.

; Wang, Y.; Zhou, Q.; Tang, W.; Wang, J.; Lu, T., Molecules, 2010, 15, 5680-5691.
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Sasaki, T.; Li, W.; Ohmoto, T.; Koike, K., Bioorg. Med.

Lett., 2016, 26, 4992-4995. 

anhydride (Scheme 121).

under UV (254 nm) and/or by staining with phosphomolybdic acid hydrate solution in EtOH followed by heating or with KMnO4 in a K2CO3 and NaOH aqueous solution. Flash chromatography were performed on silica gel 60 [63-200 μm]) as stationary phase. Preparative thin-layer chromatography (prep. TLC) were performed on silica gel 60 F254 plates. NMR spectra were recorded on Bruker AVANCE I 250 (250 MHz for 1 H), Bruker AVANCE I 300 (300 MHz for 1 H and 75 MHz for 13 C), Bruker AVANCE I 360 (360 MHz for 1 H and 90 MHz for 13 C) and Bruker AVANCE I 400 (400 MHz for 1 H and 100 MHz for 13 C) instruments, at 295 K. Chemical shifts were reported in part per million relative to residual peak (CDCl3: 1 H δ 7.26 ppm, 13 C δ 77.0 ppm; CD3OD: 1 H δ 3.31 ppm, 13 C δ 49.0 ppm). The mentioned abbreviations were as follows: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), br (broad). High-Resolution mass spectra (HRMS) were measured on a Bruker Daltonics MicrOTOF-Q instrument by means of Electrospray Ionization (ESI) technic, with accurate masses reported for molecular ion [M+H] + or [M+Na] + . [α] D were recorded on an Anton Paar MCP150 polarimeter.

  The reaction was then slowly warmed to r.t. and then stirred for 12 h. Then the reaction was concentrated under reduced pressure with a rotovap to remove the excess of ethyl vinyl ether and the formed HCl gas. Distillation under reduced pressure (20mbar, 165

	Compound 51 Compound 288
	A. First generation total synthesis of cymoside 4,4,4-trichloro-3-oxobutanal trans-methyl 2-ethoxy-4-(2-oxoethyl)-3, 4-dihydro -2H-pyran-5-carboxylate
	288 and 289 were prepared according to previous reports from Tietze and
	Compound 54 O'Connor. 133
	3,3-diethoxypropanal
	10 was prepared according to a previous report. 100
	To a 50 ml flask with ethyl vinyl ether 285 (21.6 g, 300 mmol) was added
	trichloroacetyl chloride 435 (27.3 g, 150 mmol) dropwise within 30 minutes at 0 o C.
	54 was prepared according to a previous report. 132
	To a 250 mL flask was added 3, 3-diethoxypropanoate 434 (2.854 g, 15 mmol) and
	anhydrous CH2Cl2 (75 mL). A solution of DIBAL (18.75 mL of a 1.2 M solution in
	toluene, 22.5 mmol, 1.5 equiv.) was added dropwise over 20 minutes at -78 Rf = 0.34 (petroleum ether/Et2O 2:1)
	1 H NMR (360 MHz, CDCl3): δ = 1.21 (t, J = 7.0 Hz, 6 H), 2.73 (dd, J = 5.5, 2.3
	Hz, 2 H), 3.51-3.59 (m, 2 H), 3.64-3.73 (m, 2 H), 4.96 (t, J = 5.5 Hz, 1 H), 9.76 (t, J =
	2.3 Hz, 1 H). 5.7 Hz, 1 H), 7.61-7.62 (enol, m, 1 H), 9.81 (aldehyde, t, J = 2.1 Hz), 12.45 (enol, br, 1
	The 1 H NMR of 54 is consistent with the one previously reported. 130 H). The enolization degree in CDCl3 was 95 % determined by integration of the 1 H
	signals.
	The 1 H NMR of 51 is consistent with the one previously reported. 100

o C. The reaction was then stirred at -78 o C for an additional 45 minutes and 15 mL of CH3OH were added. Then the reaction was warmed-up to r.t. and stirred for 10 minutes. To the reaction mixture was added H2O (1.5 mL), then the reaction was stirred for 10 minutes, followed by addition of Na2SO4 (8.00 g). After stirring overnight, the reaction mixture was filtered with diethyl ether and the filtrate was concentrated carefully under reduced pressure with a rotovap. The residue was purified by column chromatograph on silica gel (pentane/diethyl ether 3:1) to give 1.92 g of 54 as a colorless oil (87% yield).

132 

Trost, B. M.; Seganish, W. M.; Chung, C. K.; Amans, D. Chem. Eur. J., 2012, 18, 2948. o C oil bath) provided 29.2 g of 1, 1, 1-trichloro-4-ethoxy-3-butene-2-one 436 as a colorless oil (90% yield).

Then 1, 1, 1-trichloro-4-ethoxy-3-butene-2-one 436 (10.85 g, 50 mmol) was stirred in 100 mL of formic acid at r.t. for 24 h. Subsequently, the mixture was extracted with n-pentane for 9 times (50 mL each time). The combined organic phases were washed successively with 50 mL of water and 50 mL of brine, and were dried over Na2SO4.

After filtration, the solvent was removed very carefully under reduced pressure with a rotovap to give 8.315 g of crude 51 as a light green oil (88% yield), which was used directly in the next step. Rf = 0.29 (petroleum ether/EtOAc 3:1)

1 

H NMR (360 MHz, CDCl3): δ = 4.05 (aldehyde, d, J = 2.1 Hz), 6.18 (enol, d, J =

  /EtOAc 6:1) to give 110 mg of the desired trans isomer 288 (7 % yield), and 188 mg of the cis isomer 289 (12 % yield). The reaction mixture was then warmed-up to r.t. and stirred for 6 h until 288 was completely consumed as monitored by TLC. The reaction was then quenched with a saturated aqueous solution of NaHCO3 and was extracted with CH2Cl2 for 3 times. The combined organic phase was dried over Na2SO4. After filtration, the solvent was removed under reduced pressure with a rotovap. The residue was purified by silica gel J = 9.2 Hz, 1 H), 2.49 (d, J = 10.0 Hz, 1 H), 2.75-2.95 (m, 4 H), 3.57-3.66 (m, 1 H), 3.81-3.90 (m, 1 H), 4.80-5.00 (m, 1 H), 5.10-5.30 (m, 2 H), 7.09-7.20 (m, 2 H), 7.33 (d, J = 7.9 Hz, 1 H), 7.51 (d, J = 7.9 Hz, 1 H), 7.53 (s, 1 H), 7.99 (br, 1 H). NMR (90 MHz, CDCl3): δ = 15.0, 15.1, 19.7, 19.9, 26.0,28.2, 32.6, 32.7, 39.3, 40.1, 41.3, 43.0, 50.9, 51.4, 51.8, 54.6, 65.0, 65.2, 98.1, 98.2, 106.5, 106.8, 107.8, 109.5, 111.1, 111.2, 117.9, 117.9, 119.4, 119.5, 122.2, 122.3, 123.8, 124.0, 126.1, 126.3, 127.7, 127.9, 132.5, 132.7, 135.6, 136.0, 146.3, 146.5, 149.5, 149.6, 153.6, 155.5, 168.3, 169.3. 

	NMR (360 MHz, CDCl3): δ = 1.22 (t, J = 7.0 Hz, 3 H), 1.41-1.58 (m, 2 H), 2.09
	Compound 288 (trans) Rf = 0.40 (petroleum ether/EtOAc 3:1) (d, 13 C NMR (90 MHz, CDCl3): δ = 15.0, 21.0, 23.7, 32.2, 35.0, 39.7, 53.1, 64.1, 96.6, HRMS (m/z): [M + H] + calcd. for C27H30N3O8S + 556.1748, found 556.1722.
	1 H NMR (360 MHz, CDCl3): δ = 1.24 (t, J = 7.0 Hz, 3 H), 1.80 (ddd, J = 14.0, 5.2, 2.5 Hz, 1 H), 1.92-1.98 (m, 1 H), 2.40 (ddd, J = 16.9, 9.00, 2.2 Hz, 1 H), 2.89 (ddd, J = 16.9, 4.2, 1.4 Hz, 1 H), 3.19-3.27 (m, 1 H), 3.59-3.64 (m, 1 H), 3.70 (s, 3 H), 3.90-3.96 0.421 mmol) in 25 mL of CH2Cl2 was added dropwise TFA (72 mg, 0.63 mmol) at 0 HRMS (m/z): [M + H] + calcd. for C20H23N2O3 + 339.1703, found 339.1682. To a solution of tryptamine 20 (72 mg, 0.449 mmol) and aldehyde 288 (96 mg, 108.8, 109.8, 110.9, 118.4, 119.8, 122.1, 126.8, 133.0, 136.3, 148.4, 163.7. [M + Na] + calcd. for C27H29N3NaO8S + 578.1568, found 578.1548.
	(m, 1 H), 4.99 (dd, J = 7.4, 2.5 Hz, 1 H), 7.52 (d, J = 1.1 Hz, 1 H), 9.76 (t, J = 1.7 Hz, [M + Na] + calcd. for C20H22N2NaO3 + 361.1523, found 361.1512.
	1 H).
	13 C NMR (90 MHz, CDCl3): δ = 15.0, 23.7, 32.2, 48.5, 51.3, 65.1, 97.7, 108.1, Compounds 292a/b
	153.9, 167.3, 201.0.
	methyl-2-ethoxy-4-((2-((4-nitrophenyl) sulfonyl)-2, 3, 4, 9-tetrahydro-1H-pyrido [3, 4-
	The 1 H and 13 C NMR are consistent with the ones previously reported by b] indol-1-yl) methyl)-3, 4-dihydro-2H-pyran-5-carboxylate
	Compounds 290a/b Rf = 0.37 (CH2Cl2/CH3OH 10:1) 1 H NMR (360 MHz, CDCl3): δ = 1.27 (t, J = 7.0 Hz, 3 H), 1.63-2.20 (m, 4 H), 2.74-2.90 (m, 3 H), 3.05-3.16 (m, 1 H), 3.27-3.70 (m, 3 H), 3.73 (s, 1.5H), 3.77 (s, 1.5 H), 3.96-4.13 (m, 2 H), 5.06-5.13 (m, 1 H), 7.05-7.17 (m, 2 H), 7.37-7.48 (m, 2 H), 7.56 To a solution of 290a/b (dr 1:1, 122 mg, 0.329 mmol,) and p-NsCl (82 mg, 0.370 mmol) in 12 mL of CH2Cl2 was added 4.0 eq. NEt3 (134 mg, 1.32 mmol). The reaction mixture was stirred overnight at r.t. and the solvent was removed under reduced O'Connor. 13 C NMR (90 MHz, CDCl3): δ = 15.1, 22.1, 29.9, 47.7, 51.2, 64.7, 97.8, 108.6, (s, 1 H), 9.46 (br, 0.5 H), 9.89 (br, 0.5 H). pressure with a rotovap. The residue was purified by column chromatography on silica
	152.9, 167.5, 202.2. 13 C NMR (75 MHz, CDCl3): δ = 15.1, 21.5, 22.0, 26.2, 28.4, 31.3, 32.6, 40.6, 40.8, gel (petroleum ether/EtOAc 4:1) to give 162 mg of a 1.06:1 mixture of diastereoisomers
	The 1 H and 13 C NMR are consistent with the ones previously reported by 41.4, 43.4, 50.6, 51.5, 51.7, 52.5, 65.2, 65.5, 98.4, 98.6, 107.8, 108.1, 108.3, 108.7, 292a and 292b (0.291 mmol, 88% yield) as a yellow foam.
	111.1, 111.4, 117.9, 119.1, 119.2, 121.5, 121.6, 126.9, 127.2, 135.1, 135.8, 136.2, 154.6, 168.9, 169.1. HRMS (m/z): [M + H] + calcd. for C21H27N2O4 + 371.1965, found 371.1954. Rf = 0.57 (CH2Cl2/CH3OH 10:1) Rf = 0.62 (petroleum ether/EtOAc 2:1) 1 H NMR (360 MHz, CDCl3): δ = 1.28 (t, J = 7.0 Hz, 3 H), 1.83-2.05 (m, 2 H), 2.13-2.22 (m, 2 H), 2.30-2.63 (m, 2 H), 2.99-3.10 (m, 1 H), 3.40-3.71 (m, 2 H), 3.76 (s, O'Connor. dihydro-2H-pyran-5-carboxylate Compound 291 1.5 H), 3.81 (s, 1.5 H), 3.92-4.04 (m, 1 H), 4.19-4.28 (m, 1 H), 5.01-5.41 (m, 2H), 6.98-

133 a) Tietze, L. F.; Meier, H.; Nutt, H. Chem. Ber., 1989, 122, 643-650; b) Bernhardt, P.; O'Connor, S. E. Tetrahedron Lett., 2009, 50, 7118.

ether131b Compound 289 (cis) Rf = 0.29 (petroleum ether/EtOAc 3:1) 1 H NMR (360 MHz, CDCl3): δ = 1.19 (t, J = 7.0 Hz, 3 H), 1.93 (ddd, J = 14.4, 6.3, 3.0 Hz, 1 H), 2.03 (dt, J = 14.4, 2.5 Hz, 1 H), 2.74-2.81 (m, 1 H), 3.01 (ddd, J = 17.6, 9.5, 1.3 Hz, 1 H), 3.08-3.14 (m, 1 H), 3.53 (dq, J = 9.5, 7.0 Hz, 1 H), 3.71 (s, 3 H), 3.81 (dq, J = 9.5, 7.0 Hz, 1 H), 5.16 (t, J = 2.5 Hz, 1 H), 7.53 (d, J = 0.7 Hz, 1 H), 9.77 (t, J = 1.3 Hz, 1 H). 131b Compounds 290a/b Methyl-2-ethoxy-4-((2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indol-1-yl)methyl)-3,4-o C. chromatograph (CH2Cl2/CH3OH 15:1) to give 132 mg of a 1:1 mixture of the diastereoisomers 290a and 290b as a yellow foam (0.356 mmol, 84 % yield) and 6 mg of lactam 291 (4 % yield) as a light yellow solid. Upon standing in solution, 290b tends to lactamize into 291. 7.04 (m, 1 H), 7.10-7.16 (m, 1 H), 7.23-7.28 (m, 1 H), 7.29-7.35 (m, 1 H), 7.53 (s, 0.52H), 7.67 (s, 0.48 H), 7.84 (d, J = 8.8 Hz, 1 H), 7.91 (d, J = 8.8 Hz, 1 H), 8.04 (d, J = 8.8 Hz, 1 H), 8.07 (d, J = 8.8 Hz, 1 H), 8.75 (br, 0.52 H), 9.51 (br, 0.48 H).

13 C

  on silica gel (petroleum ether/EtOAc 2:1) to give 502 mg of 297 (2.54 g, 51% yield over 2 steps) as white solid.

	Rf = 0.54 (petroleum ether/EtOAc 1:1)
	1 H NMR (300 MHz, CDCl3): δ = 2.13 (s, 3 H), 7.68-7.79 (m, 4 H).
	13 C NMR (75 MHz, CDCl3): δ = 15.6, 83.9, 123.9, 125.6, 132.6, 133.5, 134.0,
	135.2.
	HRMS (m/z): [M + H] + calculated for C8H8NO3S + 198.0219, found 198.0215.

a) Gu, X.; Zhang, Y.; Xu, Z.-J.; Che, C.-M. Chem. Commun., 2014, 50, 7870-7873; b) Liu, S.; Scotti, J. S.; Kozmin, S. A. J. Org. Chem., 2013, 78, 8645-8654.

chromatography

  H NMR (300 MHz, CDCl3): δ = 1.19 (t, J = 7.0 Hz, 3 H), 1.63-1.73 (m, 1 H), 1.76-7.82 (dt, J = 13.9, 2.7, Hz, 1 H), 1.86-1.95 (m, 1 H), 2.04-2.12 (m, 2 H), 2.39-2.48 (m, 1 H), 2.90-2.98 (m, 1 H), 3.07-3.15 (m, 1 H), 3.47-3.55 (m, 2 H), 3.57 (s, 3 H), 3.87-3.98 (m, 1 H), 4.05 (br, 1 H), 4.40 (dd, J = 11.2, 8.3, Hz, 1 H), 5.08 (dd, J = 8.7,

	2.9 Hz, 1 H), 5.60 (s, 1 H), 6.32 (d, J = 7.5 Hz, 1 H), 6.75 (td, J = 7.5, 1.0 Hz, 1 H),
	7.03 (td, J = 7.5, 1.0 Hz, 1H), 7.15 (d, J = 7.5 Hz, 1 H), 8.01 (d, J = 8.9 Hz, 2 H), 8.28
	(d, J = 8.9 Hz, 2 H).
	13 C NMR (75 MHz, CDCl3): δ = 15.0, 29.7, 32.8, 33.8, 36.0, 37.2, 52.7, 58.4, 59.2,
	64.5, 79.9, 84.5, 92.9, 101.2, 109.3, 120.3, 123.1, 124.1 (2C), 128.4 (2C), 129.4, 130.1,
	145.0, 147.5, 149.9, 172.5.
	HRMS (m/z): [M + H] + calcd. for C27H30N3O9S + 572.1697, found 572.1677.
	[M + Na] + calcd. for C27H29N3NaO9S + 594.1517, found 594.1507.

1 

H and 13 C NMR data (CDCl3) of 298 and 299.

  Hz, 1 H), 1.60-1.68 (m, 1 H), 1.76-1.90 (m, 2 H), 2.28-2.40 (m, 3 H), 2.69 (ddd, J = 13.9, 5.3, 2.2 Hz, 1 H), 2.89-2.96 (m, 1 H), 3.05 (td, J = 13.0, 2.5 Hz 1 H), 3.49 (s, 3 H), 3.57-3.67 (m, 2 H), 3.97-4.06 (m, 1 H), 4.41 (br, 1 H), 5.18 (dd, J = 9.6, 2.5 Hz, 1

	5.4 H), 5.68 (s, 1 H), 6.55 (d, J = 7.5 Hz, 1 H), 6.78 (td, J = 7.5, 1.0 Hz, 1 H), 7.06 (td, J = 7.5, 1.0 Hz, 1 H), 7.21 (dd, J = 7.5, 1.0 Hz, 1 H). 13 C NMR (75 MHz, CDCl3): δ = 15.2, 30.0, 30.8, 33.2, 33.5, 36.7, 52.4, 58.5 (2 C), 64.7, 77.2, 83.5, 92.8, 102.0, 109.8, 120.2, 122.5, 129.2, 132.5, 147.9, 173.3. Assignment of 1 N° 298 299 298 299
		1 H δ in ppm (multiplicity, J in Hz)	13 C δ in ppm
	2	HRMS (m/z): [M + H] + calcd. for C21H27N2O5 + 387.1914, found 387.1905. 58.4	52.4
	3	4.40 (dd; 11.2, 8.3)	3.64 (m)	59.2	52.4
	5a	3.11 (m)	2.69 (ddd; 13.9, 5.3, 2.2)	37.2	33.2
	5b	3.51 (m)	3.05 (td; 13.0, 2.5)		
	6a	1.91 (m)	1.47 (ddd; 18.2, 12.8, 5.4)	32.8	33.5
	6b	2.44 (m)	2.30 (m)		
	7				
		[1',2':2,3] pyrido [3,4-b]indole-13b(1H)-carboxylate		
		To a solution of 298 (18 mg, 0.0315 mmol) and K2CO3 (17 mg, 0.13 mmol) in 2
	mL of CH3CN at r.t. was added PhSH (11 mg, 0.0998 mmol). The reaction was then
	heated to 50 o C and stirred for 24 h. The reaction was then cooled to r.t. and diluted
	with CH2Cl2. The organic phase was washed with a saturated aqueous solution of
	NH4Cl. The organic phase was dried over Na2SO4 and after filtration, the solvent was
	removed under reduced pressure with a rotovap. The residue was purified by column
	chromatography on silica gel (CH2Cl2/CH3OH 15:1) to give 8 mg of 299 (0.0207 mmol,
	66 % yield) as a yellow oil.			
		Rf = 0.37 (CH2Cl2/CH3OH 10:1)		

in ppm (multiplicity, J in Hz)

  MHz, CD3OD): δ = 15.4, 28.4, 34.0, 34.2, 42.8, 44.9, 52.9, 58.9, 61.9, 65.6, 78.9,85.8, 96.5, 103.4, 110.5, 117.8, 120.3, 123.0, 130.4, 133.4, 137.0, J = 12.2, 2.0, Hz, 1 H), 4.17 (ddd, J = 10.0, 4.0, 2.0, Hz, 1 H), 4.23 (dd, J = 12.2, 4.0, Hz, 1 H), 5.09 (dd, J = 10.0, 4.0, Hz, 1 H), 5.14 (t, J = 10.0 Hz, 1 H), 5.52 (t, J = 10.0 Hz, 1 H), 6.51 (d, J = 4.0 Hz, 1H), 8.68 (s, 1 H). mixture for an additional 12 h. The reaction was quenched with a saturated aqueous solution of NaHCO3 and was diluted with CH2Cl2. The organic phase was washed with a saturated aqueous solution of NaHCO3 and dried over Na2SO4 and after filtration, the solvent was removed under reduced pressure with a rotovap. The residue was purified on a silica gel preparative TLC plate (petroleum ether/EtOAc 3:2) to give 14 mg of 306a in mixture with other isomers (0.0156 mmol, 31%, yield, dr 2:1:1) as a yellow solid and 5 mg of 306b (0.0556 mmol, 11% yield). J = 12.0, 5.9 Hz, 1 H), 3.92 (dd, J = 12.0, 2.0 Hz, 1 H), 4.70 (d, J = 7.9 Hz, 1 H), 5.14 (d, J = 10.6 Hz, 1 H), 5.19(d, J = 17.4 Hz, 1 H), 5.52 (d; J = 8.7 Hz, 1 H), 5.71 (s, 1 H), 5.83 (ddd; J = 17.8, 10.5, 7.5 Hz, 1 H), 6.57 (d, J = 7.5 Hz, 1 H), 6.73 (t, J = 7.5 Hz, 1 H), 7.06 (td, J = 7.5, 1.0 Hz, 1 H), 7.12 (d, J = 7.5 Hz, 1 H).

	Chapter 5. Experimental section
	1,8a-poxypyrano [3'',4'':3',4'] cyclopenta [1',2':2,3] pyrido [3, 4-b] indole-13b (1H)-carboxylate To a solution of 304 (45 mg, 0.0753 mmol) and K2CO3 (45 mg, 0.325 mmol) in 4 mL of CH3CN at r.t. was added PhSH (28 mg, 0.254 mmol). The reaction was then heated to 50 Rf = 0.52 (CH2Cl2/CH3OH 10:1) 1 H NMR (300 MHz, CDCl3): δ = 1.21 (t, J = 7.0 Hz, 3 H), 1.51 (td, J = 14.9, 5.2 Hz,1 H), 1.85-1.94 (m, 1 H), 2.21-2.33 (m, 3 H), 2.63-2.77 (m, 2 H), 2.85-2.94 (m, 1 H), 3.05 (t, J = 11.5 Hz, 1H), 3.50 (s, 3 H), 3.57-3.63 (m, 2 H), 3.92-4.02 (m, 1 H), 4.41 (br, 1 H), 5.05 (d, J = 8.9 Hz, 1 H), 5.12-5.17 (m, 2 H), 5.62-5.74 (m, 1 H), 5.69 (s, 1H), 6.55 (d, J = 7.5 Hz, 1 H), 6.79 (t, J = 7.5 Hz, 1 H), 7.06 (t, J = 7.5 Hz, 1 H), 7.21 (d, J = 7.5 Hz, 1H). 1 H NMR (360 MHz, CD3OD): δ = 1.18 (t, J = 7.0 Hz, 3 H), 1.49-1.59 (m, 1 H), 1.84-1.91 (m, 1 H), 2.19-2.27 (m, 3 H), 2.60-2.66 (d, J = 11.59 Hz, 1 H), 2.98-3.04 (m, 2 H), 3.55-3.60 (m, 5 H), 3.85-3.94 (m, 1 H), 5.07-5.15 (m, 3 H), 5.66 (s, 1 H), 5.71-5.81 (ddd, J = 17.9, 11.7, 8.3 Hz, 1 H), 6.56 (d, J = 7.5 Hz, 1 H), 6.72 (t, J = 7.5 Hz, 1 H), 7.05 (t, J = 7.5 Hz, 1 H), 7.12 (d, J = 7.5 Hz, 1 H); 13 C NMR (75 MHz, CDCl3): δ = 15.1, 27.4, 33.3 (2 C), 42.4, 43.3, 52.4, 58.3, 60.2, 13 C NMR (90 150.0, 173.2. HRMS (m/z): [M + H] + calcd. for C23H29N2O5 + 413.2071, found 413.2055. Assignment of 1 H and 13 C NMR data (CDCl3) of 304 and 320. N° 304 320 304 320 1 H δ 13 C δ in ppm 2 61.3 60.2 3 4.33 (dd; 12.0, 7.4) 3.58 (m) 60.0 58.3 5a 3.03 (m) 2.70 (m) 37.7 33.3 5b 3.55 (m) 3.05 (t; 11.5) 6a 1.95 (m) 1.51 (td; 5.25, 14.88) 32.3 33.3 6b 2.48 (m) 2.29 (m) 7 86.0 84.0 8 128.8 132.3 9 7.14 (d; 7.5) 7.21 (d; 7.5) 123.1 122.5 10 6.73 (t; 7.5) 6.79 (t; 7.5), 120.1 120.2 11 7.01 (t; 7.5) 7.06 (t; 7.5) 130.1 129.3 12 6.28 (d; 7.5) 6.55 (d; 7.5) 109.1 109.8 13 147.4 147.8 14a 2.04 (m) 1.91 (m) 30.9 27.4 14b 2.16 (m) 2.21 (m) 15 2.92 (m) 2.90 (m) 42.0 42.4 16 79.9 77.2 17 5.63 (s) 5.69 (s) 100.6 18a 5.16 (m) 5.15 (m) 118.1 117.8 3.24-3.30 (m, 1 H), 3.31-3.35 (m, 1 H), 3.38 (t, J = 8.9 Hz, 1 H), 3.53 (s, 3 H), 3.63-101.5 18b 5.16 (m) 5.15 (m) 19 5.66 (m) 5.68 (m) 134.7 135.1 20 2.32 (m) 2.33 (m) 43.1 43.3 21 4.94 (d; 8.4) 5.05 (d; 8.9) 95.8 95.1 CO2Me 172.3 173.0 CO2Me 3.56 (s) 3.50 (s) 52.8 52.4 1'a 3.57 (m) 3.63 (m) 64.7 64.8 1'b 3.91 (m) 3.97 (m) 2' 1.19 (t. 7.0) 1.21 (t; 7.0) 15.0 15.1 Ns (2C-Ha) 7.97 (d, J = 8.4 Hz) 128.4 Ns (2C-Hb) 8.25 (d, J = 8.4 Hz) 124.0 Ns (CIVc) 144.8 Ns (CIVd) 149.9 Compound 305a/b methyl-3-hydroxy-6-((4-nitrophenyl)sulfonyl)-4-vinyl-3,4,4a,5,5a,6,7,8-octahydro-13H-1,8a-epoxypyrano[3'',4'':3',4']cyclopenta[1',2':2,3]pyrido[3,4-b]indole-13b(1H)-carboxylate A solution of 304 (97 mg, 0.1623 mmol) in 35 mL of 80 % AcOH was stirred at 85 Rf = 0.23 (petroleum ether/EtOAc 3:2) 1 H NMR (360 MHz, CDCl3): δ = 1.86-1.95 (m, 1 H), 2.02-2.09 (m, 1 H), 2.10-2.19 (m, 1 H), 2.27-2.34 (m, 1 H), 2.38-2.45 (m, 1 H), 2.88-2.95 (m, 1 H), 3.05-3.12 (m, 1 H), 3.47-3.55 (m, 1 H), 3.58 (minor, s), 3.60 (s, 3 H), 4.37 (dd, J = 12.0, 7.0 Hz, 1 H), 4.47 (minor, dd, J = 12.0, 7.0 Hz), 5.20-5.24 (d, m, 2 H), 5.34 (d, J = 8.9 Hz, 1 H), 5.50 (minor, s), 5.61 (s, 1 H), 5.62-5.72 (m, 1 H), 5.77-5.87 (minor, m), 6.32 (d, J = 7.5 Hz, 1 H), 6.42 (minor, d, J = 7.5 Hz), 6.76 (td, J = 7.5, 1.0 Hz, 1 H), 7.04 (td, J = 7. 5, 1.0 Hz, 1 H), 7.12 (d, J = 7.5 Hz, 1 H), 8.00 (d, J = 8.9 Hz, 2 H), 8.28 (d, J = 8.9 Hz, 2 H). 13 C NMR(90 MHz, CDCl3): δ = 29.7 (minor), 30.3, 32.7, 32.7 (minor), 36.0 (minor), 37.1, 38.7 (minor), 41.6 (minor), 42.3, 44.8, 52.9, 58.4 (minor), 59.1 (minor), 59.3, 59.4, 79.1 (minor), 79.6, 83.3 (minor), 84.9, 89.4, 92.9 (minor), 98.2 (minor), 101.2, 109.4, 109.7 (minor), 118.5 (minor), 119.0, 120.4, 122.4 (minor), 122.7 (minor), 123.0, 124.1 (2C), 128.4 (2C), 129.1, 130.0 (minor), 130.1 (minor), 130.3, 133.5 (minor), 133.9 (minor), 134.3, 135.4 (minor), 144.8, 145.7 (minor), 147.4, 149.9, 172.4, 172.7 (minor). HRMS (m/z): [M + H] + calcd. for C27H27N3O9NaS + 592.1360, found 592.1332. Compound 63 2, 3, 4, 6-Tetra-O-acetyl-β-D-glucopyranosyl trichloroacetimidate 63 was prepared according to a previous report. 105 To a solution of 3.904 of g β-D-Glucose pentaacetate 327 (10.0 mmol) in 40 mL of dry DMF was added hydrazine acetate (11.0 mmol, 1.016 g) at r.t. After stirring for 2 h at 40 To a solution of 2.940 g of 328 (8.44 mmol,) in 30 mL of CH2Cl2 was added K2CO3 (3.524 g, 25.5 mmol) and trichloroacetonitrile (4.910 g, 34 mmol). The reaction was stirred at r.t. for 16 h. The reaction mixture was filtrated and the filtrate was concentrated under reduced pressure with a rotovap. The residue was purified by column chromatography on silica gel (petroleum ether/EtOAc 2:1) to give 3.534 g of 63 (7.17 mmol, 85 % yield) as white solid. 52.9, 60.9, 62.0, 63.8, 68.1, 71.3, 72.1, 72.7, 80.6, 88.2, 99.0, 100.1, 100.3, 108.9, 119.0, ppm). 2.50 (m, 3 H), 2.65-2.69 (m, 1 H), 3.02-3.13 (m, 2 H), 3.17 (dd, J = 9.0, 8.0 Hz, 1 H), Rf = 0.51 (petroleum ether/EtOAc 1:1) 3 H), 4.08 (dd, 13 C NMR (90 MHz, CDCl3): δ = 20.3, 20.4, 20.5 (2 C), 61.2, 67.6, 69.6, 69.7, 69.9, 90.5, 92.8, 160.6, 169.4, 169.7, 169.9, 170.4. The 1 H, 13 C NMR are consistent with the ones previously reported. 105 Compound 306a 2-(acetoxymethyl)-6-(((4R,4aS,5aS,13bS)-13b-(methoxycarbonyl)-6-((4-nitrophenyl) sulfonyl)-4-vinyl-1,3,4,4a,5,5a,6,7,8,13b-decahydro-13H-1,8a-epoxypyrano[3'',4'':3',4']cyclopenta[1',2':2,3]pyrido[3,4-b]indol-3-yl)oxy)tetrahydro-2H-pyran-3,4,5-triyl triacetate To a solution of 305a/b (29 mg, 0.0509 mmol) and trichloracetimidate 63 (51 mg, 0.1035 mmol) in 2 mL of CH2Cl2 at -20 o C was added dropwise a solution of BF3.OEt2 (4 mg, 0.0281 mmol diluted in 0.5 mL of CH2Cl2) and the reaction was stirred at -20 o C for 36 h before adding 63 (25 mg, 0.0507 mmol, dissolved in 0.3 mL of CH2Cl2) and Rf = 0.21 (petroleum ether/EtOAc 3:2) 1 H NMR (400 MHz, CDCl3): δ = 1.94-2.14 (m, 2 H), 1.98, (s, 3 H), 1.99, (s, 3 H), 2.01, (s, 3 H), 2.02, (s, 3 H), 2.18-2.31 (m, 2 H), 2.53-2.61 (m, 1 H), 2.86-2.96 (m, 2 H), 3.54-2.60 (m, 1 H), 3.60 (s, 3 H), 3.71-3.76 (m, 1 H), 3.99 (br, 1 H), 4.02-4.12 (m, 1 H), 4.15-4.31 (m, 3 H), 4.93-5.23 (m, 6 H), 5.60 (s, 1 H), 5.66 (ddd, J = 17.4, 10.4, 6.8 Hz, 1 H), 6.21 (d, J = 7.5 Hz, 1 H), 6.73 (t, J = 7.5 Hz, 1 H), 7.01 (t, J = 7.5 Hz, 1 H), 7.14 (d, J = 7.5 Hz, 1 H), 7.91 (d, J = 8.8 Hz, 2 H), 8.23 (d, J = 8.8 Hz, 2 H). 13 C NMR(100 MHz, CDCl3): δ = 20.6 (3 C), 20.7, 31.4, 32.3, 38.8, 41.7, 42.1, 52.9, 61.2, 61.8, 64.7, 68.3, 70.9, 71.9, 72.7, 80.7, 88.9, 94.7, 96.2, 99.6, 108.9, 118.3, 119.9, 123.2, 124.1 (2 C), 127.7, 128.2 (2 C), 130.4, 134.1, 144.5, 147.4, 150.0, 169.4 (2 C), 170.1, 170.6, 171.5. HRMS (m/z): [M + Na] + calcd. for C41H45N3NaO18S + 922.2311, found 922.2276. See compounds 440a/b for the tentative structure determination of the two isomers. Compound 306b 2.02, (s, 3H), 2.03, (s, 3H), 2.21-2.29 (m, 1 H), 2.35-2.42 (m, 1 H), 2.49-2.58 (m, 1 H), 2.84-2.99 (m, 2 H), 3.57, (s, 3H), 3.57-3.66 (m, 1 H), 3.78-3.90 (m, 2 H), 4.09 (dd, J = 12.2, 2.2 Hz, 1 H), 4.20-4.32 (m, 2 H), 4.76 (d, J = 8.0 Hz, 1 H), 4.95-5.22 (m, 6 H), 5.60 (ddd, J = 17.8, 11.2, 8.2 Hz, 1 H), 5.68 (s, 1 H), 6.19 (d, J = 7.4 Hz, 1 H), 6.73 (t, J = 7.4 Hz, 1 H), 7.01 (t, J = 7.4 Hz, 1 H), 7.11 (d, J = 7.4 Hz, 1 H), 7.92 (d, J = 8.7 Hz, 2 H), 8.24 (d, J = 8.7 Hz, 2 H). 13 C NMR(100 MHz, CDCl3): δ = 20.6 (2 C), 20.7 (2 C), 31.8, 32.3, 38.8, 41.1, 43.2, 120.0, 123.2, 124.1 (2 C), 127.8, 128.3 (2 C), 130.4, 134.0, 144.4, 147.5, 150.0, 168.9, 169.3, 170.3, 170.7, 171.8. HRMS (m/z): [M + Na] + calcd. for C41H45N3NaO18S + 922.2311, found 922.2276. Cymoside (1) To a solution of protected cymoside 306a in a 2:1:1 mixture with two isomers (28 mg, 0.0311 mmol) and K2CO3 (27 mg, 0.195 mmol) in 5 mL of CH3CN at rt was added PhSH (12 mg, 0.109 mmol), then the reaction was headed to 50 o C with an oil bath and stirred for 24 h at this temperature. The reaction was then cooled to rt and diluted with CH2Cl2. The organic phase was washed with a saturated aqueous solution of NH4Cl and dried over Na2SO4. After removing the solvent under reduced pressure with a rotovap, the residue was purified by a silica gel preparative TLC (CH2Cl2/CH3OH 10:1) to give 17 mg of a fraction containing the desired denosylated intermediate (Rf = 0.51, ammonium hydroxide]/CH3OH 5:1) to give 8 mg of cymoside (1) (0.0146 mmol, 47% yield over 2 steps) as a white solid and 4 mg of a mixture of two isomers 440a/b (0.0073 mmol 23% yield over 2 steps) as a white solid. Cymoside (1) Rf = 0.42 (CH2Cl2 [saturated with ammonium hydroxide]/CH3OH 5:1) 1 H NMR (360 MHz, CD3OD): δ = 1.54-1.69 (m, 1 H), 1.91-2.00 (m, 1 H), 2.10-Compound 334 3.68 (m, 1 H), 3.68 (dd, 13 C NMR (100 MHz, CD3OD): δ = 27.2, 32.5, 32.9, 41.6, 42.9, 51.7, 57.6, 61.6 (2 C), 70.3, 73.4, 76.7, 77.0, 78.0, 85.1, 92.1, 98.7, 101.8, 109.1, 116.6, 119.0, 121.8, 129.2, 131.7, 135.7, 148.5, 171.6. HRMS (m/z) : [M + H] + calcd. for C27H35N2O10 547.2286, found 547.2263. [M + Na] + calcd. for C27H34N2NaO10 569.2106, found 569.2079. [𝛂]𝐃 20 = -26.3 (c 0.38, CH3OH) and -26.7° (c 0.015, CH3OH) Isomers 440a/b Rf = 0.55 (CH2Cl2 [saturated with ammonium hydroxide]/CH3OH 5:1) 1 H NMR (300 MHz, CD3OD): δ = 1.56-1.66 (m, 1 H), 1.92-1.99 (m, 1 H), 2.20-2.34 (m, 3 H), 2.66-2.70 (m, 1 H), 3.06-3.12 (m, 2 H), 3.24-3.28 (m, 1 H), 3.34-3.40 (m, 3 H), 3.55 (s, 1.5H), 3.56 (s, 1.5), 3.60-3.88 (m, 3 H), 4.55 (m, 0.5 H), 5.12-5.30 (m, 3 H), 5.51 (d, J = 8.9 Hz, 0.5 H), 5.73 (s, 1 H), 5.80-5.94 (m, 1 H), 6.57 (d, J = 7.5 Hz, 1 H), 6.73 (td, J = 7.5, 1.0 Hz, 1 H), 7.06 (td, J = 7.5, 1.0 Hz, 1 H), 7.12 (d, J = 7.5 Hz, 1 H). 13 C NMR (100 MHz, CD3OD): δ = 27.2, 27.3, 32.7, 33.0, 41.6, 42.2, 43.3, 43.8, HRMS (m/z): [M + H] + calcd. for C27H35N2O10 547.2286, found 547.2266. [M + Na] + calcd. for C27H34N2NaO10 569.2106, found 569.2081. One of this isomer displays a 1 H NMR characteristic peak of a -anomer at 4.55 ppm, while the other displays a 1 H NMR characteristic peak of a -anomer at 5.27 ppm. The 1 H NMR peak of H21 is significantly shielded (5.25 ppm) for one of these isomer in comparison to the other isomer (5.51 ppm) and to 6 (5.52 ppm) and 30 (5.40 306b (8 mg, 0.00889 mmol) was treated with the same procedure as 306a to give 3 mg of compound 334 (0.00549 mmol, 62 % over 2 steps) as white solid. Rf = 0.28, (CH2Cl2 [saturated with ammonium hydroxide]/CH3OH 5:1) 1 H NMR (400 MHz, CD3OD): δ = 1.63-1.70 (m, 1 H), 1.96-2.02 (m, 1 H), 2.18-2.36 (m, 3 H), 2.71-2.75 (m, 1 H), 3.07-3.20 (m, 3 H), 3.29-3.39 (m, 3 H), 3.52 (s, 3 H), 3.63-3.67 (m, 1 H), 3.70-3.75 (m, 1 H), 3.83 (d, J = 12.0 Hz, 1 H), 4.53 (d, J = 7.9 Hz, 1 H), 5.16 (d, J = 10.7 Hz, 1 H), 5.20 (d, J = 17.5 Hz, 1 H), 5.40 (d, J = 8.9 Hz, 1H), 5.69 (s, 1 H), 5.85 (ddd, J = 17.5, 10.7, 7.3 Hz 1 H), 6.55 (d, J = 7.5 Hz, 1 H), 6.72 (t, J = 7.5 Hz, 1 H), 7.05 (t, J = 7.5 Hz, 1 H), 7.12 (d, J = 7.5 Hz, 1 H). 13 C NMR (100 MHz, CD3OD): δ = 27.2, 32.2, 33.2, 41.8, 43.8, 52.1, 57.6, 61.4, 61.6, 70.1, 74.4, 77.1, 77.5, 78.4, 85.1, 96.7, 102.3, 103.2, 109.6, 117.5, 119.5, 122.3, 129.8, 131.5, 135.5, 148.7, 171.6. HRMS (m/z): [M + H] + calcd. for C27H35N2O10 547.2286, found 547.2263. stirring the reaction Compound 306a Rf = 0.18 (petroleum ether/EtOAc 3:2) 1 H NMR (300 MHz, CDCl3): δ = 1.98-2.11 (m, 2 H), 1.98, (s, 3H), 1.99, (s, 3H), CH2Cl2/CH3OH 10:1). The latter was dissolved in 3 mL methanol to which was added 51.9, 57.7, 57.8, 61.1, 61.4, 61.6, 61.7, 70.5, 70.7, 71.6, 71.8, 75.3, 76.8, 78.1, 79.1, [M + Na] + calcd. for C27H34N2NaO10 569.2106, found 569.2080. K2CO3 (22 mg, 0159 mmol). The reaction mixture was stirred at rt for 3 h and was then directly purified on a silica gel preparative TLC plate (CH2Cl2 [saturated with 81.5, 84.8, 85.1, 90.4, 94.8, 95.7, 96.7, 102.2 (minor), 102.5, 109.4, 116.6, 117.1, 119.3, 122.0, 129.4, 132.0, 135.6, 136.0, 148.8, 171.8, 171.9. [𝛂]𝐃 20 = +20.0 (c 0.15, CH3OH)
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o C and stirred for 24 h. The reaction was then cooled to r.t. and diluted with CH2Cl2. The organic phase was washed with a saturated aqueous solution of NH4Cl. The organic phase was dried over Na2SO4 and after filtration, the solvent was removed under reduced pressure with a rotovap. The residue was purified by column chromatography on silica gel (CH2Cl2/CH3OH 15:1) to give 22 mg of 320 (0.0533 mmol, 71 % yield) as a yellow oil. 64.8, 77.2, 84.0, 95.1, 101.5, 109.8, 117.8, 120.2, 122.5, 129.3, 132.3, 135.1, 147.8, 173.0. o C for 48 h and then the mixture was diluted with EtOAc. The organic phase was washed with water, a saturated aqueous solution of NaHCO3 brine and was dried over

Na2SO4. After filtration, the solvent was removed under reduced pressure with a rotovap. The residue was purified by column chromatography on silica gel (petroleum ether/EtOAc 2:1) to give 30 mg of an 9:1 mixture of epimers 305a and 305b (0.0527 mmol, 33 %, yield, 79% brsm) as yellow foam. In addition, 59 mg of starting material 304 (61 %) were recovered and can be recycled. o C, the reaction mixture was concentrated with a rotovap. The residue was diluted with EtOAc, and washed with cold brine. Then the solvent of the organic phase was removed under reduced pressure with a rotovap. The residue was purified by column chromatography on silica gel (petroleum ether/EtOAc 1:1) to give 3.327 g of 328 (96 % yield) as a colorless oil.

Assignment of 1 H and 13 C NMR data (MeOD) of synthetic cymoside (1) and its diasteroisomer 334.

  

	N°	Cymoside (1)	334	Cymoside (1)	334
		1 H δ			

in ppm (multiplicity, J in Hz)

  

				13 C δ in ppm
	2			61.5	61.4
	3	3.64 (m)	3.65 (m)	57.6	57.6
	5a	3.08 (m)	3.11 (m)	32.5	32.2
	5b	2.67 (m)	2.73 (m)		
	6a	2.30 (m)	2.34 (m)	32.9	33.2
	6b	1.61 (m)	1.67 (m)		
	7			85.1	85.1
	8			131.7	131.5
	9	7.12 (d; 7.5)	7.12 (d; 7.5)	121.8	122.3
	10	6.73 (t; 7.5)	6.72 (t; 7.5)	119.0	119.5
	11	7.06 (td; 7.5, 1.0)	7.05 (t; 7.5)	129.2	129.8
	12	6.57 (d; 7.5)	6.55 (d; 7.5)	109.1	109.6
	13			148.5	148.7
	14a	2.25 (m)	2.23 (m)	27.2	27.2
	14b	1.93 (m)	1.99 (m)		
	15	3.07 (m)	3.08 (m)	41.6	41.8
	16			77.9	78.4
	17	5.71 (s)	5.69 (s)	101.8	103.2
	18a	5.19 (d; 17.4)	5.20 (d; 17.5)	116.5	117.5
	18b	5.14 (d; 10.6)	5.16 (d; 10.7)		
	19	5.83 (ddd; 17.8, 10.5, 7.6)	5.85 (ddd; 17.5, 10.7, 7.3)	135.7	135.5
	20	2.33 (m)	2.31 (m)	42.9	43.8
	21	5.52 (d; 8.7)	5.40 (d; 8.9)	92.2	96.7
	CO2Me			171.6	171.6
	CO2Me	3.53 (s)	3.52 (s)	51.7	52.1
	1'	4.70 (d; 7.9)	4.53 (d; 7.9)	98.7	102.3
	2'	3.17 (dd; 9.0, 8.0)	3.19 (m)	73.4	74.4
	3'	3.38 (t; 8.9)	3.36 (m)	76.7	77.1
	4'	3.28 (m)	3.30 (m)	70.3	70.1
	5'	3.33 (m)	3.32 (m)	77.0	77.5
	6'a	3.92 (dd; 12.0, 2.0)	3.83 (d; 12.0)	61.6	61.6
	6'b	3.68 (dd; 12.0, 5.9)	3.73 (m)		

Comparison of 1 H and 13 C NMR data (MeOD) of synthetic (this work) and natural (Kritsanida and Grougnet) cymoside. 5a

  

	CO2Me				171.5	171.6	0.1
	CO2Me	3.54 (s)	3.53 (s)	-0.01	51.5	51.7	0.2
	1'	4.72 (d, 8.0)	4.70 (d; 7.9)	-0.02	98.5	98.7	0.1
	2'	3.18 (dd, 9.0, 8.0)	3.17 (dd; 9.0, 8.0)	-0.01	73.3	73.4	0.1
	3'	3.40 (t; 9.0)	3.38 (t; 8.9)	-0.02	76.6	76.7	0.1
	4'	3.29 (t; 9.0)	3.28 (m)	-0.01	70.2	70.3	0.1
	5'	3.33 (ddd; 9.0, 5.5, 2.0)	3.33 (m)	-	76.8	77.0	0.2
	6'a 6'b	3.94 (dd; 12.0, 2.0) 3.70 (dd; 12.0, 5.5)	3.92 (dd; 12.0, 2.0) 3.68 (dd; 12.0, 5.9)	-0.02 -0.02	61.5	61.6	0.1
	N°	Natural	Synthetic		Natural Synthetic
		1 H δ in ppm (multiplicity, J in Hz)	Δ ppm	13	C δ in ppm	Δ ppm
	2				61.5	61.5	-
	3	3.63 (m)	3.64 (m)	0.02	57.6	57.6	-
	5a	3.05 (m)	3.08 (m)	0.03				-0.1
	5b	2.66 (ddd; 18.5, 5.5, 3.0)	2.67 (m)	0.01	32.6	32.5
	6a	2.30(m)	2.30 (m)	-			
	6b	1.61 (ddd; 15.5, 11.5, 5.5)	1.61 (m)	-	32.7	32.9	0.2
	7				85.1	85.1	-
	8				131.7	131.7	-
	9	7.12 (bd ; 7.5)	7.12 (d; 7.5)	-	121.6	121.8	0.2
	10	6.73 (td; 7.5, 1.0)	6.73 (t; 7.5)	-	118.8	119.0	0.2
	11	7.06 (td; 7.5, 1.0)	7.06 (td; 7.5, 1.0)	-	129.0	129.2	0.2
	12	6.57 (bd; 7.5)	6.57 (d; 7.5)	-	108.9	109.1	0.2
	13				148.4	148.5	0.1
	14a	2.25 (m)	2.25 (m)	-			
	14b	1.93 (ddd; 10.5, 7.5, 6.5)	1.93 (m)	-	27.2	27.2	-
	15	3.07 (m)	3.07 (m)	-	41.4	41.6	0.2
	16				77.7	77.9	0.2
	17	5.73 (s)	5.71 (s)	-0.02	101.6	101.8	0.2
	18a 18b	5.20 (d; 18.0) 5.15 (d; 10.5)	5.19 (d; 17.4) 5.14 (d; 10.6)	-0.01 -0.01	116.3	116.5	0.2
	19	5.83 (ddd; 18.0, 10.5, 7.5)	5.83 (ddd; 17.8, 10.5, 7.6)	-	135.6	135.7	0.1
	20	2.33 (m)	2.33 (m)	-	42.8	42.9	0.1
	21	5.52 (d; 8.5)	5.52 (d; 8.7)	-	92.1	92.2	0.1

  Then the reaction was allowed to warm-up to room temperature and stirred for 48 h at this temperature. The reaction mixture was extracted with EtOAc (40 mL*4). After evaporation under reduced pressure with a rotovap, the residue was purified by flash column chromatography on silica gel (PE/EtOAc 10:1) to give 5.072 g of 444(28.61 

	O O O C C N 0 °C. mmol, 95% yield) as a colorless oil. 1.911901 2.194889 1.398484 3.957816 2.819186 2.066607 4.821013 -1.92068 0.089924 4.022803 -4.09355 0.577378 4.300893 -3.09488 -0.514904 -5.757934 -1.872801 1.567277
	O O	-6.019853 -1.095124 2209.32235423 Hartree 2.470725 -6.580366 -2.569939 0.994436 Rf = 0.39 (PE/EtOAc 10:1).
	Coordinates (x,y,z) of the computed structure -4.20881 4.150819 -1.39038 -3.459211 -5.169687 4.50362 -1.758162 -3.851658 5.944878 C10H11NS, 1 H NMR (360 MHz, CDCl3): δ = 1.95 (m, 2 H), 2.51 (t, J = 7.1 Hz, 2 -0.24519 -1.64735 5.201195 H), 3.03 (t, J = 6.8 Hz, 2 H), 7.20-7.38 (m, 5 H). C C H H H 0.626953 4.971454 -0.530278 C -2.228045 H -4.328451 2.271863 -2.439346 13 C NMR (90 MHz, CDCl3): δ = 15.8, 24.7, 32.5, 119.0, 126.7, 129.1 (2 C), 130.1 4.565099 -0.037213 C -1.759767 3.310286 -0.424242 C -2.503559 C -3.741909 N -0.591441 C -0.592899 C -1.729705 C 3.812278 1.095658 C 0.513482 N 0.110945 C C -1.990185 C 5.146174 0.936347 C 1.846202 C 3.041677 C C 5.208937 -0.931986 O 5.902478 0.040559 H 2.657859 -0.644735 S O 0.038177 -3.340055 O 0.804537 -2.05148 C -1.757811 -2.162574 C C -4.037217 -2.872651 C -4.355851 -1.976496 1.138154 H 4.144141 4.265772 3.462424 0.1273 H 2.686526 3.244189 3.66017 -2.714123 -2.962927 -0.281814 H 2.736329 4.476568 2.376843 0.3363 C 3.333633 3.755556 2.942089 0.884885 H 5.027634 -3.485814 -1.248117 -1.15369 H 3.371663 -2.868923 -1.064551 -0.076647 -2.188121 -0.268631 H 3.282517 -3.689956 1.276218 0.049394 H 4.936562 -4.328382 1.132553 -0.0439 H 3.624036 -5.020109 0.153499 -0.81662 H -1.31798 -0.69186 1.856582 4.036122 -0.293411 -1.526878 H -3.70848 -0.507796 2.56452 0.231192 -0.498954 H -4.814076 -3.479412 -0.324173 0.919372 -1.169198 H -2.42089 -3.647258 -1.07253 0.606788 H 5.957037 -1.32622 -1.523888 0.035255 -2.260578 H 3.551574 -1.017905 -2.19282 -0.680865 -0.732208 -2.441109 H 4.410616 0.523571 -2.159391 -0.8313 -1.198711 H 1.835946 0.695157 -2.245257 0.448858 -0.571533 H 1.918421 2.008982 -1.088221 0.47457 H 5.741822 1.550281 1.276058 1.270659 -1.468016 H -2.394655 0.27233 -3.254198 1.429973 -0.726663 H -2.74634 -0.599399 -1.77057 2.655772 -0.101667 H -0.047274 -0.212782 -3.171913 2.903875 -1.774076 H -0.841061 -1.744045 -2.82436 2.464666 -1.289432 H 0.132361 2.953305 0.543161 H 0.680342 0.262256 0.496108 (2 C), 134.7.
	C	-3.40792	-1.1816	1.770159
	C	-2.086538 -1.280925	1.364165
	C	3.125922	2.064144	1.33136

  Angew. Chem. Int. Ed., 2005, 44, 794-797. added TMSOTf (1.04 mmol, 232 mg) dropwise at 0 o C under argon atmosphere. Then the reaction was allowed to warm-up to room temperature and was then stirred for 36 h. After full conversion of starting material confirmed by TLC, the reaction was quenched with H2O (2 mL). The mixture was extracted with EtOAc (20 mL*3). The

	To s solution of 445 (10 mmol, 1.260 g), 442 (10.5 mmol, 1.701 g) and 4A organic phase was concentrated under reduced pressure with a rotovap to give the
	molecular sieves (2.520 g) in anhydrous CH2Cl2 (80 mL) was added TFA (30 mmol, residue, which was purified by flash column chromatography on silica gel (PE/EtOAc
	3.421 g) dropwise at 0 °C under an argon atmosphere. After addition, the reaction was 7:1 to 3:1) to give 251 mg of the compound 61 (yield: 97 %) as a yellow solid.
	warmed-up to room temperature and stirred at this temperature for 24 h. Then the Rf = 0.38 (CH2Cl2/CH3OH 10:1)
	reaction mixture was filtrated over a Celite pad with CHCl3. The filtrate was C20H27NOSi, 1 H NMR (360 MHz, CDCl3): δ = -0.07 (s, 9 H), 1.39-1.52 (m, 1 H),
	concentrated under reduced pressure with a rotovap to give the residue, which was 1.70-1.83 (m, 2 H), 1.84-1.96 (m, 1 H), 2.75 (dt, J = 7.0, 10.7 Hz, 1 H), 3.02 (dt, J =
	purified by flash column chromatography on silica gel (PE/EtOAc 100:3) to give 2.151 7.0, 10.5 Hz, 1 H), 4.11 (br, 1 H), 4.37 (t, J =7.3 Hz, 1 H), 7.26-7.39 (m, 8 H), 7.41-
	g of 59 (7.95 mmol, 79% yield, Z/E mixture) as a pale yellow oil. 7.45 (m, 2 H).
	Rf = 0.50 (PE/EtOAc 10:1). 13 C NMR (75 MHz, CDCl3): δ = 1.9 (3 C), 24.6, 27.3, 47.0, 66.1, 82.5, 127.5, 127.7,
	C12H18O3SSi, 1 H NMR (360 MHz, CDCl3): δ = 0.16 (s, 9 H), 0.18 (s, 9 H), 1.24 (t, 127.8, 128.0, 128.1, 128.3, 144.0, 144.2.
	J = 7.4 Hz, 3 H), 1.29 (t, J = 7.4 Hz, 3 H), 2.93 (q, J = 7.4 Hz, 2 H), 2.99 (q, J = 7.4 Hz, These spectral data matched the reported ones. 139
	2 H), 3.75 (s, 3 H), 3.82 (s, 3 H), 6.77 (s, 1 H), 6.79 (s, 1 H).
	13 C NMR (90 MHz, CDCl3): δ = -0.8, -0.7, 14.1, 14.4, 23.8, 23.9, 52.2, 52.7, 98.6,
	99.1, 113.5, 113.9, 122.8, 123.7, 141.4 (2C), 163.2, 164.1, 187.6, 190.3.
	(PE/EtOAc 10:1 to 5:1) to give 0.817 g of 60 (4.53 mmol, 91% yield) as a colorless oil. These spectral data matched the reported ones. 27
	Rf = 0.39 (PE/EtOAc 10:1).
	C10H12OS, 1 H NMR (360 MHz, CDCl3): δ = 1.95 (m, 2 H), 2.62 (td, J = 7.1, 1.2 Compound 61
	Hz, 2 H), 2.96 (t, J = 7.1 Hz, 2 H), 7.15-7.21 (m, 1 H), 7.26-7.35 (m, 4 H), 9.76 (t, J =
	1.2 Hz, 1 H). (S)-2-(diphenyl((trimethylsilyl)oxy)methyl)pyrrolidine
	13 C NMR (90 MHz, CDCl3): δ = 21.5, 33.0, 42.4, 126.1, 128.9 (2 C), 129.4 (2 C), Prepared according to Jorgensen. 141
	135.7, 201.4.
	These spectral data matched the reported ones. 138
	To a solution of the starting material (S)-(-)-α,α-Diphenyl-2-pyrrolidinemethanol Compound 59 (0.8 mmol, 202 mg) and Et3N (1.04 mmol, 106 mg) in anhydrous CH2Cl2 (5 mL) was
	methyl 2-((ethylthio) carbonyl)-5-(trimethylsilyl) pent-2-en-4-ynoate
	Prepared according to Ishikawa's report. 27

141 

Marigo, M.; Wabnitz, T. C.; Fielenbach, D.; Jorgensen, K. A.

Comparison of 1 H and 13 C NMR data of secologanin tetraacetate 64 (in CDCl3) obtained by synthesis (this work) and derived from natural secologanin (Hecht). 142

  

		13 C NMR (90 MHz, CDCl3): δ = 19.4, 19.6, 20.4, 20.5 (3 C), 20.7 (2 C), 26.9, 27.5, 13 C NMR (90 MHz, CDCl3): δ = 20.1, 20.6 (2 C), 20.7, 25.0, 43.2, 43.6, 51.3, 61.6, Compounds 335a/	
		37.9, 38.3, 43.8, 44.2, 51.4 (2 C), 54.2 (2 C), 61.5, 61.6, 68.1, 68.2, 70.5, 70.6, 72.2, 68.0, 70.5, 72.2, 72.3, 95.7, 95.8, 109.5, 121.1, 132.2, 151.2, 166.7, 168.9, 169.3, 170.2,	
		72.3 (2 C), 72.4 (2 C), 96.4, 96.6, 96.7, 109.2, 109.3, 123.9 (2 C), 124.0 (2 C), 128.0, 170.6, 200.5.	
		128.1, 129.3 (4 C), 131.0, 131.1, 143.3, 143.4, 152.1 (2 C), 166.6 (2 C), 169.1 (2 C), HRMS (m/z): [M + H] + calcd. for C25H33O14 557.1865, found 557.1847.	
		169.4 (2 C), 170.1 (2 C), 170.5 (2 C), 199.9, 200.1. [M + Na] + calcd. for C25H32NaO14 579.1684, found 579.1669.	
		HRMS (m/z): [M + H] + calcd. for C31H39O15S + 683.2004, found 683.1978. [𝛂] 24 𝐃 = -97.1 (c 0.7, CHCl3).	
		[M + Na] + calcd. for C31H38NaO15S + 705.1824, found 705.1793. These data matched the reported ones. 27	
		These data matched the reported ones. 27				
		Compound 64					
		Secologanin tetraacetate					
		Prepared according to Ishikawa's report. 27				
	N°	Natural deriv. (400 MHz)	Synthetic (360 MHz)		Natural deriv. (100 MHz)	Synthetic (90 MHz)	
		To a solution of 349 (240 mg, 0.35 mmol) in 35 mL of 1, 2-dichlorobezene was 1 H δ in ppm (multiplicity, J in Hz) Δ ppm 13 C δ in ppm	Δ ppm
		added PO(OMe)3 (493 mg, 3.5 mmol) at room temperature. Then the reaction was 5.28 (d; 2.8) 5.28 (d; 2.9) -95.8 95.8	-
		heated-up to 180 °C with an oil bath and stirred for 30 min. After cooling down to room 7.42 (d; 2.0) 7.42 (d; 2.0) -151.3 151.2	-0.1
		-temperature, the reaction mixture was purified by flash column chromatography on --109.5 109.5 3.30 (q; 6.0) 3.30 (qd; 5.8, 2.0) -25.1 25.0	--0.1
		(PE/EtOAc 1:4) to give 251 mg of 349 (0.368 mmol, 41% yield, mixture of silica gel (petroleum to PE/EtOAc 3:2) to give 158 mg of 64 (0.284 mmol, 81 % yield) as a pale yellow oil. Rf = 0.22 (PE/EtOAc 3:2). 2.40 (dd; 18.0, 7.6) 2.40 (ddd; 17.9, -7.7, 1.0) 43.3 43.2 2.92 (ddd; 18.0, 5.6, 1.6) 2.92 (ddd; 17.9, -5.7, 1.6) diastereoisomers at sulfur) as a white amorphous powder. C25H32O14, 1 H NMR (360 MHz, CDCl3): δ = 1.91 (s, 3 H), 2.01 (s, 3 H), 2.03 (s, 3 9.71 (t; 1.6) 9.71 (t; 1.4) -200.5 200.5	-0.1 -
		Rf = 0.27 (PE/EtOAc 1:4) H), 2.11 (s, 3 H), 2.40 (ddd, J = 17.9, 7.7, 1.0 Hz, 1 H), 2.81 (m, 1 H), 2.92 (ddd, J = 5.50 (dt; 16.4, 9.6) 5.50 (dt; 16.3, -132.2 132.2 9.8) C31H38O15S, 1 H NMR (360 MHz, CDCl3): δ = 1.60-1.68 (m, 1 H), 1.96-2.10 (m, 17.9, 5.7, 1.6 Hz, 1 H), 3.30 (qd, J = 5.8, 2.0 Hz, 1 H), 3.69 (s, 3 H), 3.71-3.76 (m, 1 2.81 (m) 2.81 (m) -43.6 43.6	--
	10	14 H), 2.38-2.58 (m, 2 H), 2.71-2.79 (m, 0.4 H), 2.81-2.89 (m, 0.6 H), 2.92-3.01 (m, 1 H), 4.15 (dd, J = 12.4, 2.3 Hz, 1 H), 4.29 (dd, J = 12.4, 4.4 Hz, 1 H), 4.89 (d, J = 8.0 5.22-5.26 (m, 2H) 5.22-5.26 (m, 2H) -121.1 121.1	-
	11	-	-	-	166.7	166.7	-
	1'	4.89 (d; 8.0)	4.89 (d; 8.0)	-	95.7	95.7	-

H), 3.21-3.34 (m, 1 H), 3.66-3.71 (m, 4 H), 4.09-4.30 (m, 2 H), 4.84-5.02 (m, 2 H), 5.03-5.27 (m, 3 H), 7.38-7.40 (m, 1 H), 7.51-7.55 (m, 3 H), 7.60-7.65 (m, 2 H), 9.65-9.67 (m, 0.4 H), 9.69-9.71 (m, 0.6 H). Hz, 1 H), 5.02 (dd, J = 9.5, 8.1 Hz, 1 H), 5.11 (t, J = 9.8 Hz, 1 H), 5.20-5.26 (m, 3 H), 5.28 (d, J = 2.9 Hz, 1 H), 5.50 (dt, J = 16.3, 9.8 Hz, 1 H), 7.42 (d, J = 2.0 Hz, 1 H), 9.71 (t, J = 1.4 Hz, 1 H).

335b via a one-pot Pictet-Spengler / nosylation sequence.

  

	146.4, 146.8, 149.5, 149.6, 151.5, 151.3, 167.6, 168.1, 169.2, 169.3, 169.3, 169.4, 170.1,
	170.2, 170.7, 170.8.
	HRMS (m/z): [M + H] + calcd. for C41H46N3O17S + 884.2542, found 884.2501.
	[M + Na] + calcd. for C41H45N3NaO17S + 906.2362, found 906.2337.
	Compound 335a for
	To a solution of tryptamine 20 (141 mg, 0.88 mmol) and secologanin tetraacetate
	64 (120 mg, 0.215 mmol) in anhydrous CH2Cl2 (3 mL) under an argon atmosphere was
	added TFA (201 mg, 1.76 mmol) dropwise at 0 °C. The resulting mixture was stirred
	at 0 °C for 2 h before an addition of p-NsCl (390 mg, 1.76 mmol) and Et3N (268 mg,
	2.64 mmol). The reaction was warmed-up to room temperature and stirred overnight.
	Rf = 0.45 (PE/EtOAc 1:1)
	1 H NMR (360 MHz, CDCl3): δ = 1.83-1.93 (m, 1 H), 1.96 (s, 1.7 H), 1.97 (s, 1.3
	H), 2.02 (s, 1.3 H), 2.03 s, 1.7 H), 2.04 (s, 1.3 H), 2.04 (s, 1.7 H), 2.09 (s, 1.7 H), 2.12
	(s, 1.3 H), 2.23-2.70 (m, 2.59 H), 2.78-2.85 (m, 0.41 H), 2.95-3.02 (m, 0.59 H), 3.14-
	3.22 (m, 0.41 H), 3.36-3.61 (m, 1 H), 3.70 (s, 1.3 H), 3.70-3.80 (m, 1 H), 3.78 (s, 1.7
	H), 4.06-4.20 (m, 1.59 H), 4.24-4.25 (m, 1H), 4.33 (dd, J = 12.3, 4.2 Hz, 0.41 H), 4.87-
	5.02 (m, 1.59 H), 5.07-5.39 (m, 6H), 5.46-5.70 (m, 1.41 H), 6.95-7.05 (m, 1 H), 7.08-
	7.18 (m, 1 H), 7.21-7.37 (m, 2 H), 7.45 (d, J = 2.5 Hz, 0.41 H), 7.48 (s, 0.59 H), 7.86-
	7.95 (m, 2 H), 8.06-8.15 (m, 2 H), 8.66 (s, 0.41 H), 9.15 (s, 0.59 H).
	13 C NMR (90 MHz, CDCl3): δ = 19.6, 20.0, 20.2, 20.3, 20.6 (4 C), 20.7 (2 C), 27.6,
	28.0, 35.6, 36.3, 39.5, 39.7, 43.6, 44.4, 51.2, 51.5, 51.8, 54.0, 61.4, 61.6, 68.0, 68.1,
	70.7, 70.8, 72.1, 72.2, 72.3, 72.4, 95.4, 95.8, 96.0, 96.1, 106.5, 106.9, 110.2, 110.6,

After removal of the solvent under reduced pressure with a rotovap, the resultant residue was purified by flash column chromatography on silica gel (PE/EA 2:1) to give 145 mg of a mixture of 335a/335b in a 1:1.4 ratio (0.164 mmol, 76% yield) as a yellow solid. 111.0, 111.3, 117.9 (2 C), 119.3, 119.4, 120.3, 121.4, 122.1, 122.2, 123.9 (2C), 124.0 (2C), 126.2, 126.3, 127.9 (2 C), 128.1 (2C), 132.1, 132.2, 132.9, 133.0, 135.8 (2C),

determination of the stereochemistry of the minor isomer of the one-pot process.

  0.7 mL) and then p-NsCl (4 mg, 0.018 mmol) and Et3N (3 mg, in 0.3 mL anhydrous CH2Cl2, 0.029 mmol) were added to the mixture. The reaction was warmed-up to room temperature and stirred overnight. After removal of the solvent under reduced pressure with a rotovap, the resultant residue was purified by silica gel preparative TLC (PE/EA Then the reaction was warmed up to r.t. and stirred for 24 h. The reaction was quenched with a saturated aqueous solution of NaHCO3 and then diluted with CH2Cl2. The organic phase was washed with brine, dried over Na2SO4.

	Compound 306a and 353: Oxidative cyclization of 335a/335b.
	1:1) to give 3 mg of 335a (0.0034 mmol, ~60% yield from 135) as a yellow solid whose
	1 H NMR matched the one of the minor isomer of the one pot Pictet-Spengler/nosylation
	sequence (see above).
	Data for 335a
	To a solution of the 1:1.4 mixture of 335a/335b (84 mg, 0.0950 mmol) and
	1 H NMR (360 MHz, CDCl3): δ = 1.83-1.93 (m, 1 H), 1.97 (s, 3H), 2.02 (s, 3H), oxaziridine 297 (29 mg, 0.144 mmol) in 11 mL of anhydrous CH2Cl2 at 0 °C was added
	2.04 (s, 3H), 2.12 (s, 3 H), 2.23-2.42 (m, 2 H), 2.53 (dd, J = 16.0, 4.4 Hz, 1H), 2.78-dropwise TFA (82 mg, 0.718 mmol).
	2.83 (m, 1H), 3.14-3.22 (m, 1 H), 3.36-3.48 (m, 1 H), 3.70 (s, 3 H), 3.73-3.80 (m, 1 H),
	4.13 (dd, J = 14.7, Hz, 6.0 Hz, 1H), 4.18 (dd, J = 12.3, 2.2 Hz, 1 H), 4.33 (dd, J =
	12.3, 4.2 Hz, 1 H), 4.95 (d, J = 7.7 Hz, 1 H), 5.07-5.19 (m, 2H), 5.24-5.29 (m, 2 H),
	Data for 357
	To a solution of tryptamine 20 (23 mg, 0.143 mmol) and secologanin tetraacetate 64 (26 mg, 0.0467 mmol) in anhydrous CH2Cl2 (2 mL) under an argon atmosphere was 1 H NMR (360 MHz, CDCl3): δ = 1.50-1.60 (m, 1 H), 1.99 (s, 3 H), 2.02 (s, 3 H),
	added TFA (45 mg in 0.5 mL CH2Cl2, 0.395 mmol) dropwise at 0 o C. The resulting 2.04 (s, 3 H), 2.10 (s, 3 H), 2.17 (td, J = 12.8, 3.7 Hz, 1 H), 2.69 (ddd, J = 9.8, 5.7, 1.7
	mixture was stirred at 0 o C for 2 h. Then it was quenched with saturated NaHCO3 Hz, 1 H), 2.75-2.84 (m, 2 H), 2.85-3.00 (m, 2 H), 3.73-3.80 (m, 1 H), 4.15 (dd, J = 12.4,
	aqueous solution. The mixture was extracted with CH2Cl2 (30mL* 3). After removal of 2.1 Hz, 1 H), 4.32 (dd, J = 12.4, 4.6 Hz, 1 H), 4.83-4.90 (m, 1 H),4.91-4.96 (m, 1 H),
	the solvent under reduced pressure with a rotovap, the resultant residue was purified by 5.02 (dd, J = 9.5, 8.1 Hz, 1 H), 5.06-5.13 (m, 1 H), 5.14-5.21 (m, 2 H), 5.22-5.30 (m, 3
	preparative TLC (CH2Cl2/CH3OH 20:3) to give 22 mg of the desired compound as a H), 5.47 (td, J = 17.1, 10.0 Hz, 1 H), 7.12 (td, J = 7.9, 1.0 Hz, 1 H), 7.18 (td, J = 7.5,
	1:1.1 mixture of two diastereoisomers 135/135b (0.0315 mmol, 69% yield) and 2 mg 1.1 Hz, 1 H), 7.33 (d, J = 7.9 Hz, 1 H), 7.47 (d, J = 2.4 Hz, 1 H), 7.50 (d, J = 7.5 Hz, 1
	of strictosamide tetraacetate 357 (0.00299 mmol, 6 % yield) as a yellow solid. After H), 7.80 (br, 1 H).
	standing 3 days in CDCl3 at r.t., 135b lactamize spontaneously into strictosamide HRMS (m/z): [M + H] + calcd. for C34H39N2O12 + 667.2498, found 667.2470.
	tetraacetate 357. The mixture was purified by preparative TLC (CH2Cl2/CH3OH 20:3) [M + Na] + calcd. for C34H38N2NaO12 + 689.2317, found 689.2291.
	These data matched the reported ones. 113

to give 5 mg of not-completely pure 135 whose

1 

H NMR matched the one described by Ishikawa.

113 

This compound (4 mg, 0.00572 mmol) was dissolved in anhydrous CH2Cl2 (5.34-5.39 (m, 2 H), 5.46-5.59 (m, 2 H), 7.00 (t, J = 7.7 Hz, 1 H), 7.13 (t, J = 7.7 Hz, 1 H), 7.24 (d, J = 7.7 Hz, 1 H), 7.33 (d, J = 7.7 Hz, 1 H), 7.45 (d, J = 2.5 Hz, 1 H), 7.93 (d, J = 8.8 Hz, 2 H), 8.11 (d, J = 8.8 Hz, 2 H), 8.66 (s, 1 H).

These data matched the ones of the minor isomer of the one pot Pictet-Spengler/nosylation sequence (see above).

After filtration, the solvent was removed under reduced pressure with a rotovap. The residue was purified by column chromatography on silica gel (petroleum ether/EtOAc 3:1 to 2:1) to give 26.0 mg of 306a (0.0289 mmol, 30% yield which represents a 73% yield based on 335a) as a yellow foam and 36.0 mg of 353 (0.0400 mmol, 42 % yield which represents a 72% yield based on 335b) as a yellow solid.

  NMR (90 MHz, CDCl3): δ = 20.5 (3 C), 20.7, 31.4, 32.3, 38.8, 41.6, 42.1, 52.9, 61.2, 61.8, 64.8, 68.3, 70.9, 71.8, 72.7, 80.7, 89.0, 94.7, 96.1, 99.6, 108.8, 118.3, 119.8,

	123.2, 124.0 (2 C), 127.6, 128.2 (2 C), 130.4, 134.1, 144.5, 147.4, 149.9, 169.3, 169.4,
	170.1, 170.6, 171.5.
	HRMS (m/z): [M + H] + calcd. for C41H46N3O18S + 900.2492, found 900.2449.
	[M + Na] + calcd. for C41H45N3NaO18S + 922.2311, found 922.2276.
	1 H NMR (360 MHz, CDCl3): δ = 1.94-2.00 (m, 1 H), 1.95 (s, 3 H), 1.97 (s, 3 H),
	2.02 (s, 3 H), 2.08 (s, 3 H), 2.10-2.16 (m, 1 H), 2.19-2.30 (m, 2 H), 2.53-2.61 (m, 1 H),
	2.84-2.97 (m, 2 H), 3.53-3.58 (m, 1 H), 3.59 (s, 3 H), 3.70-3.76 (m, 1 H), 4.03 (br, 1
	H), 4.16 (dd, J = 12.3, 2.7 Hz, 1 H), 4.24 (dd, J = 12.3, 4.4 Hz, 1 H), 4.29 (dd, J = 12.0,
	7.6 Hz, 1 H), 4.94 (d, J = 7.9 Hz, 1 H), 4.94-5.00 (m 1 H), 5.09 (t, J = 9.7 Hz, 1 H),
	5.15-5.23 (m, 4 H), 5.60 (s, 1 H), 5.66 (ddd, J = Hz, 17.5, 10.2, 7.3 Hz, 1 H), 6.19 (d, J

= 7.5 Hz, 1 H), 6.72 (t, J = 7.5 Hz, 1 H), 7.00 (t, J = 7.5 Hz, 1 H), 7.13 (d, J = 7.5 Hz, 1 H), 7.91 (d, J = 8.9 Hz, 2 H), 8.22 (d, J = 8.9 Hz, 2 H). 13 C

143 Assignment and comparison of 1 H and 13 C NMR data of protected cymoside 306a (CDCl3) obtained during this work and our first generation synthesis. 141 N° This work (360 MHz) First generation 141 (400 MHz) Δ ppm This work (90 MHz) First gene. (100 MHz) Δ ppm 1 H δ in ppm (multiplicity, J in Hz) 13 C δ in ppm

  NMR (75 MHz, CDCl3): δ = 20.7 (2 C), 20.8, 20.9, 28.1, 34.4, 39.2 (2 C), 39.5, 43.1, 51.7, 56.7, 62.6, 68.6, 71.4, 72.2, 72.9, 73.5, 74.0, 85.9, 96.0, 97.5, 109.6, 111.6,

	13 Data for 353				147.4	147.4	-
	14a 14b	1.96 (m) 2.21 (m) Rf = 0.27 (PE/EtOAc 1:1)	1.96 (m) 2.21 (m)	--	32.3	32.3	-
	15	2.94 (m) 1 H NMR (300 MHz, CDCl3): δ = 1.76-1.82 (m, 1 H), 1.87-1.93 (m, 1 H), 2.00 (s, 2.94 (m) -41.6 41.7	0.1
	16 17 3 H), 2.02 (s, 3 H), 2.04 (s, 3 H), 2.08 (s, 3 H), 2.02-2.08 (m, 1 H), 2.11 (dd, J = 13.3, 80.7 80.7 5.60 (s) 5.60 (s) -99.6 99.6	--
	18a 8.6 Hz, 1 H), 2.25 (d, J =13.3 Hz, 1 H), 2.35 (dd, J = 14.3, 6.3 Hz, 1 H), 2.46 (td, J = 5.17 (m) 5.17 (m) -118.3 118.3 18b 5.21 (m) 5.21 (m) -14.6, 4.7 Hz, 1 H), 2.68-2.78 (m, 1 H), 2.83-2.94 (m, 1 H), 3.55-3.64 (m, 1 H), 3.76 (s,	-
	19 3 H), 3.78-3.85 (m, 1 H), 4.14 (dd, J = 11.1, 6.3 Hz, 1 H), 4.21 (dd, J = 12.2, 2.4 Hz, 1 5.66 (m) 5.66 (ddd; 17.5, 10.2, 7.3) -134.1 134.1	-
	20 H), 4.34 (dd, J = 12.2, 5.0 Hz, 1 H), 4.47 (dd, J = 8.6, 5.0 Hz, 1 H), 5.02 (d, J = 7.6 Hz, 2.27 (m) 2.27 (m) -42.1 42.1	-
	21 CO2Me 1 H), 5.07 (dd, J = 8.0, 7.6 Hz, 1 H), 5.19 (t, J = 9.0 Hz, 1 H), 5.25 (dd, J = 9.0, 8.0 5.19 (m) 5.19 (m) -94.7 94.7 171.5 171.5	--
	CO2Me Hz, 1 H), 5.45 (d, J = 9.1 Hz, 1 H), 6.12 (d, J = 7.5 Hz, 1 H), 6.80 (t, J = 7.5 Hz, 1 H), 3.59 (s) 3.59 (s) -52.9 52.9	-
	Ns (2C-7.02 (td, J = 7.5, 0.8 Hz, 1 H), 7.17 (dd, J = 7.5, 0.8 Hz, 1 H), 7.41 (s, 1 H), 7.99 (d, J 7.91 (d; 8.9) 7.91 (d; 8.8) -128.2 128.2 Ha) = 8.5 Hz, 2 H), 8.34 (d, J = 8.5 Hz, 2 H).	-
	Ns (2C-Hb)	8.22 (d; 8.9)		8.22 (d; 8.8)	-	124.0	124.1	0.1
	Ns (CIVc)					144.5	144.5	-
	Ns (CIVd) 121.1, 124.0 (2 C), 124.7, 128.7 (2 C), 129.7, 132.3, 144.4, 147.0, 150.0, 151.9, 167.0, 149.9 150.0	0.1
	1' 2'	4.94 (d; 7.9) 4.98 (m) 169.5, 169.6, 170.4, 170.6.		4.94 (d; 7.9) 4.98 (m)	--	96.1 70.9	96.2 70.9	0.1 -
	3'		5.18 (m) HRMS (m/z): [M + H] + calcd. for C41H46N3O18S + 900.2492, found 900.2456. 5.18 (m) -72.7 72.7	-
	4' 5'		5.09 (t ; 9.7) 3.73 (m) [M + Na] + calcd. for C41H45N3NaO18S + 922.2311, found 922.2280. 5.09 (t; 9.7) -68.3 68.3 3.73 (m) -71.8 71.9	-0.1
	6'a 6'b	4.16 (dd; 12.3, 2.7) 4.24 (dd; 12.3, 4.4) [𝛂] 25 𝐃 = -27.2 (c 1.25, CHCl3). 4.16 (dd; 12.3, 2.6) 4.24 (dd; 12.3, 4.4)	--	61.8	61.8	-
	4 x MeCO	1.95 (s), 1.97 (s), 2.02 (s), 2.08 (s)	1.95 (s), 1.97 (s), 2.01 (s), 2.08 (s)	-	20.5 (3 C), 20.7	20.6 (3 C), 20.7	-
	2						64.8 169.3,	64.7 169.4,	-0.1
	3 5a 5b 4 x MeCO	4.29 (dd; 12.0, 7.6) 2.87 (m) 3.55 (m)	4.29 (dd; 12.0, 7.4) 2.87 (m) 3.55 (m)	---	61.2 38.8 170.6 169.4, 170.1,	61.2 170.6 38.8 169.4, 170.1,	---
	6a 6b	2.13 (m) 2.57 (m)		2.13 (m) 2.57 (m)	--	31.4	31.4	-
	7						89.0	88.9	-0.1
	8						127.6	127.7	0.1
	9		7.13 (d; 7.5)		7.13 (d; 7.5)	-	123.2	123.2	-
	10	6.72 (t, 7.5)		6.73 (t, 7.5)	0.01	119.8	119.9	0.1
	11	7.00 (t, 7.5)		7.00 (t, 7.5)	-	130.4	130.4	-
	12	6.20 (d, 7.5)		6.19 (d, 7.5)	-0.01	108.8	108.9	0.1

13

C

Assignment of 1 H and 13 C data (CDCl3, 300 MHz) of compound 353. N° 1 H δ in ppm (multiplicity, J in Hz) 13 C δ in ppm

  

	5b Cymoside (1)	3.59 (m)	
	6a 6b	2.05 (m) 2.46 (td; 14.6, 4.7)	34.4
	7		85.9
	8		132.3
	9	7.17 (dd; 7.5, 0.8)	124.7
	10	6.80 (t; 7.5)	121.1
	11	7.02 (td; 7.5, 0.8)	129.7
	12 To a solution of protected cymoside 306a (19 mg, 0.0211 mmol) and K2CO3 (15 6.12 (d; 7.5) 111.6
	13 mg, 0.111 mmol) in 3 mL of anhydrous CH3CN at r.t. was added PhSH (8 mg, 0.067 147.0
	14a 14b mmol) under Ar atmosphere, then the reaction was heated-up to 50 °C with an oil bath 2.35 (dd; 14.3, 6.3) 39.2 1.90 (m)
	15 under Ar atmosphere and stirred for 24 h at this temperature. The reaction was then 2.88 (m) 28.1
	16 cooled down to r.t. and concentrated under reduced pressure with a rotovap to remove 109.6
	17 the solvent. The resultant residue was purified by silica gel preparative TLC 7.41 (s) 151.9
	18a (CH2Cl2/CH3OH 10:1) to give 13 mg of a fraction containing the desired denosylated 2.11 (dd; 13.3, 8.6) 39.2 18b 2.25 (d; 13.3) 19 4.47 (dd; 8.6, 5.0) 74.0 intermediate (Rf = 0.51, CH2Cl2/CH3OH 10:1). The latter was dissolved in 1 mL
	20 methanol to which was added K2CO3 (8 mg, 0.055 mmol) at 0 °C. The reaction mixture 1.79 (m) 43.1
	21 was stirred at 0 °C for 20 min and was then directly purified by silica gel preparative 5.45 (d; 9.1) 96.0
	CO2Me TLC (CH2Cl2 [saturated with ammonium hydroxide]/CH3OH 5:1) to give 9.0 mg of 167.0
	CO2Me Ns (2C-Ha) cymoside (1) (0.0165 mmol, 78% yield over 2 steps) as a white amorphous solid. 3.76 (s) 51.7 7.99 (d; 8.5) 128.7
	Ns (2C-Hb) Rf = 0.39 (CH2Cl2 [saturated with ammonium hydroxide]/CH3OH 5:1) 8.34 (d; 8.5) 124.0
	Ns (CIVc) Ns (CIVd) 1 H NMR (300 MHz, CD3OD): δ = 1.66-1.77 (m, 1 H), 1.97-2.08 (m, 1 H), 2.23-144.4 150.0
	1' 2.43 (m, 3 H), 2.79 (dt, J = 14.0, 3.5 Hz, 1 H), 3.09-3.15 (m, 1 H), 3.18 (dd, J = 9.0, 8.0 5.02 (d; 7.6) 97.5
	2' Hz, 1 H), 3.19-3.25 (m, 1 H), 3.28-3.38 (m, 2 H), 3.39 (t, J = 9.0 Hz, 1 H), 3.55 (s, 3 5.07 (dd; 8.0, 7.6) 71.4
	3' H), 3.67 (dd, J = 12.2, 5.8 Hz, 1 H), 3.80 (dd, J = 12.2, 7.1 Hz, 1 H), 3.94 (dd, J = 12.2, 5.25 (dd; 9.0, 8.0) 72.9
	4' 5' 2.0 Hz, 1 H), 4.71 (d, J = 8.0 Hz, 1 H), 5.16 (d, J = 10.5 Hz, 1 H), 5.21 (d, J = 17.5 Hz, 5.19 (t; 9.0) 68.6 3.81 (m) 72.2
	6'a 1 H), 5.54 (d, J = 8.8 Hz, 1 H), 5.72 (s, 1 H), 5.83 (ddd, J = 17.5, 10.5, 7.6 Hz, 1 H), 4.21 (dd; 12.2, 2.4) 62.6 6'b 4.34 (dd; 12.2, 5.0) 6.58 (d, J = 7.5 Hz, 1 H), 6.75 (t, J = 7.5 Hz, 1 H), 7.09 (td, J = 7.5, 1.0 Hz, 1 H), 7.15
	4 x MeCO (d, J = 7.5 Hz, 1 H).	2.08 (s), 2.04 (s), 2.02 (s), 2.00 (s)	20.9, 20.8, 20.7, 20.7
	4 x MeCO 13 C NMR (75 MHz, CD3OD): δ = 26.5, 31.5, 32.9, 41.4, 42.6, 51.6, 57.1, 61.5, 170.6, 170.4, 169.6, 169.5
	61.5, 70.2, 73.3, 76.6, 76.8, 78.0, 84.7, 92.0, 98.5, 101.6, 109.0, 116.5, 119.1, 121.8,
	129.3, 131.0, 135.4, 148.2, 171.1.	
	2		73.5
	3	4.14 (dd; 11.1, 6.3)	56.7
	5a	2.73 (m)	39.5

HRMS (m/z): [M + H] + calcd. for C27H35N2O10 + 547.2286, found 547.2296.

13 C NMR data (CD3OD) of synthetic (this work) and natural (Kritsanida, Grougnet) cymoside (1). 5a N° Natural (600 MHz) Synthetic (300 MHz) Δ ppm Natural (150 MHz) Synthetic (75 MHz) Δ ppm 1 H δ in ppm (multiplicity, J in Hz) 13 C δ in ppm

  The differences of the 1 H and13 C signals at positions in proximity of the N4 secondary amine could be explained by the fact that traces of acid could influence the NMR chemical shifts of protons or carbons closed to the nitrogen lone pair. the reaction was heated-up to 50 °C with an oil bath under Ar atmosphere and stirred for 24 h at this temperature. The reaction was then cooled down to r.t. and concentrated under reduced pressure with a rotovap to remove the solvent.

	C(O)	Compound 354 Assignment			171.5	171.1	-0.4
	OMe	3.54 (s)	3.55 (s)	0.01	51.5	51.6	0.1
	1'	4.72 (d, 8.0)	4.71 (d; 8.0)	-0.01	98.5	98.5	-
	2'	3.18 (dd, 9.0, 8.0)	3.18 (dd; 9.0, 8.0)	-	73.3	73.3	-
	3'	3.40 (t; 9.0)	3.39 (t; 9.0)	-0.01	76.6	76.6	-
	4'	3.29 (t; 9.0)	3.29 (m)	-	70.2	70.2	-
	5'	3.33 (ddd; 9.0, 5.5, 2.0)	3.33 (m)	-	76.8	76.8	-
	6'a 6'b	3.94 (dd; 12.0, 2.0) 3.70 (dd; 12.0, 5.5)	3.94 (dd; 12.2, 2.0) 3.67 (dd; 12.2, 5.8)	--0.03	61.5	61.5	-
		To a solution of 353 (19 mg, 0.0211 mmol) and K2CO3 (15 mg, 0.109 mmol) in 3	
		mL of anhydrous CH3CN at r.t. was added PhSH (7 mg, 0.064 mmol) under Ar	
		atmosphere, then The resultant residue was purified by silica gel preparative TLC (CH2Cl2/CH3OH 10:1)	
		to give 14 mg of a fraction containing the desired denosylated intermediate (Rf = 0.17,	
	2	61.5 CH2Cl2/CH3OH 10:1). The latter was dissolved in 1 mL methanol to which was added 61.5	-
	3	3.63 (m) K2CO3 (8 mg, 0.058 mmol) at 0 °C. The reaction mixture was stirred at 0 °C for 20 min 3.80 (dd; 12.2, 7.1) 0.17 57.6 57.1	-0.5
	5a 5b 6a 6b	3.05 (m) and was then directly purified by silica gel preparative TLC (CH2Cl2 [saturated with 3.22 (m) 0.17 32.6 32.9 2.66 (ddd; 18.5, 5.5, 3.0) 2.79 (dt; 14.0, 3.5) 0.13 2.30 (m) 2.33 (m) ammonium hydroxide]/CH3OH 5:1) to give 9.0 mg of 354 (0.0165 mmol, 78% yield 0.03 32.7 31.5 1.61 (ddd; 15.5, 11.5, 5.5) 1.73 (m) 0.12 over 2 steps) as a white amorphous solid.	0.3 -1.2
	7	85.1 Rf = 0.28 (CH2Cl2 [saturated with ammonium hydroxide]/CH3OH 5:1)	84.7	-0.4
	8				131.7	131.0	-0.7
	9	7.12 (bd; 7.5) 1 H NMR (360 MHz, CD3OD): δ = 1.98-2.09 (m, 2 H), 2.15-2.24 (m, 2 H), 2.31 7.15 (d; 7.5) 0.03 121.6 121.8	0.2
	10	6.73 (td; 7.5, 1.0) (dd, J = 13.5, 9.0 Hz, 1 H), 2.53 (d, J = 13.5 Hz, 1 H), 2.57 (td, J = 14.5, 4.0 Hz, 1 H), 6.75 (t; 7.5) 0.02 118.8 119.1	0.3
	11	7.06 (td; 7.5, 1.0) 2.84 (td, J = 13.5, 4.0 Hz, 1 H), 3.03 (td, J = 11.0, 5.5 Hz, 1 H), 3.09-3.19 (m, 1 H), 7.09 (td; 7.5, 1.0) 0.03 129.0 129.3	0.3
	12 13	6.57 (bd; 7.5) 3.36-3.45 (m, 4 H), 3.74 (s, 3 H), 3.73-3.78 (m, 1 H), 3.83-3.93 (m, 1 H), 3.96 (dd, J = 6.58 (d; 7.5) 0.01 108.9 109.0 148.4 148.2	0.1 -0.2
	14a 14b	2.25 (m) 11.5, 1.4 Hz, 1 H), 4.62 (dd, J = 9.0, 5.0 Hz, 1 H), 4.84 (d, J = 7.5 Hz, 1 H), 5.75 (d, J 2.30 (m) 0.05 27.2 26.5 1.93 (ddd; 10.5, 7.5, 6.5) 2.03 (m) 0.10 = 9.4 Hz, 1 H), 6.75 (d, J = 7.8 Hz, 1 H), 6.87 (t, J = 7.5 Hz, 1 H), 7.17 (td, J = 7.8, 0.8	-0.7
	15	3.07 (m) Hz, 1 H), 7.40 (dd, J = 7.6, 0.8 Hz, 1 H), 7.58 (s, 1 H). 3.12 (m)	0.05	41.4	41.4	-
	16				77.7	78.0	0.3
	17	5.73 (s) C NMR (90 MHz, CD3OD): δ = 29.1, 32.3, 35.2, 37.0, 39.0, 44.6, 52.0, 55.4, 5.72 (s) -0.01 101.6 101.6 13	-
	18a 18b	5.20 (d; 18.0) 63.2, 71.5, 71.7, 74.5, 76.1, 78.0 (2 C), 87.1, 96.7, 101.0, 109.9, 113.5, 121.8, 125.6, 5.21 (d; 17.5) 0.01 116.3 116.5 5.15 (d; 10.5) 5.16 (d; 10.5) 0.01 130.8, 134.0, 149.4, 154.3, 169.0.	0.2
	19	5.83 (ddd; 18.0, 10.5, 7.5) 5.83 (ddd; 17.5, 10.5, 7.6)	-	135.6	135.4	-0.2
	20	2.33 (m)	2.38 (m)	0.05	42.8	42.6	-0.2
	21	5.52 (d; 8.5)	5.54 (d; 8.8)	0.02	92.1	92.0	-0.1

HRMS (m/z): [M + H] + calcd. for C27H35N2O10 + 547.2286, found 547.2292.

[𝛂] 25 𝐃 = -48.387 (c 0.31, CH3OH).

of 1 H and 13 C data (CD3OD, 360 MHz) of compound 354.

  

	N°	1 H δ in ppm (multiplicity, J in Hz)	13 C δ in ppm
	2		71.5
	3	3.89 (m)	55.4
	5a 5b	2.84 (td; 13.5, 4.0) 3.14 (m)	37.0
	6a 6b	2.05 (m) 2.57 (td; 14.5, 4.0)	32.3
	7		87.1
	8		134.0
	9	7.40 (dd; 7.6, 0.8)	125.6
	10	6.87 (t; 7.5)	121.8
	11	7.17 (td; 7.8, 0.8)	130.8
	12	6.75 (d; 7.8)	113.5
	13		149.4
	14a 14b	2.19 (m) 2.19 (m)	35.2
	15	3.03 (dd; 11.0, 5.5)	29.1
	16		109.9
	17	7.58 (s)	154.3
	18a 18b	2.31 (dd; 13.5, 9.0) 2.53 (d; 13.5)	39.0
	19	4.62 (dd; 9.0, 5.0)	76.1
	20	2.02 (m)	44.6
	21	5.75 (d; 9.4)	96.7
	CO2Me		169.0
	CO2Me	3.74 (s)	52.0
	1'	4.84 (d; 7.5)	101.0
	2'	3.37 (m)	74.5
	3'	3.40 (m)	78.0
	4'	3.40 (m)	71.7
	5'	3.42 (m)	78.0
	6'a 6'b	3.75 (m) 3.96 (dd; 11.5, 1.4)	63.2

Synthesis of the enantioenriched vinyl ether of glucose tetraacetate 340.

  

	To a solution of 7.4 g of β-D-Glucose pentaacetate 327 (18.968 mmol) in 50 mL
	anhydrous CH2Cl2 was added 25 mL HBr (33 wt % in HOAc) dropwise at 0 o C. Then
	the reaction was stirred at 0 o C for another 7 h. After dilution with 100 mL CH2Cl2, the
	mixture was washed with saturated NaCl aqueous solution and saturated NaHCO3

  5:1) to give 372 mg product 340 (0.995 mmol, 44 % yield) as a white solid. Rf = 0.51 (PE/EtOAc 1:1) C16H22O10, 1 H NMR (360 MHz, CDCl3): δ = 1.97 (s, 3 H), 1.99 (s, 3 H), 2.01 (s, 3 H), 2.04 (s, 3 H), 3.75 (m, 1 H), 4.05-4.14 (m, 1 H), 4.17-4.27 (m, 2 H), 4.52 (dd, J = 14.0, 2.1 Hz, 1 H), 4.78 (d, J = 7.9 Hz, 1 H), 5.03-5.11 (m, 2 H), 5.20 (t, J = 9.4 Hz, 1 H), 6.35 (dd, J = 14.0, 6.4 Hz, 1 H); 13 C NMR (90 MHz, CDCl3): δ = 20.4 (2 C), 20.5, 20.6, 61.7, 68.0, 70.7, 72.0, 72.5, 93.0, 98.8, 148.6, 169.2, 169.3, 170.1, 170.6. HRMS (m/z): [M + Na] + calcd. for C16H22NaO10 + 397.1105, found 397.1093.These data matched the reported ones.109 

  C13H18O6,1 H NMR (360 MHz, CDCl3): δ = 1.22 (t, J = 7.1 Hz, 3 H), 2.33 (dd, J = 16.7, 8.3 Hz, 1 H), 2.70-2.78 (m, 1 H), 2.94 (dd, J = 16.7, 5.3 Hz, 1 H), 3.26-3.33 (m, 1 H), 3.62 (qd, J = 9.6, 7.1 Hz, 1 H), 3.70 (s, 3 H), 3.85 (qd, J = 9.6, 7.1 Hz, 1 H), 4.93 (d, J = 7.1 Hz, 1 H), 5.20-5.23 (m, 1 H), 5.24-5.27 (m, 1 H), 5.59 (td, J = 17.5, 9.7 Hz, 1 H), 7.47 (d, J = 1.7 Hz, 1 H). NMR (90 MHz, CDCl3): δ = 15.0, 27.6, 34.5, 44.5, 51.2, 64.7, 100.3, 108.1, 120.2, 133.0, 152.8, 167.4, 177.8. HRMS (m/z): [M + Na] + calcd. for C13H18NaO6 + 293.0996, found 293.0993. To a solution of indole-3-acetic acid 362 (2.1023 g, 12 mmol) in 24 mL MeOH was added SOCl2 (4.2829 g, 36 mmol) slowly at room temperature under argon atmosphere. Then the reaction was stirred at 68 o C for 12 h. After cooling down to room temperature, the solvent was removed under reduced pressure with a rotpvap to give a residue, which was purified directly by a flash column chromatography on silica gel to give 2.064 g (10.916 mmol, 91 % yield) product 370 as a pale yellow oil. Rf = 0.59 (PE/EA 3:2). C11H11NO2, 1 H NMR (360 MHz, CDCl3): δ = 3.72 (s, 3 H), 3.80 (s, 2 H), 7.12-7.18 (m, 2 H), 7.21 (td, J = 7.6, 1.3 Hz, 1 H), 7.35 (d, J = 7.8 Hz, 1 H), 7.63 (d, J = 7.8 Hz, Prepared according to Bisai's report. 144To a solution of indole-3-acetic acid 362 (2.1605 g, 12.33 mmol) in 24 mL EtOH was added SOCl2 (4.2829 g, 36 mmol) slowly at room temperature under argon atmosphere. The reaction was stirred at 80 °C overnight. Then the solvent was removed under reduced pressure to give a residue, which was utilized for the next step directly. This resultant mixture was dissolved in 25 mL MeNH2/EtOH solution. Then the reaction was stirred at room temperature for 42 h until the fully consumption of ethyl 3-indoleacetate monitored by TLC. After the removal of solvents with a rotovap under reduced pressure, the residue was purified by flash column chromatography on silica gel to give 2.264 g of product 363(12.04 mmol, 98 % yield) as a pale yellow oil. Rf = 0.13 (PE/EA 1:3). C11H12N2O, 1 H NMR (360 MHz, CDCl3): δ = 2.71 (d, J = 4.9 Hz, 3 H), 3.74 (s, 2 H), 5.90 (br, 1 H), 7.10 (d, J = 2.3 Hz, 1 H), 7.14 (td, J = 7.8, 1.0 Hz, 1 H), 7.23 (td, J = 7.8, 1.0 Hz, 1H), 7.41 (d, J = 7.8 Hz, 1 H), 7.54 (d, J = 7.8 Hz, 1 H), 9.15 (br, 1 H). CDCl3): δ = 26.3, 33.1, 108.3, 111.5, 118.4, 119.8, 122.3, 124.1, 126.9, 136.5, 172.6. HRMS (m/z): [M + H] + calcd. for C11H13N2O + 189.1022, found 189.1019. [M + Na] + calcd. for C11H12N2NaO + 211.0842, found 211.0840.These data matched the reported ones.142 

	Compound 370
	methyl indole-3-acetate
	1 H), 8.12 (br, 1 H);
	13 C NMR (90 MHz, CDCl3): δ = 31.1, 51.9, 108.4, 111.2, 118.8, 119.7, 122.2,
	123.0, 127.2, 136.1, 172.6.
	Compound 363
	indole-3-N-methyl acetamide

13 C 13 C NMR (90 MHz,

  C17H19NO3,1 H NMR (300 MHz, CDCl3): δ = 1.74-1.84 (m, 2 H), 2.07-2.18 (m, 2 H), 2.81 (t, J = 7.3 Hz, 2 H), 3.74 (s, 3 H), 4.15 (s, 2 H), 5.01 (td, J = 16.0, 1.8 Hz, 2 H), 5.72-5.90 (m, 1 H), 7.12-7.20 (m, 1 H), 7.30-7.37 (m, 2 H), 7.67 (dd, J = 8.1, 0.6 Hz, 1 H), 9.25 (s, 1 H); 13 C NMR (75 MHz, CDCl3): δ = 22.6, 31.2, 33.1, 39.2, 52.3, 112.3, 113.7, 115.3, 120.6, 120.7, 126.3, 128.2, 132.5, 135.7, 138.0, 171.6, 192.9. HRMS (m/z): [M + H] + calcd. for C17H20NO3 + 286.1438, found 286.1430. [M + Na] + calcd. for C17H19NNaO3 + 308.1257, found 308.1249.To a solution of 16 mg of compound 414a (0.056 mmol) and 13 mg of NH4OAc (0.168 mmol) in 1 mL anhydrous toluene was added 0.4 mL of H2NMe (33 wt % in EtOH). The reaction was stirred at 95 o C overnight. After the removal of solvents on a rotovap under reduced pressure, the residue was purified by flash chromatography column on silica gel to give 10 mg of product 408 (0.0376 mmol, 67 % yield) as a pale yellow oil.Then the solution of 9 mg of compound 408 (0.0338 mmol) in 1 mL bromobenzene was stirred at 156-158 o C in a sealed flask under Ar atmosphere for 24 h. After cooling down to room temperature, the solvent was removed under reduced pressure with a rotovap to give a residue, which was purified directly by a preprarative TLC to give 2.5 mg (0.0094 mmol, 28 % yield) of product 409 as a pale yellow oil. NMR (360 MHz, CDCl3): δ = 1.74-1.83 (m, 2 H), 2.22-2.27 (m, 2 H), 3.05-3.10 (m, 2 H), 3.74 (s, 3 H), 4.98-5.11 (m, 2 H), 5.82-8.94 (m, 1 H), 6.99 (s, 1 H), 7.08 (t, J = 7.8 Hz, 1 H), 7.33 (d, J = 7.8 Hz, 1 H), 7.48 (t, J = 7.8 Hz, 1 H), 7.93 (d, J = 7.8 Hz, 1 H). HRMS (m/z): [M + H] + calcd. for C17H19N2O + 267.1492, found 267.1487. calcd. for C17H19N2O + 267.1492, found 267.1482. [M + Na] + calcd. for C17H19NNaO3 + 289.1311, found 289.1299.

	Compound 408
	Rf = 0.39 (CH2Cl2/MeOH 10:1).
	C17H18N2O, 1 H Compound 409
	Rf = 0.47 (CH2Cl2/MeOH 10:1).
	C17H18N2O, 1 H NMR (300 MHz, CDCl3): δ = 1.36-1.45 (m, 1 H), 1.74-1.84 (m, 2
	Compound 409 H), 1.84-1.90 (m, 1 H), 1.98-2.16 (m, 3 H), 2.23-2.32 (m, 1 H), 2.45-2.54 (m, 1 H), 2.87
	(s, 3 H), 4.19 (t, J = 2.6 Hz, 1 H), 7.10-7.16 (m, 2 H), 7.33-7.39 (m, 1 H), 7.50-7.56 (m,
	(3aS,5R,10bS)-11-methyl-2,3,3a,4,5,10-hexahydro-1H-10b,5-(epiminomethano) 1 H), 8.33 (br, 1 H).
	cyclopenta[a]carbazol-12-one

HRMS (m/z): [M + H] +

  C23H24N2O4,1 H NMR (300 MHz, CDCl3): δ = 1.24 (t, J = 7.1 Hz, 3 H), 2.56 (ddd, J = 13.0, 9.2, 4.6 Hz, 1 H), 3.31-3.45 (m, 2H), 3.45-3.56 (m, 1 H), 3.68-3.75 (m, 1 H), 3.89 (s, 3 H), 3.93-4.04 (m, 1 H), 4.80 (m, 2 H), 5.32 (s, J = 8.2 Hz, 1 H), 6.03 (td, J = 9.9, 16.9 Hz, 1 H), 7.28 (td, J = 7.1, 0.9 Hz, 1 H), 7.57 (td, J = 7.1, 1.1 Hz, 1 H), 7.63 (s, 1 H), 7.67 (d, J = 7.9 Hz, 1 H), 7.87 (d, J = 5.5 Hz, 1 H), 8.12 (d, J = 7.9 Hz, 1 H), 8.27 (d, J = 5.5 Hz, 1 H), 11.07 (s, 1 H).
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(

75 MHz, CDCl3): δ = 15.0, 34.9, 37.7, 46.1, 51.9, 65.8, 100.5, 109.1, 112.1, 113.5, 118.2, 119.8, 121.3, 121.7, 128.4, 129.0, 134.6 (2 C), 135.9, 140.8, 144.0, 154.3, 169.4.

  C24H27IN2O4,1 H NMR (300 MHz, CDCl3): δ = 1.32 (t, J = 7.1 Hz, 3 H), 2.55-2.66 (m, 1 H), 2.78 (s, 3 H), 2.99-3.13 (m, 3 H), 3.85-4.00 (m, 1 H), 4.07-4.25 (m, 2 H), 4.13 (s, 3 H), 5.26-5.41 (m, 2 H), 5.80-6.00 (m, 1 H), 6.33 (d, J = 9.3 Hz, 1 H), 7.40 (t, J = 7.6 Hz, 1 H), 7.43 (s, 1 H), 7.71 (t, J = 7.6 Hz, 1 H), 8.06-8.14 (m, 2 H), 8.19-8.26 (m, NMR (75 MHz, CDCl3): δ = 15.4, 32.1, 34.8, 44.2, 44.4, 50.8, 66.2, 99.6, 104.8, 114.1, 116.0, 119.0, 119.6, 122.0, 122.9, 130.9, 131.8, 134.0, 134.3, 135.4, 141.3, 143.8, 156.0, 167.3. HRMS (m/z): [M] + calcd. for C24H27N2O4 + 407.1965, found 407.1956.

	2 H).
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Compound 49

(E) -1-Ethoxy -4 -phenylsulfinyl-1 -butene 49 was prepared according to a previous report. 22 To a solution of thioanisole 307 (5.589 g, 45 mmol), DABCO (5.048 g, 45 mmol) in toluene (120 mL) was added dropwise 28.2 mL of a solution of n-BuLi (1.6 M in hexanes, 45 mmol) at rt. Then the reaction was heated to 80 o C. After stirring at this temperature for 3 h, acrolein diethyl acetal (1.758 g, 13.5 mmol) was added dropwise.

Then the reaction was stirred at this temperature for another 36 h before it was extracted with water for 2 times. The aqueous phase was then extracted with petroleum ether 3 times. The combined organic phase was dried over Na2SO4. After filtration, the solvent was removed under reduced pressure with a rotovap. The residue was purified by flash chromatography on silica gel (petroleum ether/Et2O 100:0 to 100:1 to 80:1 to 40:1) to give 309 1.920 g as a mixture of (E) and (Z).

To a solution of 309 (1.920 g, 9.23 mmol) in 60 mL of CH2Cl2 was dropwise added m-CPBA (1.593 g, 9.23 mmol) dissolved in 30 mL of CH2Cl2 until no 309 was left.

Then the reaction was diluted with CH2Cl2 and washed with a saturated aqueous solution of NaHCO3. The organic phase was dried over Na2SO4. After filtration, the solvent was removed under reduced pressure with a rotovap. The residue was purified by flash chromatography on silica gel (petroleum ether/Et2O 1:5 to 1:7) to give 1.452 g of compound 49 (6.47 mmol, 49 % yield over 2 steps, E/Z 86:14). Rf = 0.45 (petroleum ether/Et2O 1:10) 1 H NMR (360 MHz, CDCl3) for the E isomer: δ = 1.25 (t, J = 7.0 Hz, 3 H), 2.18-2.28 (m, 1 H), 2.37-2.49 (m, 1 H), 2.75-2.83 (m, 2 H), 3.69 (q, J = 7.0 Hz, 2 H), 4.71 (dt, J = 12.6, 7.5 Hz, 1 H), 6.30 (d, J = 12.6 Hz, 1 H), 7.48-7.53 (m, 3 H), 7.60-7.63 (m,

H).

The 1 H NMR is consistent with the one previously reported. 22 

B. Second generation total synthesis of cymoside

Compound 442 methyl 3-(ethylthio)-3-oxopropanoate Prepared according to Takayama's report. 139 To a solution of methyl malonyl chloride 441 (50 mmol, 6.826 g) in anhydrous CH2Cl2 (18 mL) was added ethanethiol (75 mmol, 4.660 g) dropwise at 0 °C. Then the reaction was allowed to warm-up to room temperature and stirred for 15 h at this temperature. After evaporation under reduced pressure with a rotovap, the residue was purified by flash column chromatography on silica gel (PE/EtOAc 10:1 to 5:1) to give 8.17 g of 442 (50 mmol, quantitative) as a colorless oil. Rf = 0.36 (PE/EtOAc 10:1). C6H10O3S, 1 H NMR (360 MHz, CDCl3): δ = 1.28 (t, J = 7.4 Hz, 3 H), 2.94 (q, J = 7.4 Hz, 2 H), 3.58 (s, 2 H), 3.75 (s, 3 H). Compound 60

4-(phenylthio)butanal

Prepared according to Tius' report. 140 To a solution of thiophenol (33 mmol, 3.636 g) and 4-chlorobutyronitrile 443 (30 mmol, 3.107 g) in dry DMF (30 mL) was added Et3N (45 mmol, 6.26 mL) dropwise at 139 Takayama, H.; Fujiwara, R.; Kasai, Y.; Kitajima, M.; Aimi, N. Org. Lett., 2003, 5, 2967-2970. 140