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Abstract

:

3,n-fused (n = 4–7) tricyclic indoles are pervasive motifs, embedded in a variety of biologically active molecules and natural products. Thus, numerous catalytic methods have been developed for the synthesis of these skeletons over the past few decades. In particular, palladium-catalyzed transformations have received much attention in recent years. This review summarizes recent developments in the synthesis of these tricyclic indoles with palladium-catalyzed domino reactions and their applications in the total synthesis of representative natural products.
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1. Introduction


Indole is one of the most significant nitrogen heterocycles, owing to its unique biological activity and wide existence in numerous natural products, bioactive molecules, pharmaceuticals, and functional materials [1,2,3,4,5,6]. Among the numerous indole alkaloids, 3,n-fused (n = 4–7) tricyclic indoles have attracted much attention for their typical biological activities and synthetic challenges in recent years [7,8]. The tricyclic indole nucleus is found in a myriad of natural products and pharmaceutical molecules (Scheme 1), such as HKI 0231B [9], dehydrobufotenine [10], ambiguine H [11], tryptorubin A [12], celogentin C [13], chloropeptin I [14], and streptide [15]. Accordingly, a number of strategies have been established for the synthesis of these skeletons, including intramolecular Fischer indole synthesis, Witkop photocyclizations, Diels-Alder reactions, Friedel-Crafts reactions, Pictet-Spengler reactions, 6π-electrocyclizations, and transition-metal-catalyzed domino reactions.



In recent years, numerous advances have been achieved via transition-metal-catalyzed domino reaction. Among them, palladium has been widely used as a versatile catalyst for their typical atom orbital to get a series of tricyclic indole skeletons. The seminal work on the synthesis of tryptophan derivatives was reported by Roberts in 1994 [16]. In this work, the palladium catalyst was employed to complete the bridge between C3 and C4. After that, especially within the last ten years, a variety of protocols for synthesis of these molecules have been developed and refined by researchers. Moreover, the palladium catalyst was also used extensively in cross-coupling reactions, such as Buchwald-Hartwig, Suzuki-Miyaura, Heck, Sonogashira, Negishi, and Stille to synthesize a variety of useful compounds [17,18].



Over the past few years, some reviews on the synthesis of 3,n-fused tricyclic indoles were documented [7,8]. However, to the best of our knowledge, there is no review that summarizes the recent progress for the synthesis of tricyclic indoles via transition metal catalyst. Herein, we want to provide a short review mainly focused on recent advances in the synthesis of tricyclic indoles via the palladium-catalyzed domino reaction up to 2023. Furthermore, the total synthesis of representative natural products obtained by the palladium-catalyzed domino reaction is also described in this paper.




2. Intramolecular Cyclization


The Heck reaction [19] is one of the most powerful methods for generating new C-C bonds, and has been used in numerous syntheses of high value-added chemicals and complex molecules. In 1999, Söderberg and co-workers [20] successfully developed a practical method for synthesizing 3,4-fused tricyclic indole skeletons via two consecutive palladium-catalyzed reactions, using an intramolecular Heck reaction followed by reductive N-heteroannulation. The reaction afforded various tricyclic indole products (3a–3d) in 41–78% yields with 5 mol% Pd(OAc)2 as catalyst, 12 mol% 1,3-bis(diphenylphosphino)propane (DPPP) as ligand, 60 psi carbon monoxide as reductant, and polar DMF as solvent (Scheme 2). Notably, compared to the previous Heck reaction, the relative rate of alkene insertion in this reaction is higher, likely due to the presence of the strong electron-withdrawing nitro group. Six years later, the same group [21] reported a similar method for preparation of 3,4-fused tricyclic indoles with 6–8-membered rings. With respect to the scope of substrates, nitrogen- and oxygen-containing rings work well in this reaction as well, except for the carbocyclic ring.



Medium-sized ring fused tricyclic indoles are quite useful structures in numerous natural products such as decursivine and serotobenine. In 2011, Van der Eycken and co-workers [22] reported a novel method for the construction of amide type of 3,4-fused tricyclic indole derivatives through a palladium-catalyzed intramolecular acetylene hydroarylation reaction with excellent regio- and stereoselectivity (Scheme 3). In this report, various nitrogen protecting groups and alkyne substituents, such as methyl (5a), ethyl (5b), tert-butyl (5c), phenyl (5d), and silyl groups were successfully tested and tolerated well, delivering the target products in moderate to good yields, and the structures were confirmed by 1H NMR, 13C NMR spectroscopy, HRMS (EI), and X-ray crystallography. The reaction is rapid, mild, regioselective, stereoselective and proceeds with good yields. It is worth noting that substrates bearing a free NH group (5c) also reacted smoothly in this reaction.



As we know, Larock indole synthesis is one of the most efficient methods for the rapid construction of indole skeletons from halo-anilines and alkynes with palladium catalyst [23,24]. In 2013, Boger and co-workers [25] successfully reported the first example for rapid assembly of 3,(4-6)-tricyclic indoles 7 via intramolecular Larock indole annulation with a powerful Pd2(dba)3/DtPBF catalyst system, and catalyst and other reaction parameters were examined in detail (Scheme 4). This novel transformation features excellent functional-group tolerance (18 examples), good yields (up to 89% yield), and provides an efficient strategy to afford natural product chloropeptin I, chloropeptin II DEF ring system and key isomers directly. The ring size ranges from 6 to 28, which includes peptide chain and conventional carbon chain. More importantly, the TES or TMS group are easily removed from the molecules, leading to the formation of various indoline skeletons. It is worth noting that the established method is a good complement to the Stille or Suzuki cross-coupling reactions for the synthesis of cyclic or macrocyclic ring indole systems [26,27].



In the same year, Jia and co-workers [28] successfully disclosed a new and general method for the synthesis of 3,4-fused tricyclic indole derivatives through intramolecular Larock indole annulation from internal alkyne tethered ortho-iodoaniline derivatives, and these skeletons are often embedded in numerous natural products and bioactive molecules (Scheme 5). After extensive condition studies, the optimal reaction conditions are as follows: Pd(OAc)2 (20 mol%), PPh3 (40 mol%), K2CO3 (2.0 equiv.), and LiCl (1.0 equiv.) in DMF at 100 °C under nitrogen atmosphere. Applying the Pd/PPh3 catalyst system to the indole-synthesized reaction successfully produced 6–18-membered ring fused tricyclic indoles 9 in good to excellent yields (up to 99% yield), and various linkers, including carbon- (9c,9g,9i)), oxygen- (9a,9b,9d,9e,9h), or nitrogen- (9f) are all tolerated well. In addition, the method was highlighted by the total synthesis of the natural product fargesine, which was isolated from the root and stem of Evodia fargesii Dode. Notably, the authors also explored the reaction with the easily accessible ortho-bromoaniline-type substrates. Considering the lower reactivity of the C-Br bond, some representative ligands were tested to complete the ideal conversion, results showed that electron rich Me-phos or DPPP gave the best yields. Later, the method was also extended to the synthesis of 3,5-fused tricyclic indole scaffolds by the same group [29], giving a variety of 3,5-fused macrocyclic with good yields, and the method was also used to afford the tetrahydropyrrolo [4,3,2-de]quinolone ring.



The strategy of diversity oriented synthesis (DOS) is of great importance in organic synthesis, medicine chemistry, agrochemical chemistry, and material sciences, which aims to efficient collections of small molecules with diverse appendages, functional groups, stereochemistry, and skeletons [30]. In 2013, the You group [31] developed an efficient, Pd(0)-catalyzed allylic alkylation protocol for the synthesis of 3,4-fused tricyclic indole derivatives from readily available 3-subsituted indoles at 50 °C (Scheme 6). The phosphine ligand was crucial for this Pd-catalyzed allylic alkylation reaction, results showed that the 2-(2-(diphenylphosphanyl)phenyl)-4,4-dimethyl-4,5-dihydrooxazole (L1) proved to be the best ligand and led to the formation of tricyclic indole product (11a) in 70% yield. Substituents at the nitrogen such as benzyl and allyl could be well-tolerated, and delivered tricyclic indoles in moderate yields. Indole substrates substituted with fluorine (11c) and chlorine (11d) at the 7-position generated the products with 57% and 60% yield, respectively. Moreover, various 3-substituted substrates were used to examine the substrate scope of the Pd-catalyzed allylic dearomatization reaction under slightly modified conditions. In the transformation, screening of various chiral ligands showed that planar chiral ferrocene-based ligand (L2) gave the highest value of ee. Substrates bearing methyl, allyl, benzyl, and various nucleophilic substituents at the 3-position of indole could be applied in the reaction and gave the desired products in good yields with moderate enantioselectivity (12a–12h). Notably, when an excess of trifluoroacetic acid (TFA) was added to (12e) at room temperature, tetracyclic product (12i) was achieved with 80% yield and 73% ee via deprotection of the Boc group followed by addition to imine.



As important raw materials, allenes, which possess unique reactivity compared to alkenes, alkynes, and others, owing to the presence of two cumulative orthogonal π-bonds [32,33,34,35,36], have proven to be key synthetic intermediates in construction of various organic molecules. In particular, allenes generally react with aryl halide to produce π-allylpalladium(II) species in the presence of Pd(0) catalyst through a classic Heck insertion process. In 2015, Nemoto and co-workers [37] successfully demonstrated a novel Pd-catalyzed cascade cyclization with allene tethered ortho-iodoanilines 13 as starting materials. This enabled rapidly assembled 3,4-fused tricyclic 3-alkylidene indoline scaffolds through a sequence of oxidative addition, allene insertion, and allylic amination, thus yielding a new class of 3,4-tricyclic 3-alkylidene indoline skeletons in good to excellent yields with broad substrates scope (Scheme 7). Furthermore, the 3,4-tricyclic 3-alkylidene indolines were divergently transformed into three types of 3,4-fused tricyclic indoles in 94% to quantitative yield with rather simple operation, successfully demonstrating the utility of this cascade process. Alternatively, the desired 3,4-fused tricyclic indoles could also be obtained by oxidation of products 14 with DDQ or PCC.



In many macrocyclic natural products, peptide-based macrocycles are pervasive motifs in medicine molecules [38,39,40]. Among them, drugs, such as anticancer agent octreotide, antibiotic vancomycin, and immunosuppressant cyclosporin are typical molecules. Therefore, a concise method for the synthesis of these skeletons is highly attractive and challenging. In 2018, Chen, Liu, Shen, Qi, He, and co-workers [41] described an amide and pyridine directed β-C(sp3)-H arylation reaction to access diverse peptide macrocycles under Pd(II) catalysis (Scheme 8). In this transformation, 3,5-fused tricyclic indole (16a) and 3,7-fused tricyclic indole (16b) were obtained in 87% and 71% yields, respectively.




3. Intermolecular Cyclization


Construction of new C-C bonds by palladium-catalyzed α-arylation of ketones has emerged as an attractive method in recent years [42]. To date, numerous efforts have been devoted to develop this methodology, and various functionalized molecules have been synthesized. However, application of this method for the synthesis of tetracyclic indoles has not been achieved so far. In 2012, Cuny and co-workers [43] reported a straightforward synthesis of tetracyclic indoles via intramolecular α-arylation of ketones using monoligated Pd(0) catalyst (Scheme 9). The choice of catalyst was vital to access the desired tetracyclic indole product in good to excellent yield. In the presence of the Pd-complex the functionalized het(aryl)ketones transformed to the desired products in 50–99% yields (methyl 20a and 20f, gem-dimethyl 20b, phenyl 20c, 3-methoxyphenyl 20g, and pyridyl 20h). Moreover, both the cyclopentenyl and cyclohexenyl substrates were tolerated well, giving 20d, 20e in a 96% and 94% yield, respectively. It is worth mentioning that the Pd catalytic system features good functional-group tolerance, good to excellent yields, low catalyst loading, and short reaction times. Furthermore, double α-arylation of ketones by one-pot procedures were also presented.



In 2018, based on their previous work and others, Lautens and co-workers [44] successfully discovered a novel Pd2(dba)3/P(2-CF3-C6H4)3-catalyzed domino reaction to give 3,4-fused tricyclic indolones in good to high yields and excellent regioselectivities with ortho-iodoacrylamides 21 and internal alkynes 22 via intramolecular carbopalladation/ortho C-H activation/alkyne insertion sequence (Scheme 10). Various coupling partners were investigated and tolerated well. Specifically, the acrylamide substrates containing N-, α-, and aryl-substituents, and several unsymmetrical alkynes were subjected to the reaction conditions and the corresponding reaction products were isolated as single regioisomers (23a–23i). Based on previous reports and experiment results, a plausible mechanism via a Pd(0)/Pd(II) catalytic cycle is depicted in the bottom of Scheme 10. Initially, acrylamide substrate (21a) undergoes oxidative addition to give aryl palladium species A. Next, intramolecular carbopalladation of alkene moiety followed by C(sp2)-H activation led to a five-membered palladacycle B. Afterward, coordination and migratory insertion of alkyne (22a) to five-membered palladacycle B furnished the seven-membered palladacycle C. Finally, reductive elimination of the intermediate C releases desired product (23a) and regenerates an active Pd(0) catalyst.



In 2020, Luan and co-workers [45] elegantly developed the first C(sp2)-H amination of alkyne-tethered aryl iodides for the rapid preparation of a series of tricyclic indoles using secondary hydroxylamines as the bifunctional single-nitrogen source under mild reaction conditions (Scheme 11). Initially, though various N-substituted secondary hydroxylamines were systematically evaluated, only Ts-NH-OBz could be promoted for the titled reaction in 8% yield. Next, various benzoyl O-substituents of amino agents, including steric effect and electron effect, have been examined in this transformation. In particular, substrates containing an ester in para-position led to the formation of tricyclic indole (26a) in 97% yield. Notably, the role of PivOH was crucial in obtaining the tricyclic indole products, which may be due to its ability to facilitate the process of C-H activation. For the scope of 3,4-fused tricyclic indoles, various aryl iodides, linkers, and alkyne termini were explored with good to excellent yields (26b–26u). Notably, the pyridyl and thienyl group, which might induce strong coordination toward the Pd(II) species, were found to proceed smoothly to give corresponding tricyclic indole products (26s, 26t) in 93% and 92% yields, respectively. More importantly, the reaction works well to afford 3,4-fused tricyclic indoles as well as 3,5-, and 3,6-fused tricyclic indoles (26v–26ac) in acceptable yields. Of note, these tricyclic indoles have been observed as the key core for a range of biologically active natural and unnatural products [12,46,47].



On the basis of previous literature reports and detailed mechanistic investigations [48,49,50], the authors proposed a plausible pathway as depicted in Scheme 12. The reaction initiated with generation of aryl palladium species D via oxidative addition of iodobenzene moiety of 24a to Pd(0). Next, intramolecular carbopalladation of alkynes followed by C-H activation led to the formation of five-membered palladacycle E. After being deprotonated with Cs2CO3, the amino agent 25′ coordinates with electrophilic Pd(II) species E and undergoes concerted 1,2-migration insertion of the aryls to afford the six-membered palladacycle H. Finally, reductive elimination of the intermediate H provided the desired tricyclic indole product 26a with the concomitant regeneration of the active Pd(0) catalyst. Alternatively, formation of formal nitrene intermediate I is followed by nitrene insertion to furnish the six-membered palladacycle H. Intermediate H undergoes reductive elimination to yield the desired product 26a and regenerate an active Pd(0) catalyst.



Almost simultaneously, the Zhang group, and Yu and Jiang group independently developed an efficient Pd(0)-catalyzed intermolecular annulation of ortho-alkyne tethered aryl iodides with N,N-di-tert-butyldiaziridinone 28 for the synthesis of 3,4-fused tricyclic indoles (Scheme 13 and Scheme 14).



Zhang and co-workers [51] accessed a range of 3,4-fused tricyclic indoles 29, in moderate to excellent yields with good functional group tolerance, including various ring sizes and various linkers (Scheme 13). Initially, the authors reported a catalyst system without ligand; most of them reacted well and delivered the desired tricyclic indole products in good yields. However, some substrates give lower yields or dramatically shut down the reaction. When an electron-rich and bulky monodentate phosphine ligand P(o-tol)3 was added, it showed a better performance than no ligand, such as (29g,29r–29u). Notably, the reaction was highlighted by the synthesis of poly(ADP-ribose) polymerase-1 (PARP-1) Inhibitor rucaparib (AG-014699) in 87% yield, for the treatment of advanced solid tumors [52,53].



In Yu and Jiang group’s work [54], they mainly reported carbon-tethered 3,4-fused tricyclic indoles in moderate to excellent yields with wide functional group tolerance (Scheme 14). However, only one example involved oxygen-tethered 3,4-fused tricyclic indole, 31f, 75% yield. Unfortunately, attempts with alkyl-substituted and unsubstituted alkynes were unsuccessful.



In the same year, Fan, He, and co-workers [55] successfully developed a novel three-component reaction for rapid assembly of 3,4-fused tricyclic indole derivatives from ortho-iodoanilines 32, alkynyl iodides 33, and cyclohexadienimines 34 using Pd(0) as a tandem catalysis (Scheme 15). Notably, the three starting materials are cheap and readily available. From the insight of mechanics, firstly, this tandem process involves a Pd-catalyzed intermolecular coupling/cyclization/Michael addition and a new chemical bond at the position of C3 and C4 was built. Then, a seven-membered C3, C4 bridge was erected through intramolecular cyclization with Pd(0)-catalysis, and the desired tricyclic indoles were obtained via rearomatization with 1 M aqueous hydrochloric acid. A series of ortho-iodoanilines could be tolerated well and delivered desired products (35l–35o) in acceptable yields. Moreover, iodoalkynes with different substituents such as also reacted smoothly under the standard reaction conditions yielding the desired products (aryl 35e–35i, heterocycle 35j, and alkyl 35k). Notably, HCO2Na plays a critical role in this transformation, which is used to trigger the necessary transformation in the catalytic cycles.



Palladium/norbornene (NBE) chemistry, also known as the Catellani reaction, is widely used in natural product synthesis, complex molecules, functional materials, and other fields, which involves a Pd(0)-catalyzed bifunctionalization of aryl halides with various electrophilic reagents and terminal reagents in the presence of NBE [56]. Seminal works by Catellani, Lautens, Dong, Gu, Liang, Luan, and other groups [57] revealed that a series of polysubstituted aromatics, carbocyclic, and heterocyclic compounds could be obtained by Pd/NBE-catalyzed difunctionalization of aryl halides. In 2021, Zhang, Liang, Li, Quan, and co-workers [58] disclosed an elegant method for the synthesis of 3,4-fused tricyclic indoles via a N–S bond cleavage strategy in one step using palladium and NBE in a co-catalysis (Scheme 16). After extensively screening different amino protecting groups, para-methoxy benzenesulfonyl was used as the optimal protecting group, giving the desired product in moderate yield. Regarding the substrate scope, both six- and seven-membered rings could be formed with carbon and oxygen as a linker (38a–38x). Aryl iodides bearing various groups were tolerated well, yielding the desired products (methoxy 38q, fluoro 38r, chloro 38s, trifluoromethyl 38t, and ester 38q). Aryl alkynes bearing different groups in any site of the benzene ring also reacted smoothly under standard conditions to give the expected products 38a–38k. Unfortunately, alkyl alkynes and terminal alkynes were not suitable coupling partners for this reaction. Notably, corresponding products can also be obtained by replacing the methyl with ethyl (38w) and propyl (38x). Finally, the proposed mechanism was studied by control experiments and density functional theory (DFT) calculations.



Very recently, Luan and co-workers [59] reported an efficient Pd(0)-catalyzed [2 + 2 + 1] annulation of ortho-alkyne-tethered aryl iodides 39 with tertiary hydroxylamines 40 for the synthesis of 3,4-fused tricyclic indoles 41, which are widely present in various natural products and medicine molecules (Scheme 17). Compared to their previous work [45], tertiary hydroxylamines were used as nitrogen sources, which are more accessible and more stable. To obtain the optimal reaction conditions, various tertiary hydroxylamines were tested to harness the modest synthetic efficiency at this stage. Using N-benzyl-N-methyl-benzyl substituent hydroxylamine (40e) could greatly improve the performance of titled conversion, affording the desired tricyclic indole (41e) in 89% yield through C-N bond cleavage of tertiary hydroxylamine with loss of a larger alkyl group. A series of aryl iodides could be well-tolerated and delivered tricyclic indoles (41h–41n) in 63–89% yields. Furthermore, with respect to the alkyne terminus, the aromatic rings bearing various substituents also reacted well, affording the desired products (methoxy 41o, 41s and 41t, fluoro 41p, chloro 41q, and cyano 41r) in good to excellent yields. Particularly, heteroarenes such as pyridine and thiophene reacted with (40e) to afford (41v) and (41u) in 87% and 85% yields, respectively. Notably, this novel method was highlighted by a large-scale reaction and the removal of an alkyl group. After systematic mechanistic studies, the selective C(sp3)-N bond cleavage mechanism is inclined to the SN1 pathway.




4. Application in Total Synthesis of Representative Natural Products


As mentioned above, tricyclic indoles are widely embedded in a number of biologically active natural products. Thus, tremendous efforts have been devoted to the synthesis of some representative natural products using these established methods. Chloropeptin I is an anti-HIV agent obtained from Streptomyces sp. WK-3419 [60,61,62]. In 2003, Hoveyda, Snapper, and co-workers [63] reported the first stereoselective total synthesis of anti-HIV agent chloropeptin I by involving palladium-promoted oxidative addition, C-H cleavage, and reductive elimination (Scheme 18a). Undoubtedly, this example is practical and efficient, although a 1.0 equivalent of Pd(PtBu3)2 was used. Lysergic acid is one of important members of ergot alkaloids [64], which oriented its unique tetracyclic skeleton containing a [cd]-fused indole, and the asymmetric total syntheses was first achieved in 2004 by the Szántay group [65]. Five years later, Fukuyama and co-workers [66,67] also reported a novel method for synthesis of this natural product. In 2011, Ohno, Fujii, and co-workers [68] realized another method for the asymmetric syntheses of lysergic acid (Scheme 18b). Tricyclic indole 44 was obtained in 80% yield via Pd(0)-catalyzed domino cyclization of the allene-tethered indole 43. As the analogs of chloropeptin, complestatin A and B were obtained by the fermentation of Streptomyces sp. MA7234; Singh and co-workers [69] disclosed it as inhibitors of HIV-1 integrase in 2001, and elucidated its structure and partial stereochemistry. In 2011, Boger and co-workers [70] devised an elegant strategy to achieve the synthesis of complestatin A and B via intramolecular Lacork indole cyclization (Scheme 18c).



N-methylwelwitindolinone C isothiocyanate is a member of welwitindolinone alkaloids, which is isolated from the blue-green algae Hapalosiphon wetwitschii, Westiella intricata, Fischerella muscicola, and Fischerella major [71,72]. In 2015, Hatakeyama and co-workers [73] developed a Pd(0)-catalyzed tandem enolate strategy for the total synthesis of N-methylwelwitindolinone C isothiocyanate (Scheme 19a). Notably, a tetracyclic indole skeleton 48 could be obtained from 47 in 100% yields with 2:1 stereoselectivity. In 2017, Jia and co-workers [74] demonstrate a Pd/Me-phos-catalyzed intramolecular Larock indole annulation/Tsuji-Trost allylation cascade reaction to assemble tetracyclic indole product fumigaclavine G in one step with good yields (Scheme 19b). Moreover, festuclavine, pyroclavine, costaclavine, epi-costaclavine, pibocin A, 9-deacetoxyfumigaclavine C, and dihydrosetoclavine, a member of the ergot alkaloids family, were also totally synthesized with this established method. In the same year, Werz and co-workers [75] reported the facile enantioselective total synthesis of (+)-lysergol via Pd(0)-catalyzed anti-carbopalladation/Heck cascade process and further eight steps with an overall yield of 13% (Scheme 19c).



Dehydrobufotenine, a member of the 1,3,4,5-tetrahydropyrrolo [4,3,2-de]quinoline ring system natural products, was originally isolated from the parotid glands of the toad Bufo marinus [76]. In 1996, based on their previous studies about the C–N bond forming reaction, Buchwald and co-workers [77] successfully developed a palladium-catalyzed efficient protocol for the total synthesis of dehydrobufotenine from readily available substrate 53 via intramolecular Buchwald-Hartwig amination/demethylation/methylation reactions. In this manner, dehydrobufotenine was synthesized via a three-step transformation from 53, affording the desired product in 40.5% overall yield (Scheme 20a). As a member of marine natural products, Ambiguine H produced from cyanobacteria have shown excellent biological activities such as antibacterial and anticancer. Considering the importance of the scaffold in pharmaceutical and natural products, numerous efficient methods have been developed to afford it. In 2007, Baran and co-workers [78] developed a practical method for the enantioselective total syntheses of tetracyclic indole product (+)-ambiguine H via a palladium-catalyzed intramolecular Heck annulation followed by further transformation (Scheme 20b). Compared to previous methods, this method featured no need of a protecting group, shorter steps, and single enantiomers. Moreover, this method is also applicable for synthesis of hapalindole U, welwitindolinone A, and fischerindole I from commercially available materials, where fewer steps were involved in these routes. Cycloclavine, a member of clavine-type alkaloids, was first isolated in 1969 from the seeds of the African morning glory [79]. Over the past few years, only two racemic examples have been reported for the synthesis of cycloclavine [80,81]. So, synthesis of cycloclavine molecules using an efficient strategy is necessary. In 2013, Cao and co-workers [82] reported an efficient and concise strategy for the formal synthesis of (±)-cycloclavine with an intramolecular Heck reaction and iron-catalyzed aza-Cope-Mannich cyclization as key steps.




5. Conclusions


3,n-fused tricyclic indoles are widespread in various natural products, drug molecules, and material sciences. Given the importance of these skeletons and complexity of their structures, assembling these skeletons has presented numerous interests and challenges to synthetic chemists. Over the past decades, considerable efforts have been devoted to develop synthetic methods for producing diversified 3,n-fused tricyclic indole derivatives with transition metals as effective catalysts. In particular, Pd(0) complexes stand out as prominent catalysts in the annulation of alkyne-tethered ortho-haloanilines or aryl iodides with various amination agents, and have received much attention. In this review, we mainly summarized the recent progress in the synthesis of 3,n-fused tricyclic indoles with a Pd catalyst, and its applications in the total synthesis of representative natural products. By providing an overview of palladium catalysis to access various 3,n-fused tricyclic indole derivatives, we believe that this review will inspire the further developments of novel strategies to achieve tricyclic indoles by using mild and sustainable conditions, extended the space of these tricyclic indole molecules, and potentially given access to new compounds.
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Abbreviations




	DtBPF
	1,1′-Bis(di-tert-butylphosphino)ferrocene



	TES
	triethylsilyl



	TMS
	trimethylsilyl



	DMF
	N,N-dimethylformamide



	DMA
	N,N-dimethylacetamide



	DCM
	dichloromethane



	THF
	tetrahydrofuran



	DMSO
	dimethyl sulfoxide



	TFA
	trifluoroacetic acid



	dba
	dibenzylideneacetone



	m-CPBA
	m-chloroperbenzoic acid



	Me-phos
	dicyclohexyl(2′-methyl-[1,1′-biphenyl]-2-yl)phosphane



	DPPP
	1,3-bis(diphenylphosphaneyl)propane



	TBAB
	tetrabutylammonium bromide



	SN1
	unimolecular nucleophilic substitution



	Boc
	tert-butoxycarbonyl



	SCN
	isothiocyanato



	DDQ
	4,5-dichloro-3,6-dioxocyclohexa-1,4-diene-1,2-dicarbonitrile



	OTBS
	tert-butyldimethylsilyloxy



	PCC
	pyridinium chlorochromate



	PMB
	para-methoxlphenyl



	DFT
	density functional theory



	o-PBA
	ortho-phenyl benzoic acid



	DPPBz
	1,2-Bis(diphenylphosphino)benzene



	NBE
	norbornene



	NMR
	nuclear magnetic resonance



	HRMS
	high resolution mass spectrometry



	Xphos
	dicyclohexyl(2′,4′,6′-triisopropyl-[1,1′-biphenyl]-2-yl)phosphane
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Scheme 1. Representative examples of biologically active molecules containing tricyclic indole cores. 
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Scheme 2. Synthesis of 3,4-fused tricyclic indoles via two consecutive palladium-catalyzed reactions. 
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Scheme 3. Synthesis of 3,4-fused tricyclic indoles through palladium-catalyzed intramolecular acetylene hydroarylation. 
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Scheme 4. Synthesis of diversely functionalized 3,4-, 3,5-, and 3,6-fused tricyclic indoles 7 with the alkyne tethered ortho-bromoanilines. 
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Scheme 5. Synthesis of 3,4-fused tricyclic indoles via palladium-catalyzed intramolecular annulation of internal alkyne tethered ortho-iodoanilines and total synthesis of fargesine. 
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Scheme 6. Diversity oriented synthesis of 3,4-fused tricyclic indole and their derivatives via palladium-catalyzed allylic alkylation reactions. 
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Scheme 7. Palladium-catalyzed intramolecular annulation of allene tethered ortho-iodoanilines. 
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Scheme 8. Synthesis of peptide-based macrocycles via palladium-catalyzed intramolecular C(sp3)-H arylation. 
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Scheme 9. Synthesis of tetracyclic indoles via Suzuki reaction and intramolecular α-arylation of ketones. 






Scheme 9. Synthesis of tetracyclic indoles via Suzuki reaction and intramolecular α-arylation of ketones.



[image: Molecules 28 01647 sch009]







[image: Molecules 28 01647 sch010 550] 





Scheme 10. Synthesis of 3,4-fused tricyclic indolones via palladium-catalyzed cascade annulation between ortho-iodoacrylamides 21 and unsymmetrical internal alkynes 22. 
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Scheme 11. Palladium-catalyzed [2 + 2 + 1] annulation with internal alkyne tethered aryl iodide 24 and secondary hydroxylamines 25. a 120 °C was used. 






Scheme 11. Palladium-catalyzed [2 + 2 + 1] annulation with internal alkyne tethered aryl iodide 24 and secondary hydroxylamines 25. a 120 °C was used.



[image: Molecules 28 01647 sch011]







[image: Molecules 28 01647 sch012 550] 





Scheme 12. Proposed mechanism of Pd(0)-catalyzed [2 + 2 + 1] annulation. 
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Scheme 13. Synthesis of 3,4-fused tricyclic indoles via Pd(0)-catalyzed annulation of alkyne-tethered aryl iodides with diaziridinone. 
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Scheme 14. Pd(0)-catalyzed [2 + 2 + 1] annulation of alkyne-tethered aryl iodides with diaziridinone. 
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Scheme 15. Synthesis of 3,4-fused tricyclic indoles via palladium-catalyzed intermolecular [3 + 3 + 1] annulation of ortho-iodoanilines with alkynyl iodides and cyclohexadienimines. 
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Scheme 16. Synthesis of 3,4-fused tricyclic indole derivatives via a N–S bond cleavage strategy with palladium and norbornene in a co-catalysis. 
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Scheme 17. Synthesis of 3,4-fused tricyclic indoles through selective C(sp3)-N bond cleavage of tertiary hydroxylamines with the loss of a larger alkyl group. 
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Scheme 18. Total synthesis of (a) chloropeptin I, (b) (+)-lysergic acid, and (c) complestatin A and B. 
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Scheme 19. Total synthesis of (a) N-methylwelwitindolinone C isothiocyanate, (b) fumigaclavine G, and (c) (+)-lysergol. 
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Scheme 20. Synthesis of (a) dehydrobufotenine, (b) (+)-ambiguine H, and (c) (±)-cycloclavine. 






Scheme 20. Synthesis of (a) dehydrobufotenine, (b) (+)-ambiguine H, and (c) (±)-cycloclavine.



[image: Molecules 28 01647 sch020]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
P (dba)s (5 molk)
P(2-furyl) (12 mol)

K;C03 (4.0 equiv) &
{
Selected examples L 2 L
{
.c. foMe M MeOC, MeO,C-
0 é% @ Q
e p O ' O )
TMSCI (1.6 equiv.)
DDQ (2.5 equiv.) H;0 (0.8 equiv.)
e

1410050 142 145,005





media/file4.png
—_—
&r Heck reaction AN
N02 NOZ

Pd(OAC), (6 Mol%)
DPPP (12 mol%) N
CO (60 psi) \
H

DMF, 120 °C
3

4 examples, up to 78% yield
MeO,C CO,Me

1 2
O
O
N\ N\
N N
H H
3b, 78%

3a, 63%

,?\c
N
N A\
N
H

N
H

3c, 41% 3d, 65%





media/file30.png
| |
|
NH,

32
33

Ar = 4-Br-C6H4

1) Pdy(dba)s (5 mol%)
P(2-furyl)s (20 mol%)

5
R3 é R K>,CO3 (2.0 equiv.)
N MeO DMF, 50 °C, 8 h .
~d N 2) HCOONa (2.0 equiv.)

DMF, 70 °C, 2 h

|
Ts
34 3)1TMHCI rt,1h

36 examples, up to 68% vyield

HN

(3

Ts
35a, 62%

HN —
Me R
Sas
N
Ts
MeO,C
N

351, 52%

Me

Selected examples

HN — HN — HN —
Me Ph Me Ph Me Ph
SeS N Go SR Sa
N N N
Ts Ts T

35b, 61% 35¢, 65% 35d, 55%

35e, R = 4-OMe-C6H4, 64% O O Me

35f, R = 4-C|-C6H4, 56% ——
359, R = 4-Br-CqH,, 61% Me s— Me
\ Ph N—ph
35h, R = 4-CF4-CgH,, 37% \
\

35i, R = 4-pentyl-CgH,4, 60%

35j, 62% 35K, 56%
CN Br
HN HN

TR Me R Me R
N—ph O N—ph O N—ph
N N N
\ \ \
Ts T

35m, 59% 35n, 55% 350, 60%





media/file39.jpg
(@)

NHMe
| PA(PPh)
Meo. K,COy, ELN
)y ——
N tolene, 120°C
coggt
53

®)

[PA(P(o-01);0Ac),
HCO,Na, TBAB

ELN

OMF, 80°C

PA(OAG)] (5 malt)
o PPh (10 moi%)

A KzCOs (2.5 equiv.)
TBAB (1.0 squiv)

N MeONH,O (11).85 °C,

b

57 58,69% (2)-Cycloclavine






media/file18.png
“l \\) ,I'_:_'\\
(I / R R ,I)
R N P
Cl 'g-O Suzuki Gl Xphos precat. (5 mol%) \.- 2
t .
e dioxane, 110 °C, 1 h
S N N
N N X \ \
Bn B o
17 18 19 20
9 examples, up to 99% yield
Selected examples
@) @) 0)

20e, 94%

Ml\ge O Ph O .
O (5

-

Bn
20b. 99%

20f, 50%

20h, 75%





media/file35.jpg





media/file21.jpg
-
el
"*OY e
o R

x-coom, 55 camots v yois.

Sencted exampns






media/file26.png
Y

~ ] o
IR JL Condition A N

@ + ‘Bu” N—N ~g OF @ R
y y Condition B N

Bu

I

28 29

Condition A: Pd(OAc), (10 mol%), Cs,COj3 (1.0 equiv.), CsOPiv (0.5 37 examples, up to 99% yield
equiv.), DMF, 110 °C, 12 h.

Condition B: Pd(OAc), (10 mol%), , P(o-tol); (20 mol%), Cs,CO5 (1.0

equiv.), CsOPiv (0.5 equiv.), DMF, 110 °C, 12 h,

Selected examples

29a, R = H, 96% (A), 95% (B)

o o
N __O N
29b, R = 6-OMe, 67% (A), 60% (B)
- A 0 0 N
R SN or 29¢, R = 6-CF3, 56% (A), 85% (B) .
~N 29d, R = 6-Cl, 65% (A), 80% (B) P N

0
‘gy  29e, R =5F, 96% (A), 96% (B) By
29f, 92% (A), 86% (B) 299, 52% (A), 68% (B)
Ph

Cy I?n
N.__O N N
N\t N N\t
Bu

\t

29h, 80% (A), 66% (B)  29i, 82% (A), 60% (B)  29j, 95% (A), 85% (B) 29k, 82% (A), 60% (B)

Bn
|
291, Ar = 4-F-CgH,, 99% (A), 94% (B) ON
29m, Ar = 4-OMe-CgH,, 84% (A), 43% (B) S
N 29n, Ar = 4-Ac-CgHg, 95% (A), 77% (B) > |
Ar
N 290, Ar = 3-CF3-CgHy4, 91% (A), 80% (B) N\t
‘ay 29p, Ar = 2-Cl-C¢Ha, 99% (A), 95% (B) Bu
29q, 62% (A), 22% (B)
o
,Bn Bn, "
N N {@® N-en Bn—N 9 N—Me
7 FO 8
N—ph N—ph Ph
N N
\ \
Z‘B tB
29r, 88% (B) 29s, 62% (B) 29t 62% (B) 29u, 34% (B)

Synthesis of rucaparib

e 3 steps Condition B
o
Boc O
! JL
29v 29w, 50% total yield N-N

Y

~¢
28 Bu
PMB\N H
@) @)
TFA/anisole

A\ > A\
N N 100°C N HN

F L ) F H

29x, 87% 29y, Rucaparib (AG-014699), 88%





media/file27.jpg
PA(OAS), (10 moh)
A ﬂ PPhs (1.0 equiv) ‘
54003 (10 equiv)

e )
L, e e G0

Q Q<
.
N, H " N
'Bu 'Bu 'Bu OMe 'Bu

COsEt

o
) A
F Yy Yy N, R
By By Bu cl Bu

310, 96% 311, 75% 31g,91% 31h, 69%





media/file3.jpg
PA(OAC), (6 mol%)

Br Heck reaction N DPPP (12 mol%) A
€O (60 psi) N
Nex Moy DMF, 120°C
1 2 3
4 examples, up to 78% yield
5 MeO,G,_COMe
o
N N N\
N N N N
H
3a,63% 3b,78% 3c,41% 3d,65%





media/file22.png
Pd(PPh3),Cl, (10 mol%
\\ H 0O (PPh3)2Cls (10 mol%)
4 N DPPBz (10 mol%)
5 XX\ I R s~ O - 5 3
(/\E + Cs,CO5 (2.0 equiv.) N—R
AN CO,Me PivOH (1.0 equiv.) 6 N
24 25 toluene (0.025 M) 26 IS
100 °C, 10 h
X = C(CO,Et 59 examples, up to 97% vyield
(CO-EL, Selected examples i i >y
X X X
Cl Br O,N
N—ph N—ph N—ph N—ph N—ph
\ ; ; \ 0”7 N
Ts Ts Ts Ts Ts
26a, 97% 26b, 94% 26¢, 88%°2 26d, 97% 26e, 91%
X X X X X
Cla N
N—ph N—ph N—ph O N—ph NI P N—ph
F l\{ FsC l\{ MeO,C l\{ l\{ l\{
Ts Ts Ts Ts Ts
26f, 90% 264, 95%32 26h, 73%?2 26i, 24%?2 26j, 83%3
X
26k, Ar = 4-OMe-CgH,, 95% 260, Ar = 4-CN-CgH,4, 94%
261, Ar = 4-F-CgH,4, 94% 26p, Ar = 4-Ac-CgH,4, 94% N7/ S
N)—Ar  26m, Ar = 4-Cl-CgH,4, 84% N—Ar 269, Ar = 4-NO,-CgHy, 93% N =
N 26n, Ar = 2-CI-CgH,, 56% N 26r, Ar = 4-CO,Et-CgH,, 71% \
b 260, Ar = 3-F-CgHy4, 71% b 265, Ar = 3-pyridiyl, 93% Ts
26t, 92%3
o)
0" ~o
o)
5 15 16 O
‘ Q °““N"0 O [ 18 19
Oy i i
\_N N—ph N\
\ Ts N g o N—ph N—ph
Ts \ \ N N
26U, 94% Ts Ts
26v, 58%3 26w, 68%3 26X, 69%3 26y, 66%32
o) 18 0
19
16
N—ph N—ph H A\ K(
O N N 5 Ph N—ph
\ \ N o) N
Ts Ts \ \
TS TS

26z, 34%°

26aa, 26%°

26ab, 73%°

26ac, 64%°





media/file19.jpg
o puemsm =
e e .
. e
{:’( oo, ] o AT
Y arermme o
2 a"
R e
‘Selected examples. 2 L1 1o
= o o iu,a
L . . B - o

I
.
£ g 1

<o o N {
- ” s
o e ve
f ! o

2015 2.5

adtion

carbopai
ECiecivaion

c






media/file7.jpg
nm fM MM






media/file28.png
Pd(OAC), (10 mol%)
AN O PPhs (1.0 equiv.) ‘
IR A Cs,CO5 (1.0 equiv.) N
+ £ /N_N\t R
H Bu Bu DMF, 130 °C, Ar, 4 h N

Bu

30 28 31
21 examples, up to 98% yield

Selected examples

O S ot
S
N—ph O N CF O N N |
b o= B3 S
Bu Bu Bu O

Me ‘Bu
31a, 83% 31b, 71% 31c, 93% 31d, 53%

Et0,c_ FO2F Et0,C CO,Et

0
>—Ph D—Ph N—ph N—ph
F N N
\ \
‘Bu ‘Bu

\
t t
Bu Cl Bu
31e, 96% 31f, 75% 319, 91% 31h, 69%





media/file10.png
Pd(OAC); (20 mol%)
X PPhs (40 mol%) @ R
N

IR K,CO5 (2.0 equiv.) @ N
- R via Pd
NH, LiCl (1.0 equiv.) N N’
DMF (0.01 M), 100 °C, 2 h H i Ho
9 key intermediate

17 examples, up to 99% yield

Selected examples

o
o o £ 0
N—Ar N—TES é%—ms N—TMms N—TES
N N N N N
H H H H H

9b, 96% 9c, 89% 9d, 96% 9e, 99%
CO,Me

9a, 96%
Ar = 4-OMe-CgH4; Z= C(COZEt)Z

MeOZC COzMe

TsN O
9 MeO,C
™S O I | MeO,C
N "TES N” "TES A\
N N TES

N\
N
H
H
9f, 87% 99, 94% 9h, 74% 9i, 78%
Synthesis of Fargesine
Pd(OAc), (20 mol%)

PPhs (40 mol%)

Boc
CHO N
HO ! 3 steps \/\ K>COj3 (2.0 equiv.)
—> BocO I TES >
LiCl (1.0 equiv.)
NH,
9k

—
NO,
9g DMF (0.01 M), 100 °C, 2 h
Boc, H \
N N N
BocO TFA _ BocO HCHO, NaBH,  BocO
N—TES DCM. 0 °C MeOH, rt 3
N N
H H H
9l, 99% 9m, 66% 9n, 81%
©
\ O \ 0
@N ®@N
m-CPBA  BocO NaOH HO
DCM, 0 °C N MeOH, rt N
N N
H H
Fargesine, 95%

90, 70%





media/file40.png
(a)
NHMe
Me< Me
I Pd(PPhs), N Me—N7
MeO N K,CO3, EtsN _ MeO \ 1. BBrs _HO

N toluene, 120 °C N 2. Mel N

\ N

CO,Et CO.Et  50% H

53 54 81% Dehydrobufotenine

(b)

[Pd(P(0-tol)s0ACc],
HCO,Na, TBAB
Et;N

DMF, 80 °C

A -
—

OHC NS
\ Pd(OAc),] (5 mol%)

Br PPh3 (10 mol%)

\ K,CO5 (2.5 equiv.)
TBAB (1.0 equiv.)

N MeCN/H,O (1:1), 85 °C, 8 h

"

57 58, 69% (x)-Cycloclavine





media/file33.jpg
& PA(PPNS) (10 mol%)
A C5:C05 (2.0 equiv) &
QB2 CsOAC(1.0 equiv) 3
N LT R v
4 RCRs tobene, 120°C, 120 N P
Ry RN
) A0 . ] ) s
34 examples,up to 92% yield st
Selected axamples
o8z o082 o8 o6z [
X N N A Mes N
e ue oMo e gy e T e
0a a0 40 400 PN age
N N N N
Ve i e Et
1a,45% atb,72% 410, 76% #10,21%
# EO,C COEt 41 R=5F
- i
41k R = 6:0Me, 53%
\ N 11 R =681 63%
T R L 7P e r= s, 75
L, 4InR=6.COMe 87%
atr e sta 600 ath 6%
EIO,C_COEt 410, R=4.O0MeCoH, 2%
419, R = 4F-Cehy, 6%
419, R=4CLCoH,, 75% < N
411, R = 4CNCoH, 62% P N\
N 415, R =2.0Me.CoH, 5% i b
bn  A1UR=30MeCoH, 1%

41, 85% a1v,87%





media/file32.png
Pd(OAC), (10 mol%)

PPhs (25 mol%) ,
R

NBE (2.0 equiv.)

A\
N
Cs,CO5 (4.0 equiv.) M

e

36 37 Csl (2.0 equiv.) 28
DMF, 130 °C, 20 h
40 examples, up to 66% yield
Selected examples
38a, Ar = 4-CF;-CgH4, 63% 389, Ar = 3-Me-CgHy, 53% s
38b, Ar = 4-F-CgH,, 58% 38h, Ar = 3-F-CgHy4, 56% N\ I
N_pr 386 Ar=4-NO;CeHy, 50% N—ar 380, Ar = 2-Me-CgHy, 23% N
N 38d, Ar = 4-CN-CeHy, 48% N 38j, Ar = 3,5-(F),-CgH3, 57% \
\ 38e, Ar = 4-OMe-CgHy4, 47% \ 38k, Ar = 3,5-(Me),-CgHas, 53% Me
Me 38f, Ar = 4-CO,Me-CgHy4, 42% Me 38l 56%
@)
L= SuTe (1
Ot oY o oo
N N N N
\ \ \ \
Me Me Me Me
38m, 50% 38n, 54% 380, 57% 38p, 66%
@)
38q, R" = 6-OMe, 38%
38r, R = 5-F, 52% N\ /S N\ N\
Ny AN N\ 1 . _ Ph Ph
R Ph 388, R 6-Cl, 54% N N N
= 1- @ \ \ \
N 2:t, R = 6-CFy, 56% Ve L L
Me U, R"=6-COMe, 58% 38v, 63% 38w, 49% 38x, 40%





media/file14.png
Pd,(dba)s (5 mol%)

™

I\ N P(2-furyl); (12 mol%)
K2003 (4.0 equiv.)

R’ > R’
NHR DMSO, 90 °C N\
R
13 14
12 examples, up to 94% yield
Selected examples
Meo,c_FO2Me MeO,c_§O2Me Meo,c_FOMe Meo,c_FOMe

ot

N
\ \ \ \
Ts Ms Cbz Ts
14a, 18 h, 78% 14b, 18 h, 67% 14¢c, 24 h, 57% 14d. 18 h, 86%
CO,Me Ts NHBoc CO,Me
MeO,C Me \N MeO,C MeO,C
(L ) (L 1 t
\ \ \ \
Ts Ts Ts Ts
14e, 16 h, 62% 14f, 18 h, 72% 149, 6 h, 94% 14h, 18 h, 68%
Further transformations

COzMe COzMe COzMe

MeO,C MeO,C Nal (1.6 equiv.) MeO,C
TMSCI (1.6 equiv.)
DDQ (2.5 equiv.) H,O (0.8 equiv.)
N\
N
\
Ts

O N\ benzene, reflux, 2.5 h O CH4CN, 1t, 8 h
N N
\

\
Ts Ts
14i, 94% 14a 14j, 94%





media/file11.jpg
ReH L T, 50°C
0 [ipe

11 exampios 12 examples
w10 0% yeld P T4% i Te% se

D ey - s

'S [ v

8288 & &8

Ll L N El

e, 70% b, a0 e, 57 o645 1,505

S & & &5

Ty e See s e Syen Tekee  120.65%yel, s
» s o o
LY N, N, »
(EL?E’JW éétj\ (5\52)
> A
ol o MeO,C' COMe
120,625y 5% 0 o oo g TNy e 14 4T 00
s anstomaton
B v
o %
N, T = pPn, &
Negos _ TFA G0 eauv) ¢ -
S b | &8
& L3
20 123,00% o 73% 00 u





media/file6.png
2
o, R
O R? N
Br \ Pd(OACc), (3 mol%) —
HCOONa (1.5 equiv.
N\ R/2 \\ ( quiv.) g <
N R MW, 15 min, 110 °C
H DMF/H,0 (3:1) u
4 5
8 examples, up to 77% yield
Selected examples
o M8 o. M8 o H o PMB
Me N Et N Bu N Ph N
N N N A\
N N N N
H H H H

5a, 77% 5b, 75% 5¢c, 47% 5d, 26%





media/file36.png
(a)

OH OH OH

Pd(PBus), (1.0 equiv.)
colldine (10 equiv.)

NHBoc CsF (5.0 equiv.) .

Dioxane (0.002 M), 50 °C, 5 h

3 steps Cl
- OH
Cl
Chloropeptin |
(b)
H ' T HOOC M
. Ho™ NS N e
Br e \ H H
. Pd(PPhs)4 (10 mol%)
A\ H K,CO; (3.0 equiv.) 6 steps
> —_—
T /N "',/ DMF, 100 °C A\ N\
s
HO 1shN N ”
43 44 T8 (+)-Lysergic acid
(c)
OMe OMe
Cl Cl Cl cl

BnO NHBoc

NHAC TES  DMF, 100 °C

" @)
H -
z Pd(OAc)
N NHBoc 2
\n/\” DtPBF
O v
% Et3N

45

Cl Cl ClI Cl ClI

Cl
3 steps

OH
Cl

Complestatin A (R = H) Complestatin B (R = OH)





media/file15.jpg
Peptide chain
PA(OAC), (2-10 moi%)

=\ oM

X P Ag;C04 (08 equiv)
N 0PBA 05 cqui)
N
! IH
15
Two examples
Me0,C
Hoem Q
Meo,C. ps NiHAG
S
N o
16a,67%

16, 71





media/file37.jpg
@

N
A0 Lotes
Pas(doay) (20 mol%)
H XPhos (80 moi%)
N B HBUOK (20 equiv)
A toluene, 110 °C, 1h
N
L) N-methylwelwitindolinone C
k4 8. 100% sotmiocyants
®
oTeS fBu M.,

e

PA(OAC); (30 mol%)
TMS  Me-phos (80 mol%)

K,COs (20 equiv)
Lici (1.0 equiv) —.

DF, 100°C, 30

N
M e

Fumigaclavine G

W
s e
N
[PACI(PRCN)] (10 molt) TMS
_ xPhos@omots) L
T ENGosw)
OMA, 140°C, 21

52,72% (4 Lysemol





nav.xhtml


  molecules-28-01647


  
    		
      molecules-28-01647
    


  




  





media/file16.png
Peptide chain

X \

15

T
-
3
O

N
MeOZC NHAQ

16a, 87%

PA(OAC), (2—10 mol%) X~ Peptide

Ag,CO3; (0.8 equiv.)
o-PBA (0.5 equiv.)

A

t-BuOH, 100 °C, 12 h

Two examples
MeOZC

HN. o
N
N
Pim NHAQ
O

16b, 71%





media/file2.png
Chanoclavine | HKI 0231B Fumigaclavine G

Cl

OH
Cl

Chloropeptin |

Ambiguine H

Ambiguine P Dehydrobufotenine Rucaparib
OO RN R R RN NN AR NN NN
o M NH
K\ HN
NH, O
o« K CSNNH
| \l\;)"<o = ~""1CO,H
Tryptorubin A Celogentin C
Cl Cl
Cl
HOZC
OH
Cl

Complestatin A (R = H) Complestatin B (R = OH)





media/file20.png
) Pd,(dba); (2.5 mol%)
R P(2-CF3-CgH,)3 (10 mol%)

|
R1—:\ 0 CsOPiv (1.2 equiv.)
% N)HfRs + ||
R
21

DMF (0.1 M), 80 °C, 16 h

R5
22
Selected examples
CO,Et CO,Et CO,Et CO,Et
Ph Ph Ph Ph P
(e e e I Lowe
(L= (L UL~ ®
N N N N N
\ \ \ Me
Me PMB MOM \\ﬂ \\ﬁ
23a, 91% 23b, 87% 23c, 83% 23d, 90% 23e, 88%
CF
- 3
| X
O o O ON N~
o ‘ Me n-Bu
0O O 0O Me Me
\ (L= (L=
Me N N
Me PMB
23f, 91% 239, 91% 23h, 60% 23i, 77%
Proposed mechanism
23a 21a
Pd°
reductive elimination oxidative addition
EtO,C
Ph—/ Pd” Pd'(')
Me
0 N
N Me
h , A
Me carbopalladation
c alkyne insertion Pq' & C-H activation
Me
o)
22a N
Me





media/file23.jpg
26a

elimination

PdL
m
addition

24a

=ph
Ph
N Pd
e \ .
nitreng
W insertion 2
concerted N—ph cyclopalladation
1,2-migration od
|
NTs
1
A\ thway b
Ph patay, N—ph
( Ipd‘o &
{ E

TNl
© 8 O*Af

S~

pathway a

&

N—ph
Pd o o O
A, R,
Ts7 07 A TsT 0T A

E 25





media/file5.jpg
zz

R
PA(OAC); (3 molt) =
HCOONa (1.5 equiv)
MW, 15 min, 110 °C N,
DMFH;0 (3:1)

2,

5
8 examples, up to 7% yield

A———
i o[ ot i
o, Oyt & O g, 9N on O
N N N N
. : . .
B A i L

5a,77% 5, 75% 5c,47% 5d,26%





media/file24.png
26a 24a

PdoL

reductive oxidative
elimination addition

| nitrene
H insertion

concerted AN Ph
1,2-migration P d

NTs
A\ athway b
Ph patay N—ph
(/° Pd
Ts —N ! E
o~ "Ar
G \ \
pathway a Ph
Pd 0O o O
\ base
o, L <bese g

Ts’N‘o Ar Ts” TO7 CAr
F 25'

cyclopalladatio )





media/file29.jpg
1) Pds(dbals (5 mol%)

Re Pfuyi) (20 moi%)

P K:CO4 (20 equiv)
OMF, 50°C.8h
S 2)HCOONa (2.0 equiv)
% OMF. 70°C. 21 {
T
i HTMHCLR Th 5"
36 examples, up o 68% yeld
Solocted oxamples el

s oa
\ % L |

35b,61% 354, 55%

somscmocion P § w
350, R = 4-8r-CgH,, 61% Me: s we.

N
35h, R = 4-CF3-CgHy, 37% N N

38, R = 4-pentyl-Catl, 60%

3], 62% 38K 56%

38, 52% 35m, 59%





media/file1.jpg
t&s%%ﬁa@eé&«@%‘é@

i D Fomguinin G Anguneh Aepne? Oopsonioun R

»««Q‘ Y G b
W@%@ e
ﬁrtﬁw&

e i

Complein A Re1)  Complest 820 00





media/file31.jpg
POAC) (10motk)
& PPns @5 moit)
NBE (20 cqu)
05,00, (40 cqu)

ol @20 squn)
oW, 130,300

40 srampes u 0 5% yiod

2 &»@
)
b b

son, 54 sso,57%
sa R

R w55 520 s a0
W0, R1 =601 54% N B,
R 6.7, 5% te L
8. K1 0005, % aov.63% 38w, 40%

Slected exampios
80,4 = 3o 0yt 53%
380 =37 Oyl 55% )
e A= 2Ma Gty 29% N
o 30 A= 35 G, ST i
380 Ar = 35Ny O, 5% e
L] 3o 50%

&

sax.40%





media/file25.jpg





media/file12.png
X A

SR X
[Pd(C3H5)ClL, (5 mol%) R? OCO2Me [Py (C4HL)CIL, (5 mol%) o \
L1 (11 mol%) L2 (11 mol%)
THF, 50 °C N KOAc (1.0 equiv.) N
R3 =H R1 H THF, 50 °C 12 H
10 R'=R?=H
11 examples 12 examples
up to 70% vyield up to 74% vyield, 78% ee
Selected examples
X B
I?n N(\ |_|D,n ITD’n I?n ,{ln
N NS AN N NS N AN N D NS
| | | | | |
N N N N N~ “Ph N
H H
H F H Cl H H >
11a, 70% 11b, 40% 11c, 57% 11d, 60% 11e, 64% 11f, 50%
I?n
N X
[ /j: /; \
N N
12a, 70% vyield, 78% ee 12b, 56% vyield, 76% ee 12c, 68% vyield, 74% ee

I?n I?n I?n
NoeX Ts Noex NoeX
N‘Boc
y/
s y/ y/
N N~ O N~ O N

MeOzC COzMe

12e, 62% vyield, 75% ee 12f, 56% vyield, 63% ee 129, 72% yield, 35% ee 12h, 48% vyield, 47% ee
Further transformation -
‘\\IPr
?ﬂ | O/w
l =N
N TSN | | PPh, é\
~Boc TFA (30 equiv.) . i Ay | PPh,
. DCM, rt i Fe
N i (\ <
12e 12i, 80% yield, 73% ee | L1 L2





media/file9.jpg
PaOA), @0
o, @0matt)

TR oo,a0men

e Uaioewm

oUF 001, 100°C.20

i
vr-umuuupmmm i
sl
T
-1
” o
: e
&, = »«éﬁ\ e
- IF (001 M), 100°C. 21
e .
: :
e\P s\9
e
oY

Fargoine 95





media/file0.png





media/file38.png
(a)

AcO OTBS
o) Pd,(dbas) (20 mol%)

H XPhos (80 mol%)
NC Br t-BuOK (2.0 equiv.)
N\ toluene, 110 °C, 1 h
N\ \ I‘\/Ie
Me Me . .
. N-methylwelwitindolinone C
47 48, 100% isothiocyanate
(b)
OTBS [Bu Me., _Me

Pd(OACc), (30 mol%)
TMS  Me-phos (90 mol%)
K,CO3 (2.0 equiv.)
LiCI (1.0 equiv.)

_—

DMF, 100 °C, 3 h

N Me Me
H

Fumigaclavine G

TMS

/ T™MS H
X
JJ[PdCIZ(PhCN)Z] (10 mol%) TMS
XPhos (20 mol%)

Et;N (5.0 equiv.) N
DMA, 140 °C, 2 h N
Ts

52, 72% (+)-Lysergol





media/file8.png
X Pd_(dba)s (10 mol%) &S,
: 4 Br “TES DtPBF (20 mol%) | o 2
! f
6 EtsN (5.0 equiv.) ; < PBuw
7 NHAR DMF, 100 °C : DtPBF
6
18 examples, up to 89% yield
Selected examples
0
OH o
HO
o 0O 19
N—TMs \ N—TES N—TES
™S N
\ \ N\ \
\ N
Ac
7a, 65% 7b, 89% 7c, 58% 7d, 61% 7e, 63%
0 0 0 O 0
14 16 16 16 16
O NH NH O O
N—TES N—TES N—TES N—ph N—TES
N N N N N
\ \ \ \ \
Ac Ac Ac Ac Ac
7f, 54% 79, 63% 7h, 63% 7i, 64% 7i, 72%
H

o)
N O D—TES
OMe Ac MeO N
OMe Ac
7k, 7m, 63%
59
% NH

BnO

n, 70, 55%
65
%
OMe
Cl Cl
H O
N NHBoc Cl
BnO ”
O
Voo -
TES
MeO O N Cl
OMe Ac

Chloropeptin | DEF Chloropeptin Il (Complestatin)





media/file34.png
S Pd(PPhs), (10 mol%) ] T
I\ R o Cs,CO; (2.0 equiv.) . ~
Z .
I{L CsOAc (1.0 equiv.) _ @ N\ R via AN
H R”™ "Rs  toluene, 120 °C, 12 h N \- P
Rs R”x R
39 40 41 = Ly S
34 examples, up to 92% yield Sn1
Selected examples
OBz OBz OBz OBz OBz
m m m m Mew N
Me” “Me Pr” Py Me” By Et” TEt Bn
40a 40b 40c 40d Ph 40e

\

Bn

41a, 45% 41b, 72% 41a, 76% 41d, 21% 41e, 89%
EtOzC COzEt 41'1 R = 5-F1 89%

Boc\
Ts<\ N 41j, R = 5-NO,, 76%
MeO \ 41k, R = 6-OMe, 53%

N—ph N\ _pp, Ph 7 y\ o 411, R = 6-Br, 63%
N N R 41m, R = 6-CF3, 75%

\ N Z N

Bn \ Bn

Bn

\ 41n, R = 6-CO,Me, 87%

Y Y Y Y
&Ph &Ph &Ph &Ph N—ph
\ N N N N
Me 'Pr Me Et

Bn
41, 67% 419, 66% 41h, 67%
EtO,C CO,Et 410, R = 4-OMe-CgHy4, 92%
41p, R = 4-F-CgH,, 86%
41q, R = 4-Cl-CgHy, 75% N\ /5 \_/N
|
\_g  41r R=4-CN-CeH, 62% \ \ \ \ /
- _ _ 0
N 41s, R = 2-OMe-CgHy, 55% b b

Bn 41t, R = 3-OMe-C6H4, 71%
41u, 85% 41v, 87%





media/file17.jpg
"t R R.
' Xphos precat. (5 mol%)
B
X
Selected examples. L E i
YRS < .
ol e s o
] L | n
e ey O 0
N N (] N

200, 94% 201, 50% 20g, 94% 200, 75%





