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General Introduction

One of the main research fields of the MSMT-1 group at ICMMO is the dearomatization of indoles. Our group has devoted efforts to developing efficient and sustainable strategies to achieve this goal for a few years. Since then, the pace of exploration in this research field never stops.

Indoles are one of the most extensively investigated arenes in dearomatization reaction because of the important biological properties of this nucleus and the unique access to indolines which are widely present in alkaloids. The research of novel and straightforward approaches of dearomatization of indoles, which can be used in total synthesis of indole alkaloids, are therefore very interesting to us.

The objective of this Ph.D. project was to explore new reactivities of indoles and to generate three-dimensional structures of high interest for the total synthesis of natural products and for durg discovery. To achieve this challenging dearomatization process, electrochemistry was deployed as the key method to deliver difunctionalization of indoles (Figure 1).

In the first chapter of the thesis, an overview of known dearomatization strategies of indoles and electrochemical difunctionalization of alkenes and aromatic compounds will be presented. It will include a survey of conventional dearomatization reaction of indoles, basic principles of electrochemistry as well as the recent advances in electrochemical difunctionalization of unsaturated compounds. Examples of applications in total synthesis of natural products will be introduced.

In the second chapter, our research results will be presented and divided into three parts:

1) diallylation of N-acylindoles in non-electrochemical conditions, 2) electrochemical dearomative 2,3-difunctionalization of indoles and 3) indirect electrochemical dearomatization of indoles. The optimization, scope, synthesis, synthetic applications as well as mechanistic investigations will be illustrated in each section. which can lead directly to a variety of ring systems, including heterocyclic skeletons. The possibility of construction of spiro or bridged compounds which contain chiral quaternary carbons can be achieved in a straightforward and efficient manner. 1 Furthermore, the dearomatization of indoles can deliver three-dimensional structures of high value for the generation of drug-like compounds or scaffolds of natural products through the generation of two contiguous stereogenic centers. 2 Such dearomative processes have attracted intense efforts, which mainly focus on cycloadditions or radical-mediated, or electrophile-triggered or transition-metal catalyzed reactions.

I.1.1 Dearomatization via cycloadditions

Cycloadditions are efficient methods to generate complex polycyclic structures and to control several stereocenters with an excellent selectivity. Some remarkable examples of cyclopropanations, 1,3-dipolar cycloadditions and well established Diels-Alder reactions will be illustrated in this section. 1 Zhuo, C.-X.; Zhang, W.; You, S.-L. Angew. Chem., Int. Ed. 2012, 51, 12662-12686. 

I.1.1.1 Cyclopropanations

The concise total synthesis of (±)-minfiensine (5) was an excellent example to show the full potential of a cyclopropanation strategy, which was conducted by the Qin's group in 2008. 3 In the presence of a copper catalyst, the intramolecular cyclopropanation of tryptamine derivative 1 generated intermediate 2, which led to indolenium 3 via opening of the cyclopropane. The following nucleophilic attack from the pendant amine allowed to form the tetracyclic indoline 4 in 62% yield (Scheme 1). Scheme 1. Synthesis of tetracyclic indoline 4 3 Shen, L.; Zhang, M.; Wu, Y.; Qin, Y. Angew. Chem., Int. Ed. 2008, 47, 3618-3621. In 2013, an enantioselective rhodium-catalyzed annulation of 3-alkylindoles 6 was reported for the first time by the Davies' group. 4 In this case, the dearomative cycloaddition between 3-alkylindoles 6 and diazo precursors 7 occurred under the activation by a chiral rhodium catalyst 8 to yield tricyclic pyrroloindolines 11 in high yields and with excellent enantioselectivities. Interestingly, unprotected indoles can also be suitable in these conditions but with a decreased enantiodiscrimination (Scheme 2). The reaction proceeds via the generation of an α-imino rhodium carbenoid which undergoes cyclopropanation. The opening of the cyclopropane led to zwitterion 10 and then to 11.

Scheme 2. Catalytic asymmetric synthesis of pyrroloindolines

I.1.1.2 1,3-Dipolar cycloadditions

There are two main strategies to construct complex heterocyclic indolines via 1,3dipolar cycloadditions. 5 The first method involved the opening of three-membered rings with Lewis acids, the second method is based on metal insertion into 1,n-diazocarbonyls moieties, which enables to generate carbonyl ylides as dipolar reagents.

An example of the first method is illustrated in scheme 3: the Zhang's group developed in 2012 a diastereoselective [3+2]-annulation of aryl oxiranyldicarboxylates and indoles via cleavage of the C-C bond of the oxirane of 13. 6 In this case, the cycloaddition proceeds smoothly under mild conditions in the presence of a Ni(II) catalyst and chiral ligand BOX-14, with high diastereoselectivities, while poor enantioselectivities were observed.

Scheme 3. Diastereoselective [3+2] cycloaddition catalyzed by Ni(ClO4)2

As a powerful approach to access complex heterocyclic ring systems, a rhodium(II)catalyzed cyclization and 1,3-dipolar cycloaddition cascade was reported by the Padwa's group in 1995. 7 Desacetoxy-4-oxo-6,7-dihydrovindorosine 18 was obtained in 95% yield as a single diastereomer, which paved the way to the total synthesis of vindorosine. The 1,4diazo imide 16 was converted to 1,3-carbonyl ylide dipole 17 under activation of the rhodium catalyst, which further reacted with the C=C double bond of the indole to generate the desired product 18 (Scheme 4). Scheme 4. Rh(II)-catalyzed cycloaddition of indole and 1,4-diazo imide 7 Padwa, A.; Price, A. T. J. Org. Chem. 1995, 60, 6258-6259.

I.1.1.3 Diels-Alder cycloadditions

The Diels-Alder reaction plays a key role in dearomatization of indoles, there are extensive studies on indolic substrates which can not only be used as dienophiles, but also as dienes when substituted with a vinylic side-chain at the C2 or C3 positions. 5 In 2001, the Piettre's group disclosed that tricyclic indoline 22 could be prepared in 60% yield and with a 3:1 endo/exo ratio through a Diels-Alder cycloaddition with the Danishefsky's diene 20. According to the authors, the normal demand Diels-Alder was accelerated under high pressure (Scheme 5).8 

Scheme 5. Activation of the dienophilicity of indoles under high pressure

The first asymmetric total synthesis of (+)-perophoramidine was developed by the Qin's group in 2010. 9 In this case, hexacyclic indoline 26 was obtained in 88% yield and with an excellent stereoselectivity in one step. This key step relied on an asymmetric biomimetic Diels-Alder reaction between the in situ-generated chiral diene 24 and the substituted tryptamine 23. The reactive aza-quinone methide intermediate 25 was formed through extrusion of the chloride leaving group of 24 with silver(I) perchlorate before to undergo a cycloaddition with indole 23 (Scheme 6). Scheme 6. Asymmetric synthesis of the spirocyclic indoline 26 9 Wu, H.; Xue, F.; Xiao, X.; Qin, Y. J. Am. Chem. Soc. 2010, 132, 14052-14054.

An excellent work of asymmetric Diels-Alder cycloaddition catalyzed by an organocatalyst is shown in scheme 7. A prolinol-catalyzed cycloaddition of 2-vinylindoles and unsaturated aldehydes was reported by the Zhao's group. The densely functionalized tetrahydrocarbazole 31 was delivered enantiomerically pure and was used to synthesis the akuammiline alkaloid vincorine. 10 The cycloadduct 30 was prepared in a 16:1 endo/exo diastereomeric ratio and 95% ee, which led to the tetracyclic indolenine 31 in 67% yield, via isomerization of the enamine part of 30 into an iminium which was intramolecularly trapped by the carbamate to form pyrroloindoline 31. Scheme 7. Asymmetric Diels-Alder cycloadditon catalyzed by prolinol 10 Zheng, C.; Lu, Y.; Zhang, J.; Chen, X.; Chai, Z.; Ma, W.; Zhao, G. Chem.-Eur. J. 2010, 16, 5853-5857.

I.1.2 Radical-mediated dearomatization

The synthesis of aspidophytine reported by the Nicolaou's group is a well-known example of radical-mediated dearomatization of indole employed as a key transformation in total synthesis. 11 In this case, primary radical 33 was generated from xanthate 32 in the presence of AIBN and n Bu3SnH. The following cyclization delivered pentacyclic indoline 34 as a single diastereomer in 58% yield. The resulting pivotal intermediate 34 was further converted to aspidophytine in 63% yield in one step (Scheme 8).

Scheme 8. Synthesis of pentacyclic indoline 34 via a radical cyclization

In 2000, a domino radical cyclization which delivers a pentacyclic skeleton was described by The Takayama's group (Scheme 9). 12 The vinyl iodide moiety of β-carboline derivative 35 was treated with Et3B and n Bu3SnH to generate the vinylic carbon-centered radical 36, which attacked the indole at the C2 position via a 5-exo-trig cyclization, followed by 1,4-addition to the Michael acceptor in a second 5-exo-trig cyclization pathway to give the key precursor 37 in 72% yields (trans and cis mixture). 11 Nicolaou, K. C.; Dalby, S. M.; Majumder, U. J. Am. Chem. Soc. 2008, 130, 14942-14943. 12 (a) Takayama, H.; Watanabe, F.; Kuroda, A.; Kitajima, M.; Aimi, N. Tetrahedron 2000, 56, 6457-6461. (b) Nozaki, K.; Oshima, K.; Uchimoto, K. J. Am. Chem. Soc. 1987, 109, 2547-2549.

Scheme 9. Synthesis of pentacyclic indoline 37 via a radical cascade

In 2014, a facile approach to spirocyclic 2-azido indolines via azidation of indoles was studied by the Shi's group. 13 In this event, an azidyl radical, generated from the oxidation of sodium azide by CAN, added to indole at the C2 position to deliver a carbon-centered radical at the C3 position which was oxidized further with CAN to generate a carbon-centered cation.

Intramolecular attack from nucleophiles on the C3-side chain furnished spirocyclic products 39a (Scheme 10). Noteworthy, the rate of cyclization affected the result significantly. If the rate is too slow, the carbon-centered radical could be converted to 2-azido indole via aromatization followed by the addition of a second azidyl radical to yield the diazido indoline product. Subsequently, our research group reported the similar addition of trifluoromethyl or phosphono radicals to indoles via oxidations of the Langlois' reagent (CF3SO2Na) or phosphites to yield 3,3-spiro indolines 39b and 39c. Scheme 10. Synthesis of spirocyclic 2-azido, 2-trifluromethyl or 2-phosphono indolines 39 13 Scheme 11 illustrates a remarkable example of domino cyclization reactions triggered by radicals in reductive conditions. In 2010, the short formal total synthesis of strychnine was reported by the Reissig's group. 14 A SmI2 induced cascade reaction was deployed as the crucial step to prepare the precursor 41, via reduction of ketone derivative 40 into a ketyl intermediate which added to the indole ring, followed by an intramolecular acylation to generate two new rings and three stereogenic centers, including a quaternary carbon, in one step. During this reaction, reduced product 42, diol 43 and the elimination product 44 were also obtained in low yields. Fortunately, product 42 could be reconverted in situ into the desired product 41 by addition of bromoacetonitrile to the reaction mixture, the overall yield was improved to 75%. Scheme 11. SmI2 induced cascade reactions 14 Beemelmanns, C.; Reissig, H. Angew. Chem., Int. Ed. 2010, 49, 8021-8025.

I.1.3 Electrophile-triggered dearomatization

Most of the dearomatization reactions of indoles take advantage of the innate nucleophilicity of the indole nucleus at its C3 position. Therefore the reaction of 3-substituted indoles with electrophiles lead to 3-indolenine intermediates that could be sometimes interrupted before rearomatization.

In 2011, the asymmetric total synthesis of Strychnos alkaloids (-)-leuconicines A and B was published by the Andrade's group. 15 In this case, the tetracyclic indolenine framework 47 was constructed by a sequential alkylation/intramolecular aza-Baylis-Hillman reaction in one step. The key precursor 45 was converted to the double annulated compound 47 as a single stereoisomer in 60% yield in the presence of AgOTf and a hindered base, followed by the addition of DBU to 46 to promote the Baylis-Hillman reaction (Scheme 12). Further synthetic steps were accomplished to deliver (-)-leuconicines A and B in respectively 9% and 10% overall yields.

Scheme 12. Synthesis of tetracyclic indolenine 47 catalyzed by AgOTf

In 2017, the semi synthesis of voacalgine A and bipleiophylline was reported by our group via a unified oxidative coupling protocol between pleiocarpamine and 2,3dihydroxybenzoic acid, mediated by silver oxide. 16 As for the mechanism, presumably catechol 49 was oxidized to an ortho-quinone intermediate, followed by the 1,4-addition of the indole nucleus and a cyclization to deliver voacalgine A (50), A second oxidative coupling via a 1,6-addition of a second indole into the ortho quinone, followed by a cyclization furnished the doubly anchored adduct bipleiophylline 51 (Scheme 13).

Scheme 13. Semi synthesis of voacalgine A and bipleiophylline 16 Lachkar, D.; Denizot, N.; Bernadat, G.; Ahamada, K.; Beniddir, M. A.; Dumontet, V.; Gallard, J.-F.; Guillot, R.; Leblanc, K.; N'nang, E. O.; Turpin, V.; Kouklovsky, C.; Poupon, E.; Evanno, L.; Vincent, G. Nat. Chem. 9, 793-798. In term of the catalytic asymmetric dearomatization reactions of indoles, there are some excellent works accomplished by the You's group. [START_REF]Asymmetric Dearomatization Reactions[END_REF] For example, an enantioselective polycyclization cascade of indolyl enones, catalyzed by quinine-derived primary amines, was disclosed in 2011. 18 In this work, a Michael/Mannich cascade with a primary amine catalyst 53 and an iminium/enamine activation strategy were employed with excellent enantioselectivities and good to excellent yields of tetracyclic indolines 54. The strategy relied on the formation of a key electrophilic quarternary indolenine intermediate 57.

2017,

Interestingly, the route showed a new pathway to the synthesis of an analogue of the natural product (+)-kresiginine (Scheme 14).

Scheme 14. Enantioselective polycyclization cascade of indolyl enones

In 2010, the enantioselective total synthesis of (-)-phalarine was developed by the Danishefsky's group. 19 An interesting example of interrupted and diastereoselective Pictet-Spengler reaction was designed and executed in this work. The core structure 62 was delivered in 91% via the cyclization of 2-substituted-L-tryptophan derivative 58 and formaldehyde in the presence of camphorsulfonic acid (CSA) with an excellent diastereoselectivity. From a mechanistic point of view, stabilized carbocation 61 is formed and intramolecularly trapped by the phenol at C2 to deliver 62. Either 61 is formed directly by attack of the C2 position of the indole into iminium 59 or indirectly via attack of the C3 position to generate 60 from which a 1,2-migration delivered 61. Scheme 15. Interrupted and diastereoselective Pictet-Spengler reaction 19 

I.1.4 Metal-mediated dearomatization

Metal-mediated reactions play an important role in dearomatization of indoles. In 2012, the Wu's group reported an efficient construction of fused indolines with a 2-quaternary center through a palladium-catalyzed intramolecular Heck reaction (scheme 16). Pd(II) enabled the oxidative Heck reaction (C2 intramolecular arylation) of 2,3-disubstituted indoles in the presence of silver acetate, followed by β-hydride elimination of 66 to generate the tetracyclic styrenylindoline 64 in good yields and with an excellent functional group tolerance. 20 Scheme 16. Palladium-catalyzed intramolecular Heck reaction 20 Zhao, L.; Li, Z.; Chang, L.; Xu, J.; Yao, H.; Wu, X. Org. Lett. 2012, 14, 2066-2069. In 2017, an enantioselective difunctionalization of indoles via a related palladiumcatalyzed Heck/Sonogashira sequence was performed by the Jia's group. 21 Instead of the βhydride elimination, the palladium intermediate could be engaged in a Sonogashira reaction.

In this case, a new BINOL-based phosphoramidite was deployed as the chiral ligand and a variety of 2,3-disubstituted indolines, bearing vicinal quaternary and tertiary stereocenters, were efficiently formed with excellent enantioselectivities (up to 97% ee) and diastereoselectivities (>20:1). A gram-scale reaction of indole and phenylacetylene was carried out to furnish the desired product in 80% yield and 93% ee, showing the robustness of the reaction (Scheme 17).

Scheme 17. Palladium-catalyzed domino Heck/Sonogashira reaction

In 2012, the C3-regioselective hydroarylation of N-acetyl indoles with aromatic nucleophiles mediated by FeCl3 was developed by our group (Scheme 18). 22a This work highlighted a rare example of the electrophilic reactivity of N-Ac indoles 71 in a Friedel-Crafts reaction, which provided a straightforward access to tetracyclic benzofuroindolines 74 in good overall yields after an oxidation step. The umpolung of indole was achieved by coordination of the iron to the oxygen of the N-acetyl group and activation of the C2=C3 double bond with a proton, delivering a benzylic tertiary carbocationic species at C3. reaction is the starting point of the first part of these thesis' results and the mechanism will be discussed later.

Scheme 18. Friedel-Crafts hydroarylation of indoles mediated by FeCl3

In the following examples, the dearomatization is triggered by the generation of an electrophilic metallic intermediate and takes advantage of the innate nucleophilicity of the indole nucleus at C3. In 2006, the first intermolecular palladium-catalyzed enantioselective allylic alkylation of 3-substituted indoles using allyl alcohol and trialkylboranes was reported by the Trost's group via the formation of a palladium π-allyl complex. 23 Asymmetric synthesis of 3,3-disubstituted indolines and indolenines in enantiomeric excesses up to 90% was achieved by using the bulky borane-9-BBN-C6H13 as the promoter and a diphosphine chiral ligand (Scheme 19). Moreover, the protocol for oxidation of indolenines to oxindoles was also described and led to a formal synthesis of (-)-phenserine. Scheme 19. Palladium-catalyzed intermolecular enantioselective allylation 23 (a). Trost, B. M.; Quancard, J. J. Am. Chem. Soc. 2006, 128, 6314-6315. (b). Bandini, M.; Melloni, A.; Umani-Ronchi, A. Org. Lett. 2004, 6, 3199-3202. Electrophilic transition-metal complexes are able to behave as soft Lewis acid which can activate unsaturated functionalities such as alkynes to generate new carbon-carbon and carbon-heteroatom bonds. 24 In the context of dearomatization of indoles, remarkable works were designed and executed by the Zhang's group in the past 20 years. 25 

Scheme 20. [2+2 and[3+2] annulation of indoles catalyzed by gold or platinum catalysts

In the presence of different π-acids (Au(I) or PtCl2), the substrates 79 were converted to different products 2,3-indoline-fused cyclobutanes 84 or 2,3-indoline-fused cyclopentenes 85 respectively. From a mechanistic point of view, firstly the allene intermediate 81 was delivered via initial activation of the alkyne by the metal leading to a 3,3-rearrangement.

Following the subsequent activation of the allene 81, the oxocarbenium species 82 could be formed, which upon nucleophilic addition of indole furnished the spiro-intermediate 83. 24 Hashmi, A. S. K. Chem. Rev. 2007, 107, 3180-3211. 25 After this, the alkenylgold(I) intermediate captured the iminium to yield cyclobutane 84, while the alkenylplatinum(II) derivative cyclized in a vinylogous manner to cyclopentane 83 after the elimination of the platinum catalyst. The authors proposed that the divergent regioselectivity observed for the two catalysts were caused by different metal-ligand interaction (Scheme 20).

In 2014, the Tang's group reported the intramolecular [3+2] annulation reaction of donor-acceptor cyclopropanes with indoles leading to tetracyclic cyclopenta-fused spiroindoline skeletons. 26 Interestingly altering the remote ester groups of cyclopropanes furnished both cis-and trans-diastereomers of tetracyclic spiroindolines with high selectivities. DFT calculation supported that favorable interaction between the ester group and arene leads to trans isomers, while when steric repulsions becomes predominant, cis isomers are preferred (Scheme 21).

Scheme 21. Diastereodivergent synthesis of tetracyclic spiroindolines

I.1.5 Oxidative dearomatization with electrophilic heteroatoms

The reaction between indoles and oxidized heteroatoms which are electrophilic leads to indolelines which could be further functionalized. In the past 30 years, Nphenylselenophthalimide (N-PSP) has been proved to be an important reagent for indole dearomatizations. 27 The early application of N-PSP in dearomatization of indoles was reported by the Danishefsky's group in 1994. 28 The reaction proceeds via the formation of a selenonium ion on the C2=C3 bond of indoles, which is opened by the carbamate. The exo diastereoisomer 91 was the major diastereoisomer. The facial selectivity could be explained by the steric clash between the methyl ester and the indole core in the transition state leading to the endo product (scheme 22). Scheme 22. Dearomatization of tryptophan derivatives triggered by a selenium electrophile 27 Nicolaou, K. C.; Claremon, D. A.; Barnette, W. E.; Seitz, S. P. J. Am. Chem. Soc. 1979, 101, 3704-3706. 28 (a) Marsden, S. P.; Depew, K. M.; Danishefsky, S. J. J. Am. Chem. Soc. 1994, 116, 11143-11144. (b) Depew, K. M.; Marsden, S. P.; Zatorska, D.; Zatorski, A.; Bornmann, W. G.; Danishefsky, S. J. J. Am. Chem. Soc. 1999, 121, 11953-11963. In 2009, the synthesis of (+)-haplophytine was disclosed by the Fukuyama and Tokuyamas' group. 29 In this work, 3-iodoindolenine 94 was generated from enantiopure tetrahydro-β-carboline 93 in the presence of NIS, followed by the activation with silver triflate to form the desired arylated-indolenine 95 via a Friedel-Crafts reaction in 61% yield and a 71:29 diastereoselectivity. Noteworthy, the choice of dichloromethane as solvent was crucial to this coupling reaction, polar solvents such as MeCN or DMF, led only to the starting material 93 (Scheme 23). It should be noted that our research group used this concept to achieve the synthesis of benzofuroindolines via the oxidative coupling of indoles and phenols with NIS. 29b

Scheme 23. Dearomatization of indoles with N-iodosuccinimide

It is well-known that N-Bromosuccinimide (NBS) is used to deliver brominated indolenines during dearomatization processes. 30 In 2018, the group of De Lera reported the reaction of NBS with tryptophan derivatives 96 to deliver bromopyrroloindoline product 97 in good yield and with an excellent exo-selectivity, 31 a which was consistent with Danishefsky's observations with N-PSP. 28 Based on DFT computations, a three-step mechanism involving the formation and rearrangement of an intermediate with a spirocyclic 29 structure was proposed by the authors. Furthermore, compound 97 could be transformed further to generate the N-indolyl pyrroloindole 100, a key intermediate of the total synthesis of kapakahine F, with a complete retention of configuration at the C3 position and an inversion of configuration of the α-amino-ester via intramolecular cyclopropanation into 99 (Scheme 24). 31b

Scheme 24. Dearomatization of tryptophan derivatives

Because the halogeno indolines 102 are important precursors in total synthesis, many well-established methods to synthesize them have been reported. Less attention has been paid to eliminate or reduce the hazardous organic byproducts brought by the stoichiometric halogenating agents. 30,32 In 2017, an environment-friendly halocyclization of tryptamine and tryptophol derivatives was conducted by the Tong's group. 33 In this work, KBr was served as the brominating agent in the presence of oxone which oxidize the bromide ion into an electrophilic reagent. The efficiency and utility of this protocol were well demonstrated by the broad substrate scope and the application to total synthesis of cyclotryptamine alkaloid (-)-protubonines A and B (Scheme 25). 

I.2 Electrochemical difunctionalization reactions

Electrochemistry has been well-known for several decades as an environmental friendly synthetic tool and has attracted continuous interest in organic chemistry, since this protocol minimized the generation of chemical wastes and the request of sacrificial reagents. 34 The addition or removal of electrons from atom nuclei is driven by the electrostatic attractions among them, which provides one of the most intimate and visceral ways of interacting with molecules. 35 A classical electrochemical setup is composed of a power source (potentiostat) which is connected to a reaction mixture through two electrodes (an anode and a cathode). A reactive intermediate can be generated by electron transfer between the electrode and the substrate occurring at the surface of the electrode (known as the working electrode). To complete the circuit, another electrode (known as the counter electrode) is required to conjoin the reaction with the other end of the power source and also involves electron transfer at the surface. Therefore each electrochemical reaction can be performed as a combination of two half-reactions. The undivided cell is the simplest setup where working and counter electrodes reside in the same chamber. Alternatively, a divided cell, involved that working and counter electrodes are segregated by a partially permeable membrane or a salt bridge to avoid the reduction or oxidation of highly reactive intermediates generated at the other electrode (vide infra) (Scheme 26). 34 Tang, S.; Liu, Y.; Lei, A. Chem. 2018, 4, 27-45.

Scheme 26. Undivided cell and divided cell

In recent years, electrochemistry has been rediscovered as a powerful sustainable synthetic approach. Easy-to handle apparatus and electrolysis setups make electrosynthesis accessible to all organic chemists. 36 Along with the bloom of photoredox catalysis, the rebirth of electrosynthesis has enabled the development of external oxidant-free methods for highly efficient and selective functionalization of unsaturated alkanes and aromatic systems. 36 

I.2.1 Electrochemical difunctionlization of unsaturated hydrocarbons

Unsaturated hydrocarbons are valuable synthetic building blocks and are present in many natural products and bioactive compounds. 37 Various functional groups could be introduced on alkenes or alkynes because of the presence of π bonds which can react with radical or ionic partners. 38 Therefore the difunctionalization of alkenes and alkynes is a field of intense synthetic efforts since it allows the formation of two new bonds via the introduction of two functional groups. 38b, 39 Usually, an external oxidant and optionally a transition-metal catalyst are required in conventional conditions. In contrast, the electrochemical difunctionalization of unsaturated hydrocarbons represents a sustainable, selective and efficient access to the same products without the presence of a stoichiometric oxidant.

I.2.1.1 Direct electrochemical difunctionalization of unsaturated hydrocarbons

The direct electrolysis is a heterogeneous process where the electron transfer step occurs at the surface of the electrode and therefore avoids the use of any additional reagents except the electrolyte. Electrochemical difunctionalizations of alkenes usually proceed via oxidation events at the anode. 37 For instance, since 1990, the Moeller's group is involved in electrochemical difunctionalization of alkenes. 40 a An intramolecular aminomethoxylation of olefins was performed by this group in 2008. 40b In this case, a tosylamine group was examined as an intramolecular trapping agent to prepare substituted proline derivatives. The reaction was conducted with a reticulated vitreous carbon (RCV) anode and a platinum cathode, with tetraethylammonium tosylate as electrolyte and 2,6-lutidine as a base, in methanol/THF, at a constant current, leading to five-membered ring heterocyclic products 107 in 14%-90% yields and good regioselectivities. The authors discovered that more basic conditions with n BuLi enable better yields of five-membered products 107(Scheme 27). The improvement was assumed to be derived from the increased nucleophilicity of the nitrogen trapping group, leading to a faster ring-closing reaction. The reaction proceeds either via oxidation of the olefin into a radical cation or via oxidation of the nitrogen anion into a nitrogen radical, after cyclization leading to radical 105 which is then oxidized into carbocation 106. The latter could be trapped by a methoxide. The same strategy was employed to deliver substituted proline and pipecolic acid type derivatives in a later report. 40c In 2017, a related electrochemical intramolecular oxidative amination reaction of triand tetrasubstituted alkenes 108 with carbamates, ureas and amides was reported by the Xu's group. 41 The key C-N bond was formed through the generation of a nitrogen radical. A variety of hindered tri-and tetrasubstituted olefins were allowed to participate in the amination reaction, providing an efficient synthesis of allylic cyclic carbamates, ureas and lactams 112 after elimination of a proton from carbocation 111 instead of the trapping of the latter by an external nucleophile (Scheme 28).

Scheme 28. Electrochemical cyclization reaction of carbamates, ureas and lactams

An example of a direct intermolecular [3+2] cycloaddition of phenol with unactivated aliphatic alkenes is illustrated in scheme 29. In 1999, the synthesis of dihydrobenzofurans by an anodic [3+2] cycloaddition via oxidation of the phenol into an electrophilic intermediate, was described by the Chiba's group. 42 Interestingly, excellent yields were obtained in the presence of acetic acid, which was proposed to serve as the proton source, and highly concentrated lithium perchlorate in nitromethane, which was thought to promote the electron transfer of phenols by stabilizing the electrogenerated species. 41 42 Chiba, K.; Fukuda, M.; Kim, S.; Kitano, Y.; Tada, M. J. Org. Chem. 1999, 64, 7654-7656.

Scheme 29. Electrochemical oxidative [3+2] cycloaddition of phenols with alkenes

Enol ethers could also be engaged in electrochemical difunctionalization reactions. A facile and regioselective azidomethoxylation was performed by the Nishigushi's group in 1995 (scheme 30). 43 Interestingly, a variety of acyclic or cyclic enol ethers were examined to give the corresponding α-azido acetals 118 in moderate yields. Two plausible paths were proposed by the authors. As for the first pathway, a radical cation 119 was delivered at the surface of the anode from enol ether 116 via single-electron transfer (SET), followed by nucleophilic addition of an azide anion and further single-electron transfer to generate cation 120, which was subjected to nucleophilic attack of methanol to yield the final product 118.

In the other pathway, the first single-electron transfer occurred to give an azide radical 121, which was trapped by enol ether 116 and followed by a second single-electron transfer to furnish the same cation 120. Given the fact that the oxidative potential of sodium azide is lower than isobutyl vinyl ether and the result of controlled-potential electrolysis, the second pathway was proposed to be the dominant one. 43 

Scheme 30. Regioselective azidomethoxylation of enol ethers

In 2010, the Yoshida's group reported an electrochemical addition of diaryl disulfides (ArSSAr) 123 to carbon-carbon multiple bonds. 44 In this work, diaryl disulfides were oxidized to generate arylbis(arylthio)sulfonium ions 124 through anodic oxidation in CH2Cl2 at -78 o C. The diarylthio-substituted compounds were obtained by addition of alkenes to 124, followed by quenching with a soft nucleophile, such as allylsilanes, ketene silyl acetals and triethylamine. Noteworthy, alkynes were compatible in the same conditions, leading stereoselectively to 1,2-diorganothio-substituted alkenes (Scheme 31).

Scheme 31. Electrochemical addition of ArSSAr to unsaturated hydrocarbons

In 2018, an electrochemical oxysulfenylation and aminosulfenylation of alkenes was reported by the Lei's group. 45 In this case, thiophenols or thiols were used as thiolating agents to deliver a series of β-alkoxy and β-amino sulfides in good to excellent yields, showing broad substrate scope and high atom economy. The mechanism is depicted in scheme 32.

First, the thiyl radical 129 was formed from thiophenols or thiols 127 by electrochemical anodic oxidation and deprotonation of the resulting radical cation 128. Subsequently, carboncentered radical 131 was delivered by addition of thiyl radical 129 to alkenes, followed by further oxidation to afford carbocation intermediate 132. Finally, the cation was captured by a nucleophile, followed by deprotonation to give the desired products 134 (Scheme 32 

I.2.1.2 Indirect electrochemical difunctionalization of unsaturated hydrocarbons

The indirect electrolysis differs from the direct process by the fact that the electron transfer step is shifted to a homogenous process. In this case, an electrochemically generated reagent, which is called a redox mediator, [START_REF] Lund | Organic Electrochemistry[END_REF] is involved in the key step. The general principle of redox mediation is illustrated in scheme 34. The reactive species can be generated via a heterogeneous oxidation or reduction of the mediator at the anode or the cathode.

Subsequently, a homogeneous electron transfer should occur between the activated species and the substrate, leading to a reactive intermediate and the regeneration of the mediator which could be named an electrocatalyst. 49

Scheme 34. General principle of redox mediation at the anode

The advantages of indirect electrolysis are as followed: a). the kinetic inhibition caused by the heterogeneous electron transfer between the electrode and the substrate can be avoided, which means overpotential can be eliminated during this process, 50 b). the electrolysis can proceed at a lower potential to avoid side reactions and show a better functional group tolerance. 49 c). higher or totally different selectivity can be exhibited to furnish specific products, d). passivation of the electrode caused by the direct process can be diminished since [START_REF] Lund | Organic Electrochemistry[END_REF] the interaction occurs between the electrode surface and the mediator rather than the substrate.

Therefore, intensive efforts have been made in this field.

Since the mediator plays a key role in an indirect electrolysis, the choice of the appropriate mediator is always an important factor. Here are some basic requirements for a mediator. [START_REF] Francke | [END_REF] a). the redox potential of the mediator must be lower than the potential of the substrate, but the difference between these potentials should not be too important, b). a fast and reversible electron transfer between the electrode and the mediator as well as the mediator and the substrate is preferred, c). the active mediator can only participate in the electron transfer rather than some other side reactions, d). the solubility of the reduced and oxidized forms of the mediator should be high enough to afford homogeneity. Few examples of indirect electrolysis are described below.

In 2015, an interesting electrocatalytic aziridination of alkenes was described by the Zeng's group for the first time. 51a In this event, a catalytic amount of n Bu4NI was employed as a mediator in an undivided cell operated at a constant current, affording a broad range of aziridines 150. Noteworthy, the authors proposed that two reactive intermediates (144 and 145) could be involved, which were mediated by ambient laboratory light. On the basis of the results, the plausible mechanism is described in scheme Triarylamines are efficient electrocatalysts that can be used in difunctionalization of alkenes, such as the dehydrogenative annulation of alkenes with diols, reported by the Xu's group in 2018 with tris(2,4-dibromophenyl)amine as the redox catalyst to minimize side reactions (scheme 36). 52 Triarylamine 153 is oxidized at the anode into an amine radical cation which oxidized the olefin. The following generated radical cation from the alkene is then intercepted by the diol. A second oxidation then delivered 1,4-dioxane derivatives 154.

A broad substrate scope was displayed and a number of alkenyl compounds bearing aromatic ring, heterocycle, hydroxyl, ester, amide groups were well tolerated. Good yield can also be obtained on gram-scale. 52 

Scheme 36. Indirect electrochemical annulation of alkenes with diols

Interestingly, the same group described a dehydrogenative [3+2] cyclization of urea 155 to furnish functionalized (aza)indolines 156 with a ferrocenium as electrocatalyst. 53 Usually, similar reactions require noble-metal catalysts and have a limited substrate scope.

In basic condition, the Fe(III) active species generated at the anode oxidize the anion of an urea into a nitrogen radical which adds intramolecularly into the alkene. The secondary alkyl radical was then trapped by the aromatic ring to complete the formation of indolines 156. In this work, di-, tri-and even tetrasubstituted alkenes were compatible to construct indolines as well as more challenging azaindolines (Scheme 37). Moreover, the methodology was deployed as a key step to generate marine alkaloid (±)-hinckdentine A. 53 

Scheme 37. Indirect electrochemical synthesis of (aza)indolines

The Lin's group also employed a redox-active metal catalyst to perform an electrochemical diazidation of alkenes. 54 In this case, the direct diazidation of alkenes proved unsuccessful, owing to the high reactivity of the radicals formed, leading to a variety of transformations, such as dimerization, polymerization, and oxidation or reduction to ionic species. To solve these problems, manganese(II) bromide (MnBr2) was deployed as the mediator to control the kinetic of the reaction, delivering diazide products 158 in high yields with a high substrate scope. Styrenes with different substitutions, activated or unactivated, terminal, 1,1-and 1,2-disubstituted, trisubstituted and tetrasubstituted alkenes were all suitable substrates. Meanwhile, an excellent functional group tolerance was well illustrated by the presence of alcohols, aldehydes, enolizable ketones, carboxylic acids, amines, sulfides, alkynes, N-heterocycles, epoxides, esters and alkyl halides. There are two plausible mechanisms proposed by the authors, which involved the formation of Mn III -N3 159 by 54 oxidation of the complex Mn II -N3 161. The difference between them is focused on whether Mn III -N3 159 gets involved or not in the formation of the azidyl radical in the first step. In either case, the Mn III -N3 intermediate 159 is essential for the transfer of the second azide to the carbon radical and the formation of the second C-N bond (Scheme 38).

Scheme 38. Mn II -catalyzed electrochemical diazidation of alkenes

Shortly after that, the same strategy was applied to the dichlorination of alkenes, in the presence of Mn(OTf)2 as the mediator and MgCl2 as the chlorine source. 55 In order to verify the plausible mechanism, some control experiments were conducted by the authors. The results ruled out a pathway involving Cl2, generated at the anode. The authors suggested that the release of a chlorine radical to the alkene originated from the catalytic formation of a Mn III -Cl complex, which leads to the observed high chemoselectivity (Scheme 39). In 55 addition, this strategy also allows to perform the chloroalkylation of alkenes. 56 It is worth to mention that the key radical intermediates were supported by a series of controlled experiments and cyclic voltammetry data.

Scheme 39. Mn II -catalyzed electrochemical dichlorination of alkenes

In addition, cobalt salts are also able to drive C-H functionalization of alkenes in electrochemical conditions. In 2018, a cobalt-catalyzed electrooxidative annulation of benzamides 164 with ethylene was disclosed by the Lei's group leading to lactams 169 with a broad substrate scope and a good functional group tolerance (scheme 40). 57 As for the mechanism, initially, Co(II) species 165 was formed by coordination with the directing group of 164 with the assistance of sodium pivalate. Then anodic oxidation of 165 furnished Co(III) species 166, followed by the intramolecular C-H activation, leading to cyclic Co(III) complex 167. Subsequently, the final product was formed by ethylene insertion into the C-Co bond and reductive elimination, releasing Co(I) species 170 which was oxidized to regenerate Co(II) complex 171 through anodic oxidation. 56 

Scheme 40. Co II -catalyzed electrochemical annulation with ethylene

In the same year, the Xu's group reported a ruthenium-catalyzed electrochemical annulation of aniline derivatives 172 and alkynes 173 to furnish indoles 174. 58 The reaction was performed at constant current of 10 mA, in an undivided cell. Compared with traditional methods, the electric current was used to replace Cu(OAc)2 in order to regenerate the active ruthenium-based complex (scheme 41). Furthermore, the synthetic potential of this reaction was illustrated by the application to a synthesis of the precursor of an antiosteoporotic drug. 58 In addition, merging organic electrosynthesis with asymmetric catalysis is an area of great significance, since it can provide homochiral compounds through an economic and sustainable manner. 60 A remarkable breakthrough emerged in 2019, from the Meggers' group. 61 In this event, a versatile chiral Lewis acid was employed as a redox mediator, affording the electricity-driven oxidative cross-coupling of 2-acyl imidazoles 178 with silyl enol ethers 179 and showing high chemo-and enantioselectivities (up to >99% enantiomeric excess).

Scheme 43. Electrochemical asymmetric synthesis of 1,4-dicarbonyl compounds

To understand the mechanism, the key rhodium-bound enolate intermediate 183 was synthesized and characterized, the result of cyclic voltammetry indicated that this 60 

I.2.2 Electrochemical dearomative difunctionlization of aromatic heterocycles

Due to the promising biological potential of alkaloids containing indolines frameworks, the dearomative functionalization of indoles has attracted tremendous attention, 63 leading to numerous remarkable synthetic methods. Even though tremendous efforts have been made, there are still some challenges to overcome, such as the necessity of strong oxidizing reagents, or poor efficiency and chemoselectivity.

Compared with electrochemical difunctionalization of alkenes, electrochemistry has been scarcely explored in dearomatization reactions of indoles. In this case, performing the direct functionalization of a double bond embedded in an indole nucleus results in a more challenging dearomatization process 1,2 to deliver three-dimensional chemicals of high added value. 2a In this section, pioneering works to achieve the dearomatization of indoles into indolines will be presented.

In 2004, an anodic oxidation of tetrahydro-β-carboline derivatives was designed and conducted by the Royer's group (scheme 45). 64 The authors investigated the anodic oxidation of different tetrahydrocarbazole derivatives in order to solve regioselectivity problems. In the case of 190a, the indolic nitrogen was protected as a carbamate and the tertiary amine as an ammonium salt. This compound was treated by a constant potential in methanol and 1.5 

equivalent

Scheme 45. Anodic oxidation of tetrahydro-β-carboline derivatives

Another milestone appeared in 2010 with the electrosynthetic difluorination of indole derivatives by the Fuchigami's group. 65 In this event, trans-2,3-difluroindolines 200 were selectively obtained by anodic fluorination of various N-acetyl-3-substituted indole derivatives 196 in the presence of Et4NF as the fluoride source and as electrolyte (scheme 46). Cyclic voltammetry experiments, informed that electron-withdrawing groups at the C3 65 Yin, B.; Wang, L.; Inagi, S.; Fuchigami, T. Tetrahedron 2010, 66, 6820-6825. position induce higher oxidation potential and that the N-protective group was necessary for the anodic fluorination. In some examples, C3-hydroxylated products 202 were observed, which was attributed to air moisture. A plausible mechanism is given by the authors in scheme 46. Initially, the radical cation 197 was formed via anodic oxidation, followed by fluoride ion attack at C2-position of the indole to generate the radical intermediate 198.

Subsequently, the corresponding cation 199 was delivered through a second single electron transfer process and was transformed by different pathways to furnish various products.

According to the authors, the second nucleophilic attack of the fluoride ion occurred at 3position of indole in solution to generate the trans-form fluorinated product 200. If the attack takes place at the surface of the electrode rather than in the solution, it led to the cis product 201. On the other hand, the nucleophilic attack of hydroxide ions in solution provided 202.

In addition, elimination of the proton in α-position of a cyano group enabled the formation of compound 203. Moreover, the same strategy can be applied to the synthesis of 2-fluoroand 2,3-difluoro-2,3-dihydrobenzofuran derivatives. 66

Scheme 46. Electrosynthesis of fluorinated indoline derivatives

In 2014, our group has reported a straightforward and efficient radical oxidative coupling of indoles 204 and phenols 205 to achieve the regioselective synthesis of benzofuroindolines 206, which are found in the natural product phalarine. 67 This reaction was mediated by stoichiometric DDQ and FeCl3, leading to the annulated products 206 in moderate yields and with a limited substrate scope via a mechanism involving radical phenoxyl intermediates 208. Interestingly, the electrochemical version of this work was developed by the Lei's group in 2017. 68 In this case, no external oxidant was required, yielding the coupling product 208 in excellent yields and showing a good functional group tolerance. The reaction was conducted at constant current with n Bu4NBF4 as the electrolyte and a mixture of HFIP/CH2Cl2 as solvents. HFIP has been proven to make radical cations of aromatic compounds extremely persistent, 69 which could lead to a selective bond formation between a persistent radical and a transient radical. 70 According to the authors, N-Ac indole radical cation 209, considered as a persistent radical cation, was formed via anodic oxidation, meanwhile, the transient phenoxyl radical 208 was also generated at the anode.

Benzofuroindolines 206 were obtained through direct cross-coupling and cyclization of 208 and 209 (Scheme 47). 67 

Scheme 47. Electrooxidative [3 + 2] annulation of phenol with indole derivatives

Indoles can not only serve as the precursor of radical cations, but can also be the partner of a dipolar reagent generated by electrochemistry to furnish annulated products. In 2018, the electro-oxidative generation of diaza-oxyallyl cations 215 from dibenzyloxyurea 212 were explored by the Luo's group (Scheme 48). 71 These diaza-oxyallyl cation 215 could then react with indoles 211. An excellent functional group tolerance and good yields of adducts 213 were obtained by the synergistic combination of anodic and cathodic reactions without external oxidant and base, or supporting electrolyte. To avoid overoxidation, ferrocene was chosen as a redox mediator, leading to an indirect oxidation of dibenzyloxyurea 212. Based on controlled experiments, a unique synergistic paired electrolysis, involving two noninterfering half reactions was proposed by the authors. Initially, simultaneous anodic oxidation of the mediator and cathodic reduction of methanol gave respectively a ferrocenium [Cp2Fe] + and methoxide ions which enabled the oxidation of urea 212 to diaza-oxyallyl cation 215 via 214, followed by the cycloaddition with 211 to deliver adducts 213. Moreover, furan this strategy, varying both in core structure and peripheral substitutions.

Scheme 49. Electrolytic macrocyclization into the diazonamide skeleton

Regarding the electrochemical dearomatization of furans, an impressive work was described by the Trauner's group in 2006. 73 During the total synthesis of (-)-heptemerone B and (-)-guanacastepene E, an electrochemical oxidation was creatively deployed to close the central seven-membered ring which was inspired by Moller's and Wright's works. 74 Firstly, silyl enol ether of 220 was oxidized to radical cation 221, followed by the stereoselective intramolecular attack of the furan to generate carboxonium radical cation 222 and form the key C-C bond. Subsequently, the intermolecular attack of methanol and further oxidation occurred to furnish intermediate 223, which gave acetal 224 via desilylation (Scheme 50). 73 The oxidative dearomatization of phenols has been widely studied by the synthetic community, because it produces important building blocks for the total synthesis of natural products. Indeed electrochemistry has been used to perform dearomatization reactions of phenol and some remarkable progress have been made by the Waldvogel's group. 75 An intriguing pentacyclic framework 228 was obtained, from the anodic oxidation of 2,4dimethylphenol. Noteworthy, the nature of the electrolyte had a significant impact on the chemoselectivity of this process. When a neutral and inert electrolyte was used, it led to the biphenol 226 and Pummerer's ketone 227, but with a basic electrolyte such as Ba(OH) As described in the first chapter, the dearomative difunctionalization of indoles relies on cycloadditions, 3-10 radical-mediated [11][12][13][14] or electrophile-triggered [15][16][START_REF]Asymmetric Dearomatization Reactions[END_REF][18][19] or metal-mediated reactions [20][21][22][23][24][25][26] in which, most of the time, a cyclization event is required to facilitate the dearomatization or to prevent rearomatization. Fewer methods result in the formation of two C-C bonds from intermolecular reactions of indoles with two external reagents. 76 Recently our research group reported a regioselective hydroarylation of N-acetyl indoles 234 with electron-rich arenes that gave 3-arylindolines 237, in the presence of FeCl3 in air (Scheme 52). 22,77 It was demonstrated, through mechanistic studies, 22a that association of the promoter with the carbonyl of the N-acetyl was crucial to generate a C3-electrophilic indole. 78 Several evidences, including DFT calculations, 22b,77c suggested that the C2=C3 bond was activated by a proton, rather than FeCl3, to form carbocation 235, which triggers the Friedel-Crafts reaction with the arene nucleophile. Aromatization of the resulting Wheland intermediate 236 led to 237. To initiate the reaction and protonate 234, it was believed that a catalytic amount of protons is generated by partial hydrolysis of FeCl3 with the humidity of air. Then, 76 during the propagation stage of the reaction, this is the proton released from aromatization of 236 which would activate the C2=C3 bond of 234.

Scheme 52. Hydroarylation with arenes activated by FeCl3

At this point, we wondered if we could replace the electron-rich arenes by other nucleophiles to maximize the diversity of the monofunctionalized indolines obtained by this method. An initial and unsuccessful screening of several oxygen, nitrogen-or phosphoruscontaining nucleophiles met with failure. In most of the cases, only indole 234 can be recovered. We then turned our attention towards allylsilanes, since the formation of an allylated compound at C3 would be complementary to the monoallylation of indoles 238 at the C2-position, 79 leading to 240 through isomerization of the enamine part of the indole into imine 239 (Scheme 53). Preliminary investigations were conducted by postdoctoral researcher Raj Nandi. To his surprise, he never observed the monoallylated indoline from allyltrimetylsilane (2.2 equiv) and N-acetyl skatole 227a in the presence of FeCl3 (2.4 equiv).

He was thrilled to observe the formation of 2,3-diallylated indoline 236a, albeit in a low 14% 79 

II.1.1 Optimization of diallylation of 234a

Encouraged by this interesting result, I started to further study this intriguing oxidative diallylation. [START_REF] Bekkaye | For an oxidative coupling between enamides and allylsilanes with monoallylation[END_REF] A verity of conditions were carried out in order to improve the yield (Table 1).

Increasing the amounts of FeCl3 and allyltrimetylsilane to 3 equivalent and 10 equivalent respectively can improve the yield slightly to 20% (entry 2). Since the formation of gas was observed, we decided to use a sealed reaction vessel in order to perform the reaction under pressure. Interestingly, a better yield was obtained in a sealed vial (entry 3). Attempts to replace the promoter by FeCl3• 6H2O, FeCl2 or TfOH failed to yield the desired compound (entries 4-6). Allyltrimetylsilane was proven to be the most suitable allylic reagent in this reaction, since other allylic reagents led to poor yields or no reaction (entries 11-14).

Eventually, increasing the amount of FeCl3 to 7 equivalent and running the reaction in a sealed reaction vessel improved the yield of 236a to 86% (85:15 dr, entry 9). The reaction of the gas which is formed during the reaction is unknown to us. Noteworthy, it was possible to perform the synthesis of 236a on a 2 mmol scale in 70% yield (85:15 dr). [START_REF] Bekkaye | For an oxidative coupling between enamides and allylsilanes with monoallylation[END_REF] For an oxidative coupling between enamides and allylsilanes with monoallylation: Bekkaye, M.; Masson, G.

Org. Lett. 2014, 16, 1510-1513. 

II.1.2 Scope of the dearomative FeCl 3 -mediated diallylation of N-Ac indoles

With the optimal condition in hands, we explored the scope of this reaction. On the nitrogen, besides the acetyl group, the formyl group was also tolerated and led to 241b in 56% yield (90:10 dr) while 241c bearing an ethyloxy carbonyl group was obtained in 32% yield (90:10 dr). Increasing the steric hindrance at the C3-position still allowed diallylated indolines 241d (42%, 85:15 dr) and 241e (34%, 90:10 dr) with n propyl and n butyl substituents.

The reaction could also be performed in the presence of aryl substituents at C3, delivering 241f (46%, 90:10 dr), 241g (32%, 90:10 dr) and 241h (48%, 90:10 dr) (Scheme 54). A crystal of 241g was obtained, which allowed to confirm the trans relative configurations of the two allyl groups of the major isomer by X-ray crystallographic analysis. Concerning the electronic effects in the benzene part of the indole, electron-donating groups such as methoxy (243a; 39%, 90:10 dr) at the C5 and methyl at the C5 (243b; 71%, 85:15 dr), C6 (243e; 39%, 90:10 dr) and C7 (243g; 47%, >95:5 dr) positions afforded the expected diallylated indolines. Fluoride at the C5 was also tolerated, leading the expected product 243c (44%, 85:15 dr). Less electron-rich groups such as a 5-bromide (243d) did not allow the reaction to proceed. The reaction of these 3-substituted indoles delivered the transdiallylated indolines 243a-243g as the major isomer as demonstrated by X-ray analysis of compound 243g (Scheme 55). Given the fact that two allylic groups are introduced to indoles in one step, this method is still competitive with conventional approaches. When analyzing the yields it should be taken into account that we have achieved a rare oxidative coupling between three nucleophiles. an oxidation event is involved in this transformation and FeCl3, indeed, should serve as an oxidant via a single electron transfer (SET) process. [START_REF] Sarhan | For a review on oxidative C-C coupling with FeCl3[END_REF] Simultaneously, allysilane could be oxidized into a radical cation E and then into an electrophilic species F, [START_REF] Ochiai | For oxidation of allylsilanes into electrophilic allyl species[END_REF] which can be captured by the carbon-metal bond of D, leading to diallyl indole 245. [START_REF] Sarhan | For a review on oxidative C-C coupling with FeCl3[END_REF] For a review on oxidative C-C coupling with FeCl3: 

II.1.4 Synthetic transformations of indolines

To illustrate the synthetic potential of this reaction, a few transformations of the diallylated indolines were carried out (Scheme 58). Ring-closing metathesis allowed the formation of tetrahydrocarbazole derivatives 248. The stereochemistry of compounds 248a and 248b was ascertained by X-ray analysis of a crystal of 248a. Noteworthy, it is uncommon that the synthesis of related strained trans-5,6-fused bicycles could be achieved by ringclosing metathesis. 83,[START_REF] Chapman | For synthesis of related trans-hexahydrocarbazoles via photocyclization of N-aryl enamines[END_REF] In the other hand, cis-diallylated indoline 245a was converted in good yield to the corresponding indoline 248c which bears two contiguous quaternary stereogenic centers. Interestingly, hexahydrocarbazole 245c led to the aza [4.4.3]propellane 248d in which the two contiguous stereocenters hold three fused cycles. [START_REF] Torres | For the isolation of fruticosine and fruticosamine[END_REF] It should be noted that the natural products fruticosine and fruticosamine contain a related skeleton.

Besides ring-closing metathesis, other transformations were also performed. The terminal double bonds of 241a could be hydrogenated into 249a, while phenyl groups could be introduced at each end of the two olefins to yield 249b via a double Heck reaction. 83 Kotha, S.; Gunta, R. Beilstein J. Org. Chem. 2015, 11, 1373-1378. [START_REF] Chapman | For synthesis of related trans-hexahydrocarbazoles via photocyclization of N-aryl enamines[END_REF] For synthesis of related trans-hexahydrocarbazoles via photocyclization of N-aryl enamines: Chapman, O. L.; Eian, G. L.; Bloom, A.; Clardy, J. J. Am. Chem. Soc. 1971, 93, 2918-2928. [START_REF] Torres | For the isolation of fruticosine and fruticosamine[END_REF] For the isolation of fruticosine and fruticosamine: (a) Torres, E.; Leiva, R.; Gazzarrini, S.; Rey-Carrizo, M.; 

Scheme 58. Synthetic transformations of 2,3-diallylindolines

Unexpectedly, deacetylation of N-Ac indoline 241a with concentrated chlorhydric acid was accompanied by the selective hydration of the double bond from the allyl group at C2 which delivered alcohol 249c. The selective protonation of the allyl group at C2, leading to this pseudodesymmetrization, is obviously directed by the protonated nitrogen of the indoline after deacetylation or by the acetyl before deacetylation. The fact that it is the allyl at C2 which is hydrated was proven via HMBC analysis.

II.1.5 Conclusion

We have developed an intermolecular dearomative 2,3-difunctionalization of N-Ac indoles with allyltrimethylsilane in the presence of FeCl3. Three-dimensional indoline structures were delivered, in which two carbon-carbon bonds and two contiguous stereogenic centers were formed. The substitution of the indole nucleus plays a key role in the stereoselectivity of this transformation. Synthetic transformations allowed the obtention of trans-tetrahydrocarbazoles and of an aza [4.4.3]propellane scaffold by RCM. Selective hydration of one of the allyl groups was also carried out.

II.2 Electrochemical dearomative 2,3-difunctionalization of indoles

After the achievement of the diallylation of N-Ac indoles that was described in the previous chapter, which involved the use of 7 equivalents of FeCl3, we were interested to perform such dearomatization reaction in electrochemical conditions, which would be more sustainable. Interestingly, following the synthesis of benzofuro [3,2-b]indolines via a [3+2] annulation between N-acyl indoles and phenols mediated by DDQ and FeCl3 reported by our group in 2014, 67 an electrochemical version of this reaction was developed by the Lei group with improved yields and an extended scope in 2017 (see scheme 47). 68 It inspired us to explore the electrochemical oxidation of N-acyl indoles in the presence of nucleophiles through, presumably, the oxidation of the indole nucleus into a radical cation. It is, mechanistically, in contrast with some of the electrochemical difunctionalization of alkenes which would imply the addition of a radical generated by oxidation of the anode to the double bond (Scheme 59). 65,68,72 

Scheme 59. Electrochemical difunctionalization of alkenes and heteroarenes

At this stage, our research group had no knowledge of synthetic electrochemistry.

However at this time, a collaboration between IKA and the Baran research group released on the market a new apparatus (ElectraSyn 2.0) which is easy to use to perform electrosynthesis and analytical cyclic voltammetry. We acquired an ElectraSyn 2.0 apparatus at the beginning of 2018 to start the research project in electrochemistry that we will present in the next two parts.

ElectraSyn 2.0 is probably far from being perfect both for electrosynthesis and cyclic voltammetry. However it is an easy setup to handle for nonspecialists like us (Figure 2). 

II.2.1 Optimization of dimethoxylation of 234a

We first tried to develop an electrochemical version of our diallylation of N-Ac indoles without success. We then turned our attention to the dimethoxylation of N-Ac indoles in electrochemistry. Royer reported the anodic oxidation of few tetrahydrocarbolines in the presence of methanol and in one case observed the formation of an intermediate dearomatized dimethoxyindoline (see scheme 45). 64 As a proof-of-principal experiment, we studied the 2,3-bismethoxylation of N-Ac skatole 234a (Table 2). 86 The electrolysis of 234a at a constant current of 8.9 mA/cm 2 with a graphite anode and a platinum cathode in a 1:1 mixture of MeOH and acetonitrile in an undivided cell and n Bu4NBF4 as the electrolyte at room temperature, led to the desired 2,3-dimethoxyindoline 250a in 77% yield as a 9:1 mixture of diasteroisomers in favor of the trans addition of the two methoxy groups (entry 1). The use of 10 mol% of TEMPO allowed us to improve the yield to 89%, which was thought to avoid decomposition of 250a (entry 2). Reducing the amount of TEMPO to 5 mol% affected the yield slightly (entry 3). A good yield was also obtained by using tris(4-bromophenyl)amine as mediator instead of TEMPO (entry 4). The use of of a platinum plated electrode as anode decreased the yield to 57% (entry 8). Finally the condition of the entry 9 was chosen as the optimal condition. Reaction condition: undivided cell, constant current of 10 mA, graphite plate anode (C+; 0.8 cm x 1.4 cm x 0.2 cm submerged in solution: J = 8.9 mA/cm2), Pt-plated plate cathode (Pt-, (0.8 cm x 1.4 cm x 0.2 cm submerged in solution) 234a (0.2 mmol), TEMPO (10 mol%), CH3CN/MeOH (2.5 mL/2.5 mL), n Bu4BF4 (1 equiv.), air, RT, stirring (400 rpm). a Determined by 1 H NMR analysis using anisole as the internal standard, b isolated yield.

II.2.2 Dearomative electrolysis of indoles II.2.2.1 Dearomative dialkoxylation of indoles

With the optimal condition in hand, the scope of this dialkoxylation reaction was explored. It was possible to perform the transformation of 250a on 1.3 gram scale and generate 250b in 72%. Besides methanol, the dialkoxylation could also be carried out in ethanol leading to 250b in 58%. Noteworthy, functionalized alcohols were also tolerated. For example, ally alcohol, cyclopropyl methanol and homopropargyl alcohol could participate in this transformation, leading to the expected products 250c-250e in acceptable yields. The cyclic indoline 250f was allowed to be formed in 43% when ethylene glycol was used in DMF instead of acetonitrile. The structure of 250f was revealed by the X-ray diffraction analysis of a crystal (scheme 60). Unfortunately, no reactivity was observed with isopropanol which is a more hindered alcohol.

The electron-withdrawing substituent on the nitrogen of the indole was next evaluated.

Indoline 250g containing a pivaloyl was formed in 58%. Good yields of indolines 250h-250j

were obtained when formyl, benzoyl and tosyl groups were employed as protecting groups.

It was possible to separate the trans and cis isomers of 250h and 250j (scheme 60).

a Undivided cell, graphite-SK50 anode (1.4 cm x 0.8 cm x 0.2 cm submerged), platinum plated cathode (1.4 cm x 0.8 cm x 0.2 cm submerged), constant current of 10 mA (J = 8.9 mA/cm 2 ), 5 mL of solvent, room temperature; isolated yields (diastereomeric ratio) are indicated. b 234 (0.4 mmol), TEMPO (0.02 mmol), n Bu4NBF4 (0.4 mmol), R 8 OH/CH3CN (2.5 mL/2.5 mL). c Anode (0.8 cm x 3.4 cm x 0.2 cm submerged), cathode (3.4 cm x 0.8 cm x 0.2 cm submerged), constant current of 15 mA (J = 5.5 mA/cm 2 ), 234 (8 mmol), TEMPO (0.0256 mmol), n Bu4NBF4 (2 mmol), MeOH/CH3CN (8 mL/8 mL). d In AllylOH/CH3CN (1 mL/4 mL) or cyclopropyl methanol/CH3CN (1.5 mL/3.5 mL) or homopropargyl alcohol/CH3CN (1.5 mL/3.5 mL); e in OH(CH2)2OH/DMF (1.5 mL/3.5 mL).

Scheme 60. Electrochemical dialkoxylation of N-Ac indoles with different alcohols

Subsequently, the nature of the substituents on the benzene ring was scrutinized.

Electron-donating groups such as methoxy and methyl groups at C5, C6 or C7 positions (251a,b; 251e,f) were tolerated, leading to the corresponding products in moderate to good yields. Halogens such as fluoride, chloride and bromide at C5 or C6 positions (251c; 251g-i)

were compatible to afford the expected indolines in moderate yields. Even strong electron-withdrawing groups such as cynao and nitro group at C5 or C6 positions (251d; 251j), turned out to be suitable, leading to moderate yields of the corresponding indoles.

a Undivided cell, graphite-SK50 anode (1.4 cm x 0.8 cm x 0.2 cm submerged), platinum plated cathode (1.4 cm x 0.8 cm x 0.2 cm submerged), constant current of 10 mA (J = 8.9 mA/cm 2 ), 5 mL of solvent, room temperature; isolated yields (diastereomeric ratio) are indicated. b 251 (0.4 mmol), TEMPO (0.02 mmol), n Bu4NBF4 (0.4 mmol), R 8 OH/CH3CN (2.5 mL/2.5 mL).

Scheme 61. Electrochemical dimethoxylation of N-Ac indoles: Effect of the substitution at C3, C4 and C5

Moreover, indoline 252k was also obtained efficiently from 2,3-unsubstituted-N-Tsindole. The effects of different substituents at the C3 position were then studied. Indoline 252l containing a propyl at C3 was obtained in 85%. Increasing the steric hindrance still allowed dimethoxylated indolines (251m; 251p) to be formed. Noteworthy, the reaction proceeded also well with a benzyl or phenyl group at the C3 position (252n; 252o) (Scheme 61). Crystals of 252o were obtained and analyzed by X-ray diffraction to confirm the trans relative stereochemistry between the two methoxyl groups.

More interestingly, functional groups on the C3-side chain were preserved in this mild condition. For example, cyano-containing indoline 254a and bromo-containing indoline 254b were obtained without, respectively, hydrolysis or nucleophilic substitution by methanol. Impressively, dimethoxylation of a 3-cyclopropylindole could be performed without noticeable opening of the cyclopropyl group leading to 2,3dimethoxycyclopropylindoline 254c. The dimethoxylated indolines 254d and 254e were obtained from tryptophan or tryptophol derivatives, despite the presence of a nucleophilic entity on their C3-side chain which did not intercept the potential C2-iminium (scheme 62).

a Undivided cell, graphite-SK50 anode (1.4 cm x 0.8 cm x 0.2 cm submerged), platinum plated cathode (1.4 cm x 0.8 cm x 0.2 cm submerged), constant current of 10 mA (J = 8.9 mA/cm 2 ), 5 mL of solvent, room temperature; isolated yields (diastereomeric ratio) are indicated. b 253 (0.2 mmol), TEMPO (0.01 mmol), n Bu4NBF4 (0.2 mmol), MeOH/CH3CN (2.5 mL/2.5 mL).

Scheme 62. Electrochemical dimethoxylation of N-Ac indoles: Effect of the substitution at C3

In contrast, adding one more carbon to the C3-side chain led to intramolecular trapping by the nucleophile at the C3 side chain. In the case of alcohols, methoxytetrahydropyranoindolines 256a-e were afforded as mixtures of two inseparable regioisomers. The major products were formed via intermolecular addition of methanol at the C3 position and the minor product was obtained by trapping of the C2 position by methanol. The regioisomeric ratios were determined by 1 H NMR analyses. Indolines containing electron-donating group, halogen or electron-withdrawing group at C5 position were afforded in moderate yields.

A reversal of regiochemistry was observed with tosylamide-containing C3-side chains and led selectively to valuable trans-spirocyclic indolines (256f; 256g). No six-membered ring product formed via intermolecular addition of methanol at the C3 position (Scheme 63).

The structure of 256g was established by X-ray diffraction.

a Undivided cell, graphite-SK50 anode (1.4 cm x 0.8 cm x 0.2 cm submerged), platinum plated cathode (1.4 cm x 0.8 cm x 0.2 cm submerged), constant current of 10 mA (J = 8.9 mA/cm 2 ), 5 mL of solvent, room temperature; isolated yields (diastereomeric ratio) are indicated. b 255 (0.2 mmol), TEMPO (0.01 mmol), n Bu4NBF4 (0.2 mmol), R 8 OH/CH3CN (2.5 mL/2.5 mL). c Regioisomeric ratio.

Scheme 63. Electrochemical methoxylation annulation of indole derivatives

II.2.2.2 Alpha-alkoxylation of 2,3-disubstituted indoles

The reactivity of tetrahydroacarbazoles in the same electrochemical conditions was then examined (Scheme 64). In contrast to 3-monosubstituted N-acyl indoles, alphamonomethoxylation occurred. Encouraged by this interesting result, the following optimizations were carried out. We were delighted to obtain a better yield when the amount of TEMPO was increased to 10%.

With optimal conditions in hand, the scope of this reaction was explored. Alphamethoxy carbazoles containing acetyl or tosyl groups on the nitrogen (261a,b) were obtained in moderate yields. Electron-donating groups (261c,d) such as methyl, methoxy on the benzene ring were tolerated, leading to acceptable yields. The presence of halogens (261e,f) also proved to be suitable in this transformation. The structure of 261e was confirmed by Xray diffraction analysis of a crystal. Even though lower yield was obtained in the case of electron-withdrawing groups (261g,h) on the benzene part, the corresponding products were generated smoothly. Furthermore, the reaction could also be extended to cyclopentaindole (261i). Unfortunately, 2,3-dimethyl-N-Ts-indole was not a competent substrate, only degradation of starting material was observed. Surprisingly, with ethanol, two alkoxylations occurred on the two positions vicinal to the indole ring and diethoxyindoline 261j was obtained. The relative stereochemistry between the two ethoxy groups could not be determined.

a Undivided cell, graphite-SK50 anode (1.4 cm x 0.8 cm x 0.2 cm submerged), platinum plated cathode (1.4 cm x 0.8 cm x 0.2 cm submerged), constant current of 10 mA (J = 8.9 mA/cm 2 ), 5 mL of solvent, room temperature; isolated yields (diastereomeric ratio) are indicated. b 257 (0.2 mmol), TEMPO (0.03 mmol), n Bu4NBF4 (0.2 mmol), MeOH/CH3CN (2.5 mL/2.5 mL). c EtOH/CH3CN (2.5 mL/2.5 mL)

Scheme 64. Electrochemical alpha-alkoxylation of 2,3-disubstituted indoles

Based on previous reports, 64,87a-c The mechanism of this benzylic C-H functionalization is proposed to be as follows. 

II.2.2.3 Dearomative diazidation of indoles

During recent developments in diazidation of alkenes, very few examples of diazidation of indoles were reported using an external oxidant. 88 Very recently, a powerful electrochemical general diazidation of alkenes with a manganese electrocatalyst was published in which only one example from a 2,3-unsubstituted indole is described (see scheme 38). 54 Considering the importance of azide compounds, we next evaluated the possibility of forming two C-N bonds instead of the C-O bonds during the electrochemical oxidative dearomatization of indoles by replacing methanol by an azide-containing reagent. 71 Finally, the electrolysis of N-Ac skatole in the presence of trimethylsilyl azide led to 2,3-diazide indoline 263a with an excellent trans-diastereoselectivity (Scheme 65). Indoline 263b containing a nitrile group on the C3-side chain was obtained in an acceptable yield.

Electron-donating (263c) or electron-withdrawing groups (263d) on the benzene ring proved to be compatible, leading to the corresponding products in moderate yields. Chloride at the C6 position of the indole ring was also tolerated in this transformation and the expected indoline 263e was generated in 55%.

In contrast to the electrolysis in the presence of methanol, the dearomatized cis-products were obtained from differently substituted N-Ts tetrahydrocarbazoles or cyclopentaindole.

Remarkably, it allows to create diastereoselectively two contiguous tetrasubstituted stereogenic centers. The electronic effects in the benzene part of the tetrahydrocarbazoles were studied. Electron-donating group (263g) and electro-withdrawing group (263j) led to the diazide products in moderate yields. Halogens such as bromide, chloride on the C5 position also afforded 263h and 263i in good yields.

As for the dimethoxylation reaction, the diazidation proceeded without noticeable opening of the cyclopropyl ring, delivering the desired product 263i in 59%. Noteworthy, the formation of indoline 263m, presumably cis, through diazidation of a steroid-derived indole demonstrates the versatility of this electrochemical protocol towards complex substrates bearing C-H bonds which could have been oxidized. Furthermore, dearomatized triazide 263n and alpha-azidation product 263o were isolated in 8% as total yield. The former is thought to result from azidation of one of the C-H bond (C5 or C6) of the indole nucleus of 263m, while the latter may arise from 263m through an elimination similar to scheme 64.

Encouraged by these results, a broad range of nucleophiles such as electron-rich alkenes, phenols and amines were tested in the standard conditions (scheme 66).

Unfortunately, most of these cases led to no reaction, with a high recovery of N-Ac skatole 234a.

a Undivided cell, graphite-SK50 anode (1.4 cm x 0.8 cm x 0.2 cm submerged), platinum plated cathode (1.4 cm x 0.8 cm x 0.2 cm submerged), constant current of 10 mA (J = 8.9 mA/cm 2 ), 5 mL of solvent, room temperature; 234a (0.2 mmol), Nucleophiles (1 mmol), n Bu4NBF4 (0.2 mmol), CH3CN (5 mL).

Scheme 66. Some examples of incompatible nucleophiles

II.2.3 Mechanistic investigation

In order to get insight into the mechanism of these dearomative difunctionalizations of indoles. Some cyclic voltammetry experiments were carried out to investigate the effect of TEMPO in dearomative dialkoxylation of indoles. No catalytic current was observed for TEMPO in the presence of 234a (Figure 3,4). [START_REF] Francke | [END_REF] Moreover, considering that the dearomative dimethoxylation of 234 could be performed without TEMPO in satisfactory yields, it is therefore unlikely that TEMPO acts as a mediator to directly oxidize the N-Ac indole in the Radical clock experiments (253c, 263l) were conducted, which showed that the cyclopropyl group at the C3-position did not undergo ring-opening for each reaction, it seems to indicate that a radical is probably not formed at the C3-position of the indole. Furthermore, cyclic voltammetry experiments (Figure 5) illustrate that methanol is involved in the reduction process at the cathode liberating methoxide. In both reactions, gas evolution is observed at the cathode, which we believe is hydrogen produced by the reduction of methanol or adventitious water. These results probably imply that the C-O bond is unlikely formed via a direct radical pathway. In the diazidation reaction, some gas was generated at the surface of the cathode during this transformation, but the exact reduction process at the cathode is unclear to us, it is conceivable that adventitious water in the medium could react with TMSN3 and led to formation of protons which are reduced at the cathode. In the diazidation, hexamethyldisilane was not detected by NMR when deuterated acetonitrile was used as solvent, therefore TMSN3 is probably not directly reduced at the cathode. In consideration of the results of cyclic voltammograms, N-Ac skatole 234a is oxidized prior to methanol or TMSN3 (Figure 4 In order to verify if methoxy or azide radicals are responsible for the dimethoxylation or diazidation, some control experiments were each conducted at a constant potential of 1.3V

(vs Ag/AgCl), between the oxidative waves of the methoxide or azide anions and the oxidative wave of 234a (Scheme 67). No reaction was observed in the dimethoxylation reaction, while a low yield of diazide 263a (23%) was obtained along with recovered 234a and unidentified by-products. Moreover, replacing TMSN3 by NaN3 or n Bu4NN3, which are well known to generate the azide radicals by anodic oxidation, resulted in no reaction.

Scheme 67. Control experiments

Interestingly, in the presence of an excess of TEMPO, both the dialkoxylation and the diazidation did not proceed and only the starting N-Ac indole 234a was recovered which is in sharp contrast to the azidooxygenation of alkenes developed recently by Lin which involved azide radicals. 54,62 If a N3 radical was adding first to the indole, we would have expected the trapping of the resulting carbon radical with TEMPO which is not the case (Scheme 67). It is likely that TEMPO is oxidized instead of 234a and the resulting excess oxoammonium ion could react with methanol or TMSN3. More importantly, we noticed that in our classical constant current conditions, the potential of the anode was above 2V (vs Ag/AgCl) for each reaction, which is superior to the oxidation potential of 234a. Indeed, the potential at the anode is quite high and could lead to side reactions. However, we have shown a reasonable functional groups compatibility during the present study. 

II.2.4 Synthetic transformations

To illustrate the synthetic potential of these reactions, some further transformations of the products obtained were carried out. Methoxy-N-Ts-tetrahydrocarbazole 261b could be used as a platform to access molecular diversity. For example, addition of various nucleophiles in the presence of a lewis acid leads to tetrahydrocarbazoles 4-substituted respectively by an azide (264a), a cyanide (264b), an allyl (264c) and an arene (264d) in good to excellent yields (Scheme 69). 87c a 261b (0.2 mmol), NuM (0.3 mmol), TMSOTf (0.04 mmol), CH2Cl2 (2 mL), -50°C.

Scheme 69. Transformation of 1-methoxy-N-Ts-tetrahydrocarbazole 258b

Diazide-containing indolines can be served as important precursors in organic synthesis.

For example, diazide 263f could be reduced to cis-2,3-diamine-containing indoline 265 and a double click reaction could be performed on 263a with phenylacetylene yielding transbistriazole 266. The configurations were confirmed by X-ray analysis of the corresponding crystals (Scheme 70). 

II.3 MgBr 2 -mediated electrochemical dearomative dihydroxylations, hydroxycyclizations and bromocyclizations of Indoles

Because of our constant interest in developing dearomatization reaction of indoles to generate three-dimensional indolines of potential biological relevance, a sustainable and straightforward electrochemical 1,2-difunctionalization of indoles in the presence of a redox mediator attracted our attention. In our previous work (scheme 71), 64,65,68 the reaction proceeded via the direct oxidation at the anode of the indole nucleus into a radical cation 268.

During this direct electrolysis, a high potential was observed at the anode which could prevent selectivity in this oxidative process and could lead to over-oxidation reactions.

Scheme 71. Direct oxidation of the indole at the anode

The use of a redox mediator to indirectly oxidize the C2=C3 bond could allow better chemoselectivity. Among potential electrocatalyst, [START_REF] Francke | [END_REF] we thought that halides could be efficient redox mediators via their oxidation at the anode into electrophilic species. Indeed, the anodic oxidation of halides is known and is a clean halogenation method for alkenes, alkynes or (hetero)arenes 55,89 including indoles. 90 Halides are also used as electrocatalysts in oxidative coupling reactions at the alpha position of carbonyl groups. 91 Based on this precedents, we reasoned that the electrophilic halide intermediate generated at the anode would selectively react with the C2=C3 bonds to form a halonium ion A which would then be opened by water. The halide of the resulting 2,3hydroxyhalogenoindolenine B could then be displaced by a second molecule of water via extended iminium C in order to form the dihydroxylindolenine D (Scheme 72). 

II.3.1 Optimization of dihydroxylation of 269a

For instance, the dihydroxylation of N-Ts-3-methylindole 269a with water 86d delivered moderate yields of dihydroxyindoline 270a in our previous reported conditions at a constant current of 8.9 mA.cm -1 in acetonitrile with n Bu4NBF4 as electrolyte (Table 1, entries 1,2).

Aiming at improving the yield of the dihydroxylation of 269a via a redox mediator, as depicted in Scheme 72, we replaced the electrolyte by halides. Among the chlorides (entries 3,4), bromides (entries 4-8) and iodides (entries 9,10) which were evaluated, MgBr2 proved to be the more promising redox mediator (entry 5). We observed the bromination of the benzene ring of 270a as a side reaction. Therefore, decreasing the load of MgBr2 from one equivalent to 0.25 equivalent led to an increase of the yield to 60% (entry 11). Conducting, the electrolysis in potentiostatic conditions (entries 12-14) instead of galvanostatic conditions led to an improved yield (71%) at a constant potential of 5V between the two electrodes (entry 13). Finally, a slight increase of the yield to 74% could be obtained, as a 4:1 diastereoisomeric ratio in favor of the cis diastereoisomer, with a higher concentration of water (entry 15). In addition to being a redox mediator, MgBr2 also acts as an electrolyte. 

II.3.2 Scope of the reaction II.3.2.1 MgBr2-mediated electrochemical dearomative dihydroxylation of indoles

With the optimal conditions in hand, we studied the scope of this MgBr2-mediated electrochemical dihydroxylation reaction (Scheme 73). Switching the tosyl group born by the nitrogen of the indole to acyl groups such as acetyl, formyl and benzoyl yielded indolines 270a-c but with the trans isomer as the major product. 86d At this point, we decided to continue our investigation with a tosyl as the electron-withdrawing group on the nitrogen in most cases.

Noteworthy, the synthesis of 270a was also carried out on a gram scale, with a 58% yield.

We also performed successfully the electrolysis with a constant potential of 3.5 V at the anode vs an Ag/AgCl reference electrode. Moreover, a 60% yield of 270a was obtained at 1.9 V vs Ag/AgCl with 0.25 equiv. of MgBr2 and with 1 equiv. of n Bu4NBF4 as additional supporting electrolyte. Removing MgBr2 from these conditions led to a sharp decrease of the yield of 270a to 25%.

The substitution on the benzene part of the indole was next explored. Electron-donating group such as methyl on C5-position proved to be tolerated, leading to 270e in good yield.

For halogens such as chloride or fluoride on C5 or C6-position, the corresponding products 270f,g, 270i were generated in moderate yields. Interestingly, indoline containing aldehyde group on C5-position 270h was formed in satisfactory yield, which demonstrates a good functional group tolerance in this mild condition. Noteworthy, 2,3-unsubstituted-N-Ts-indole was also a competent substrate which delivered indoline 270j in an acceptable yield. The cisdearomative dihydroxylation of N-Ts indoles proceeded well with various substituents at the C3-position such as alkyl groups (270k,l). Increasing the steric hindrance at this position slightly affected the yield. Moreover, the structure of 270l was established by the analysis of a crystal by X-ray diffraction. The radical clock experiment was carried out on a 3cyclopropyl substrate, 3-cyclopropyl-indoline 270m was obtained in 51% together with only minor amounts of the opening of the cyclopropyl ring. A nitrile could also be present on the C3-alkyl side chain to deliver 270n without hydrolysis.

a Undivided cell, graphite-SK50 anode (1.4 cm x 0.8 cm x 0.2 cm submerged), platinum plated cathode 

Scheme 73. MgBr2-mediated electrochemical dihydroxylation of indoles

The behavior of tetrahydrocarbazoles in these reaction conditions also attracted our attention. We were pleased to observe the formation of the cis-2,3-dihydroxyindolines 272a in the optimal condition. A methyl group on the C5-position 272b was compatible in this transformation. Indolines containing halogens such as chloride or bromide groups at C5 were obtained in excellent yields. Interestingly, electron-withdrawing groups such as nitrile or nitro group were also well-tolerated, delivering 272e,f in good yields (Scheme 74).

a Undivided cell, graphite-SK50 anode (1.4 cm x 0.8 cm x 0.2 cm submerged), platinum plated cathode (1.4 cm x 0.8 cm x 0.2 cm submerged), constant potential of 5 V between the electrodes, 271 (0.2 mmol), MgBr2 (0.05 mmol), CH3CN/H2O (3 mL/2 mL), room temperature; b isolated yields (diastereomeric ratio of the major isomer as drawn) are indicated.

Scheme 74. MgBr2-mediated electrochemical dihydroxylation of tetrahydrocarbazoles

These results are in contrast with our previous direct methoxylation conditions in which methoxy tetrahydrocarbolines were obtained instead of the desired 2,3-dimethoxyindolines (scheme 64). It proves that the MgBr2-mediated conditions are milder than our previous ones since 272a-f did not evolve into α-hydroxyl tetrahydrocarbolines.

II.3.2.2 MgBr2-mediated electrochemical dearomative hydroxycyclization of indole derivatives

We then decided to study substrates that contain a nucleophilic entity on a carbon-side chain born by the C3-position of 273 (Scheme 75). In the case of oxygenated nucleophiles, the C2-position of the oxidized indole is intramolecularly intercepted by this nucleophile, while the C3-position is attacked by water. This regiochemistry was determined by HMBC experiments.

a Undivided cell, graphite-SK50 anode (1.4 cm x 0.8 cm x 0.2 cm submerged), platinum plated cathode (1.4 cm x 0.8 cm x 0.2 cm submerged), constant potential of 5 V between the electrodes, 273 (0.2 mmol), MgBr2 (0.05 mmol), CH3CN/H2O (3 mL/2 mL), room temperature; b isolated yields (diastereomeric ratio of the major isomer as drawn) are indicated; c constant potential of 3.5 V at the anode vs a Ag/AgCl (3M aq. KCl) reference electrode.

Scheme 75. Hydroxycyclization of indole derivatives containing oxygenated nucleophiles

Hydroxy-tetrahydropyranoindolines 274a,b containing either halogen or electron-withdrawing group were obtained in moderate yields. Increasing the steric hindrance on the C3-side chain with a tertiary alcohol proved to be suitable for this process, leading to 274c with a lower yield. Switching the Boc group on the nitrogen to a cinnamoyl group afforded the expected product 274d in an acceptable yield. To extend the substrate scope, substrates with a carboxylic acid were studied, furnishing the corresponding valerolactones 274e,f in 54% and 47%, respectively (Scheme 75).

In contrast, the regioselectivity was inverted with a nitrogenated intramolecular 

II.3.2.3 MgBr2-mediated electrochemical dearomative halocyclization of tryptophol, tryptamine and tryptophan derivatives

To our delight, removing one carbon from the tether at the C3-position would lead to the cyclized 3-bromo-indolines 278 rather than the expected hydroxyindolines. Indeed, the highly strained nature of the 5,5-fused extended iminium intermediate C (scheme 72)

prevents its formation. Usually, the formation of such cyclized 3-haloindolines required the use of electrophilic halogen reagents. 92 More recently, halides in combination with stoichiometric oxidants were also employed. 33,93 Therefore, in order to avoid the use of a stoichiometric oxidant, we decided to study the scope of this useful electrochemical transformation using 1 equivalent of MgBr2 (Scheme a Undivided cell, graphite-SK50 anode (1.4 cm x 0.8 cm x 0.2 cm submerged), platinum plated cathode (1.4 cm x 0.8 cm x 0.2 cm submerged), constant potential of 5 V between the electrodes, 277 (0.2 mmol), MgBr2 (0.2 mmol), CH3CN/H2O (4 mL/1 mL), room temperature; b isolated yields (diastereomeric ratio of the major isomer as drawn) are indicated; constant potential of 3.5 V at the anode vs a Ag/AgCl (3M aq. KCl) reference electrode.

Scheme 77. Dearomative halocyclization of tryptophol and tryptamine derivatives

Subsequently, we decided to evaluate protected tryptophans since the resulting bromopyrrolindolines are important intermediates for the total synthesis of natural products. 93 The cyclization of diversely protected (L) and (D)-tryptophan derivatives proceeded with an exo selectivity to deliver exo-3-bromopyrrolindlines 279a-e which was confirmed by a X-ray crystal structure of 280d (Scheme 78). In this case, a variety of protecting groups on the tryptophans were tested, showing good functional group tolerance and generating the desired products in a range from moderate to excellent yields. Chapter II: Results and Discussion 113

In the case of 277a, oxidation peaks of MgBr2 in pure acetonitrile were observed, which could be caused by the oxidation of Br -into Br3 -and Br3 -into Br2. 94 To our delight, a net increase of the current intensity was detected in the presence of NTs-tryptophol 277a, which could be explained as a catalytic current (Figure 10). Indeed, the difference of potential between the two electrodes may seem high and it could be argue that both bromide ions and the indole could be oxidized simultaneously.

However, this high difference of potential may be attributed to the high resistance of the reaction mixture. Indeed, as it is well known in the case of tryptamine or tryptophan dervivatives, 92 the reaction of N-Ts tryptophol 277a with NBS delivers bromofuranoindoline 278a. In the electrochemical bromocyclization of 277a it seems obvious that electrogenerated Br2 reacts with 277a to form bromonium bridge B which is then intramolecularly opened to deliver 278a. It is in itself a clue that, in these reported conditions with MgBr2, 269a could electrochemically be converted into B which could then lead to 270a upon reaction with water.

Scheme 80. Mechanistic hypothesis

Our mechanistic hypothesis could be summarized in Scheme 80. In all cases, we believe that the major pathway involves the two electrons anodic oxidation of two bromides into one bromine which could react with the C2=C3 bond of the indole nucleus to deliver bromonium ion B and then dihydroxyindoline 270 via additions of hydroxide ions which would have been formed via reduction of water at the cathode. The direct oxidation of indole 269 into a radical cation could not be ruled out and may also co-exists as a minor pathway.

Intramolecular opening of B is also possible in the presence of a nucleophilic entity in the C3-position of the indole nucleus which would deliver brominated tricyclic compounds C and 278. The former could then be converted to hydroxypyranoindoline 274 probably via extended iminium D. In the latter case, bromofuranoindolines and bromopyrroloindolines 278 are stable and could be isolated since the formation of the corresponding iminium E would be less favored due to its ring strain.

II.3.4 Synthetic application

The synthetic utility of the products obtained by this electrochemical halocyclization is demonstrated in scheme 81. Indeed, it is well known that the bromide atom of 3bromoindolines such as 278a could be substituted by various functional groups. Therefore, 

II.3.5 Conclusion

In conclusion, we developed a strategy to perform the electrochemical dearomatization of indoles with a redox mediator in order to avoid the direct oxidation of the indole nucleus at the anode. The electrochemical generation of an electrophilic bromine reagent from MgBr2 leads to oxidation of the indole into a bromonium ion. Upon reaction with water, this intermediate is transformed into 2,3-dihydroxyindolines. In the presence of an intramolecular nucleophile and water, hydroxycylization occurred. In the cases of tryptophol, tryptamine and tryptophan derivatives, a halocyclization took place leading to 3-bromofuranoindolines and 3-bromopyrroloindolines which are known intermediates for the total synthesis of natural products. Relevant applications were performed to illustrate the synthetic potential of this electrolysis procedure.

General Conclusion

Among dearomative transformations, 2,3-difunctionalization of indoles with a variety of nucleophiles are well established and widely applied in organic synthesis, which provides an efficient and sustainable manner to generate three-dimensional indolines of high added value.

In the first part of this work, an uncommon diallylation of N-acylindoles mediated by FeCl3 was performed by us, leading to three-dimensional indolines possessing two contiguous-stereogenic centers (scheme 84). It was unexpected that two allyl groups could be introduced to N-acylindoles in one step. The stereoselectivity of this transformation is controlled by the substitution of the indole nucleus. Further transformations allowed the obtention of trans-tetrahydrocarbazoles and an aza [4.4.3]propellane scaffold by RCM.

Selective hydration of one of the allyl groups was also achieved.

Scheme 84. Dearomative diallylation of N-Acylindoles mediated by FeCl3

In the second part of this work, electrochemistry was deployed to perform a direct In the future work, a broader range of nucleophiles will be tested in electrochemical or non-electrochemical conditions to form various C-X bonds, achieving dearomatization of indoles. Some dipolar reagents could be explored to obtain valuable cycloadducts.

Furthermore, an enantioselective version of this work will be studied, which can significantly improve the synthetic potential of our work. Considering that two same C-X bonds are formed during dearomatization of indoles, multicomponent reaction will be explored to form different C-X bonds at the C2, C3 positions in one step.

French Summary

L'un des principaux domaines de recherche de l'équipe MSMT- 

Experimental Part

General Information

Unless otherwise stated, all reactions were carried out under air atmosphere. Starting N-acyl indoles were prepared according to reports from us and others. 22,67,77a 

I.1 Dearomative diallylation of N-Acylindoles mediated by FeCl 3

Experimental procedure for diallylation of N-Ac indoles:

General Procedure A:

To a 4 mL vial with a stir bar (without stirring), were successively added the substituted Nacetylindole (0.2 mmol), 225 mg of anhydrous FeCl3 (1.4 mmol), 1 mL of CH2Cl2 (0.2 M), followed by 228 mg of allyltrimethylsilane (2.0 mmol). The vial was then immediately sealed with a screw-cap and then the reaction mixture was stirred (370 -450 rpm) at room temperature. After the indicated time, the screw-cap was then removed carefully. The complete consumption of the starting indole derivative was checked by TLC (20% AcOEt/petroleum ether). The reaction was then quenched with a saturated NaCl aqueous solution and diluted with AcOEt. The organic and aqueous phases were separated. The aqueous phase was then extracted twice with AcOEt. The combined organic phases were then dried over MgSO4, filtered and concentrated under vacuum. The crude was then purified by flash column chromatography/PTLC (10% to 20% AcOEt/ petroleum ether).

Gas and pressurization are building-up during the reaction.

N-acetyl-2,3-diallyl-3-methylindoline (241a):

241a was prepared from N-acetyl-3-methylindole 234a (34.6 

N-acetyl-2,3-diallyl-3-(4-fluorophenyl)indoline (241h):

241h was prepared from N-acetyl-3-( 

N-acetyl-2,3-diallyl-5-fluoro-3-methylindoline (243c):

243c was prepared from N-acetyl- 

N-acetyl-2,3-diallyl-2,3-dimethylindoline (245a):

245a was prepared from N-acetyl-2,3-dimethylindole 244a (37.4 mg, 0.2 mmol) following general procedure A using allyltrimethylsilane (228 mg, 2.0 mmol) and FeCl3 (225 mg, 1.4 mmol) in CH2Cl2 (1.0 ml). After stirring 16 hours at room temperature followed by aqueous work-up, preparative TLC purification (PE/EtOAc 9:1) led to 245a (24.2 mg, 0.09 mmol, 45%, >95:5 dr) as a red oil.

Assignment of the stereochemistry was made through a NOESY experiment.

Rf: 0.42 (PE/EtOAc 9:1). 

N-acetyl-3a,8b-diallyl-1,3,3a,8b-tetrahydrocyclopenta[b]indole (245f) and N-acetyl-1-(9-((trimethylsilyl)methyl)-2,3-dihydro-3a,8b-ethanocyclopenta[b]indole (246f):

245f and 246f were prepared from cyclopentaindole 244f (39.8 mg, 0. 

I.2 Synthetic transformations of indolines

Experimental procedure for RCM of diallyl indolines:

General Procedure B: 0.2 mmol of diallylated N-acetylindole 247 derivative and 2.2 mg (0.02 mmol) of 1,4-Benzoquinone were added in a dry flask under argon, followed by 6.2 mg (0.01 mmol) of Hoveyda-Grubbs Catalyst 2 nd Generation and 0.9 ml of CH2Cl2 (0.9 ml). The flask was then heated to 40 o C. The complete consumption of the starting indole derivative was checked by TLC (20% AcOEt/petroleum ether). The reaction was then quenched with a saturated NaCl aqueous solution and diluted with CH2Cl2. The organic and aqueous phases were separated.

The aqueous phase was then extracted twice with DCM. The combined organic phases were then dried over MgSO4, filtered and concentrated under vacuum. The crude was then purified by flash column chromatography/PTLC (10% to 20% AcOEt/ petroleum ether).

N-acetyl-4a-methyl-4,4a-dihydro-1H-carbazole (248a):

248a was prepared from N-acetyl-2,3-diallyl-3-methylindoline 247a (51.0 mg, 0.2 mmol)

following general procedure B using Grubbs-Hoveyda II catalyst (6.2 mg, 0.01 mmol) and 

N-Acetyl-3-methyl-2,3-dipropylindoline (249a):

To a solution of N-acetyl-2,3-diallyl-3-methylindoline 241a (51 mg, 0.2 mmol) in MeOH (3 ml) under argon was added 10% Pd/C (10.6 mg, 0.01 mmol). The reaction mixture was then placed under H2 (1 atm.), then it was stirred at room temperature for 16 hours, the consumption of the starting indoline was checked by TLC (10% AcOEt/ petroleum ether).

The reaction mixture was filtered and the solution was diluted with AcOEt, the organic and aqueous phases were then dried over Na2SO4, filtered and concentrated under vacuum, the crude was then purified by preparative TLC purification (PE/EtOAc 9:1) and 249a (42 mg, 0.162 mmol, 81%) was isolated as a colorless oil.

Rf: 0.46 (PE/EtOAc 9:1).

Due to the slow rotation of the N-(CO) bond the NMR spectra show a mixture of two rotamers

in a 50:50 ratio in CDCl3 at 300K. 

N-acetyl-2,3-dicinnamyl-3-methylindoline (249b):

To a solution of N-acetyl- 

1-(3-allyl-3-methylindolin-2-yl)propan-2-ol (249c):

N-acetyl-2,3-diallyl-3-methylindoline 241a (51 mg, 0.2 mmol) was heated in 3 mL of n PrOH /HCl 12N (1/2) at 100 o C for 4 hours, the consumption of the starting indoline was checked by TLC (20% AcOEt/ petroleum ether). The reaction mixture was then neutralized with a saturated aqueous solution of NaHCO3 and then solid NaHCO3 until a pH > 7 was reached.

The solution was diluted with AcOEt, the organic and aqueous phases were then dried over Na2SO4, filtered and concentrated under vacuum, the crude was then purified by preparative TLC purification (PE/EtOAc 7:3) and 249c (33 mg, 0.142 mmol, 71%, dr 5:1) was obtained as a colorless oil.

Assignment of the structure was made through 2D NMR Rf: 0.68 (PE/EtOAc 7:3). 

II.1 Electrochemical dearomative 2,3-difunctionalization of indoles

Electrolysis general information

Electrochemical reactions were performed with ElectraSyn 2.0 package (IKA) using the constant current mode. The reactions were conducted in a 10 mL vial (20 mL vial for the 8 mmol experiment) with a stir bar and a graphite-SK-50 (5.0 x 0.8 x 0.2 cm) working electrode (anode) and a platinum-plated (5.0 x 0.8 x 0.2 cm) counter-electrode (cathode) with a distance of 0.6 cm between the two electrodes.

General Procedure A for 2,3-dialkoxylation of N-acylindoles:

To the 10 mL vial with a stir bar were successively added the substituted N-acylindole (0.4 mmol), TEMPO (0.02 mmol, 0.05 equiv), n Bu4NBF4 (0.4 mmol, 1.0 equiv), 2.5 mL of alcohol and 2.5 mL of CH3CN (0.08 M). The cap holding the electrodes was then screwed.

The electrolysis was carried out at RT using a constant current of 10 mA, a graphite anode and a platinum plate cathode (1.4 x 0.8 x 0.2 cm submerged in solution: J = 8.9 mA/cm 2 )

with stirring (400 rpm). The complete consumption of the starting indole derivative was checked by TLC (25% to 35% AcOEt/petroleum ether). The reaction was then quenched with a saturated NaCl aqueous solution and diluted with AcOEt. The organic and aqueous phases were separated. The aqueous phase was then extracted twice with AcOEt. The combined organic phases were then dried over MgSO4, filtered and concentrated under vacuum. The crude was then purified by flash column chromatography or preparative TLC (25% to 35%

AcOEt/ petroleum ether).

Note:

The major trans diasteroisomer and the minor cis diasteroisomer have be separated in the cases of 250a, 250h, 250j, 250k and 254e by careful preparative TLC and their structural For indolines substituted at C3 by a methyl, the 13 C NMR signal for this methyl is around 15 ppm for the trans diastereoisomer, while it is around 22 ppm for the cis diasteroisomer.

General Procedure B for alpha-methoxylation of 2,3-disubstituted indole:

To the 10 mL vial with a stir bar were successively added the 2,3-disubstituted indole (0.2 mmol), TEMPO (0.03 mmol, 0.15 equiv), n Bu4NBF4 (0.2 mmol, 1.0 equiv), 2.5 mL of MeOH and 2.5 mL of CH3CN (0.04 M). The cap holding the electrodes was then screwed. The electrolysis was carried out at RT using a constant current of 10 mA, a graphite anode and a platinum plate cathode (1.4 x 0.8 x 0.2 cm submerged in solution: J = 8.9 mA/cm 2 ) with stirring (400 rpm). The complete consumption of the starting indole derivative was checked by TLC (10% to 35% AcOEt/petroleum ether). The reaction was then quenched with a saturated NaCl aqueous solution and diluted with AcOEt. The organic and aqueous phases were separated. The aqueous phase was then extracted twice with AcOEt. The combined organic phases were then dried over MgSO4, filtered and concentrated under vacuum. The crude was then purified by flash column chromatography or preparative TLC (10% to 35%

AcOEt/ petroleum ether).

General Procedure C for 2,3-diazidation of indoles:

To the 10 mL vial with a stir bar were successively added the substituted N-tosylindole (0.2 mmol), TMSN3 (1.0 mmol, 5 equiv), n Bu4NBF4 (0.2 mmol, 1.0 equiv) and 5.0 mL of CH3CN (0.04 M). The cap holding the electrodes was then screwed. The electrolysis was carried out at RT using a constant current of 10 mA, a graphite anode and a platinum plate cathode (1.4

x 0.8 x 0.2 cm submerged in solution: J = 8.9 mA/cm 2 ) with stirring (400 rpm). The complete consumption of the starting indole derivative was checked by TLC (10% to 35%

AcOEt/petroleum ether). The reaction was then quenched with a saturated NaCl aqueous solution and diluted with AcOEt. The organic and aqueous phases were separated. The aqueous phase was then extracted twice with AcOEt. The combined organic phases were then dried over MgSO4, filtered and concentrated under vacuum. The crude was then purified by flash column chromatography or preparative TLC (10% to 35% AcOEt/ petroleum ether).

General Procedure D for transformation of 261b:

To a stirred solution of tetrahydrocarbazole 261b (71 mg, 0.2 mmol) and different nucleophiles (0.3 mmol, 1.5 equiv) in CH2Cl2 (2 mL) was added TMSOTf (8.9 mg, 0.2 equiv) at -50 o C, and the mixture was stirred for 1 hour at the same temperature. The reaction mixture was quenched with saturated solution of NaHCO3 and extracted with CH2Cl2, the organic layer was washed with brine and dried with Na2SO4. After removal of the solvent under reduced pressure, The crude was then purified by flash column chromatography or preparative TLC (5% to 20% AcOEt/petroleum ether).

II.1.1 Dearomative dialkoxylation of indoles

Experimental details and characterization of compounds 

Gram-scale experiment:

To a 20 mL vial with a stir bar were successively added N-acetyl-3-methylindole 234a (8.0 mmol, 1.384 g), TEMPO (0.0256 mmol, 0.003 equiv), n Bu4NBF4

(2 mmol, 0.25 equiv), 8.0 mL of MeOH and 8.0 mL of CH3CN (0.5 M), following general procedure A using constant current of 15 mA, a graphite anode and a platinum plate cathode (0.8 cm x 3.4 cm x 0.2 cm submerged in solution: J = 5.51 mA/cm 2 ) with stirring (400 rpm).

After stirring 2290 minutes at room temperature, the solution was charged to 2.68 F/mol followed by aqueous work-up, The crude was then purified by flash column chromatography (15% to 25% AcOEt/petroleum ether) which led to 250a as a mixture of diastereoisomers (1.353 g, 5.76 mmol, 72%, 90:10 dr in favor of the trans diastereoisomer) as colorless oil.

Upon careful purification by preparative TLC purification (PE/EtOAc 4:1), both

diastereoisomers could be separated for analytical purposes .

major diastereoisomer trans-250a

Rf: 0.20 (PE/EtOAc 4:1). 

minor diastereoisomer cis-250a

Rf: 0.20 (PE/EtOAc 4:1). 

1-(2,3-diethoxy-3-methylindolin-1-yl)ethanone (250b):

250b was prepared from N-acetyl-3-methylindole 234a (69.2 mg, 0.4 mmol) and CH3CN/EtOH (2.5ml/2.5ml) following general procedure A using constant current of 10 mA.

After stirring 240 minutes at room temperature, the solution was charged to 3.72 F/mol followed by aqueous work-up, preparative TLC purification (PE/EtOAc 4:1) led to 250b as a mixture of diasteroisomers (61 mg, 0.232 mmol, 58%, 90:10 dr in favor of the trans diastereoisomer) as colorless oil.

Data for the mixture of diastereoisomers (dr 90 :10).

Rf: 0.33 (PE/EtOAc 4:1). Data for the mixture of diastereoisomers (dr 95:5).

Rf: 0.52 (PE/EtOAc 4:1). 

1-(2,3-bis(but-3-yn-1-yloxy)-3-methylindolin-1-yl)ethanone (250e):

250e was prepared from N-acetyl-3-methylindole 234a (34.6 mg, 0.2 mmol) following general procedure A using constant current of 10 mA in CH3CN (3.5 ml) and but-3-yn-1-ol (1.5 ml). After stirring 100 minutes at room temperature, the solution was charged to 3.10 Data for the mixture of diastereoisomers (dr 90:10).

F
Rf: 0.48 (PE/EtOAc 5:1). 

major diastereoisomer trans-250h

Rf: 0.25 (PE/EtOAc 5:1).

Due to the slow rotation of the N-(CO) bond the NMR spectra show a mixture of two rotamers

in a 50:50 ratio in CDCl3 at 300K. Data for the mixture of diastereoisomers (75:25) Rf: 0.42 (PE/EtOAc 4:1).

1 H NMR: (300 MHz, CDCl3, 300K

, 0.75H). 

HRMS-ESI:

m/z 320.1245 ([M+Na] + , C18H19NNaO3 + calcd. 320.1257).

2,3-dimethoxy-3-methyl-1-tosylindoline (250j):

250j was prepared from 3-methyl-1-tosyl-1H-indole 234e (114 mg, 0.4 mmol) following general procedure A using constant current of 10 mA. After stirring 240 minutes at room temperature, the solution was charged to 3.72 F/mol followed by aqueous work-up, preparative TLC purification (PE/EtOAc 5:1) led to trans-250j (110 mg, 0.317 mmol, 79%)

as white solid and cis-250j (11 mg, 0.032 mmol, 8%, 91:9 dr) as white solid.

Rf: 0.53 (PE/EtOAc 5:1). Data for the mixture of diastereoisomers (dr 80:20).

Rf: 0.13 (PE/EtOAc 4:1). 

1-(5-bromo-2,3-dimethoxy-3-methylindolin-1-yl)ethanone (252c):

252c was prepared from 1-(5-bromo-3-methyl-1H-indol-1-yl)ethanone 251c (100.4 mg, 0.4 mmol) following general procedure A using constant current of 10 mA. After stirring 300 minutes at room temperature, the solution was charged to 4.72 F/mol, followed by aqueous work-up, preparative TLC purification (PE/EtOAc 4:1) led to 252c as a mixture of diastereoisomers (96 mg, 0.308mmol, 77%, 80:20 dr in favor of the trans diastereoisomer) as yellow oil.

Data for the mixture of diastereoisomers (dr 80 :20).

Rf: 0.30 (PE/EtOAc 4:1). 

1-acetyl-2,3-dimethoxy-3-methylindoline-5-carbonitrile (252d):

252d was prepared from 1-(3-methyl-6-nitro-1H-indol-1-yl)ethanone 251d (79.2 mg, 0.4 mmol) following general procedure A using constant current of 10 mA. After stirring 270 minutes at room temperature, the solution was charged to 4.32 F/mol, followed by aqueous work-up, preparative TLC purification (PE/EtOAc 2:1) led to 252d as a mixture of diastereoisomers (51 mg, 0.160 mmol, 40%, 90:10 dr in favor of the trans diastereoisomer) as yellow oil.

Data for the mixture of diastereoisomers (dr 90 :10).

Rf: 0.47 (PE/EtOAc 2:1). Data for the mixture of diastereoisomers (dr 70 :30).

Rf: 0.24 (PE/EtOAc 4:1).

1 H NMR: (400 MHz, DMSO-d6, 340 K) δ (ppm) 7.74 (d, J = 8.2 Hz, 1H),

, 0.3H), 6.90 (t, J = 8.2 Hz, 1H),

, 0.9H). 

HRMS-ESI

2,3-dimethoxy-1-tosylindoline (252k):

252k was prepared from 1-tosyl-1H-indole 251k (108.4 mg, 0.4 mmol) following general procedure A using constant current of 10 mA. After stirring 230 minutes at room temperature, the solution was charged to 3.58 F/mol, followed by aqueous work-up, preparative TLC purification (PE/EtOAc 4:1) led to trans-252k (85 mg, 0.256 mmol, 64%) as white solid and

(cis-252k 28 mg, 0.084 mmol, 21%) as white solid. The diastereomeric ratio (dr) is therefore 75:25 in favor of the trans diastereoisomer.

major diastereoisomer trans-252k

Rf: 0.65 (PE/EtOAc 4:1). 

HRMS-ESI:

m/z 300.1559 ([M+Na] + , C16H23NNaO3 + calcd. 300.1570).

1-(3-benzyl-2,3-dimethoxyindolin-1-yl)ethanone (252n):

252n was prepared from 1-(3-benzyl-1H-indol-1-yl)ethanone 251n (99.6 mg, 0.4 mmol)

following general procedure A using constant current of 10 mA. After stirring 240 minutes at room temperature, the solution was charged to 3.72 F/mol followed by aqueous work-up, preparative TLC purification (PE/EtOAc 4:1) led to 252n as a mixture of diastereoisomers (87 mg, 0.280 mmol, 70%, 80:20 dr in favor of the trans diastereoisomer) as yellow oil.

Data for the mixture of diastereoisomers (dr 80:20)

Rf: 0.32 (PE/EtOAc 4:1).

1 H NMR: (400 MHz, DMSO-d6, 340 K) δ (ppm) 7.80 (br, 1H), 

, 0.6H). 

HRMS-ESI

HRMS-ESI

III.1 MgBr 2 -mediated electrochemical dearomative dihydroxylations, hydroxycyclizations and bromocyclizations of Indoles

Electrolysis general information

Electrochemical reactions were performed with ElectraSyn 2.0 package (IKA) using the constant voltage mode. The reactions were conducted in a 10 mL vial (20 mL vial for the 8 mmol experiment) with a stir bar and a graphite-SK-50 (5.0 x 0.8 x 0.2 cm) working electrode (anode) and a platinum-plated (5.0 x 0.8 x 0.2 cm) counter-electrode (cathode) with a distance of 0.6 cm between the two electrodes.

General Procedure A for 2,3-dihydroxylation or hydroxycyclization of substituted indoles:

To a 10 mL vial with a stir bar were successively added the substituted indole (0.2 mmol), MgBr2 (0.05 mmol, 0.25 equiv), 2.0 mL of distilled H2O and 3.0 mL of CH3CN (0.04 M),

The vial was covered with a screw-cap. The electrolysis was carried out at RT using a constant voltage of 5.00 V between a graphite anode and a platinum plate cathode (1.4 x 0.8

x 0.2 cm submerged in solution) with stirring (500 rpm). The complete consumption of the starting indole derivative was checked by TLC (35% to 50% AcOEt/petroleum ether). The reaction was then quenched with H2O and diluted with AcOEt. The organic and aqueous phases were separated. The aqueous phase was then extracted twice with AcOEt. The combined organic phases were then dried over MgSO4, filtered and concentrated under vacuum. The crude was then purified by flash column chromatography or preparative TLC (35% to 50% AcOEt/ petroleum ether). 

Note

General Procedure B for halocyclization of tryptophol, tryptamine and tryptophan derivatives

To a 10 mL vial with a stir bar were successively added a tryptophol, tryptamine or tryptophan derivative (0.2 mmol), MgBr2 or MgCl2 (0.2 mmol, 1.0 equiv), 1.0 mL of distilled H2O and 4.0 mL of CH3CN (0.04 M), The vial was covered with a screw-cap. The electrolysis was carried out at RT using a constant voltage of 5.00 V between a graphite anode and a platinum plate cathode (1.4 x 0.8 x 0.2 cm submerged in solution) with stirring (600 rpm).

The complete consumption of the starting indole derivative was checked by TLC (15% to 30% AcOEt/petroleum ether). The reaction was then quenched with H2O and diluted with AcOEt. The organic and aqueous phases were separated. The aqueous phase was then extracted twice with AcOEt. The combined organic phases were then dried over MgSO4, filtered and concentrated under vacuum. The crude was then purified by flash column chromatography or preparative TLC (15% to 25% AcOEt/ petroleum ether or 1% MeOH/ DCM).

III.1.1 MgBr 2 -mediated electrochemical dearomative dihydroxylation of indoles

Experimental details and characterization of compounds 

Gram-scale experiment:

To a 20 mL vial with a stir bar were successively added 3-methyl-1-tosyl-1H-indole 269a (4.5 mmol, 1.282 g), MgBr2 (1.125 mmol, 0.25 equiv), 6.0 mL of H2O and 10.0 mL of CH3CN (0.28 M), following general procedure A using constant voltage of 5 V, a graphite anode and a platinum plate cathode (0.8 cm x 3.4 cm x 0.2 cm submerged in solution: J = 5.51 mA/cm 2 ) with stirring (1000 rpm). After stirring 1040 minutes at room temperature, the solution was charged to 3.24 F/mol followed by aqueous work-up, The crude was then purified by flash column chromatography (25% to 30% AcOEt/ petroleum ether) which led to 270a as a mixture of diastereoisomers (0.833 g, 2.61 mmol, 58%, 80:20 dr in favor of the cis diastereoisomer) as colorless oil.

Data for the mixture of diastereoisomers (dr 80 :20).

Rf: 0.36 (PE/EtOAc 1:1). Rf: 0.69 (PE/EtOAc 7:3). To a 20 mL vial with a stir bar were successively added 279e (0.6 mmol), MgBr2 (0.6 mmol, 1.0 equiv), 3.0 mL of distilled H2O and 12.0 mL of CH3CN (0.04 M), The vial was covered with a screw-cap. The electrolysis was carried out at RT using a constant voltage of 5.00 V between a graphite anode and a platinum plate cathode (0.8 cm x 3.4 cm x 0.2 cm submerged in solution) with stirring (1000 rpm). The complete consumption of the starting indole derivative was checked by TLC (15% AcOEt/petroleum ether). After stirring 120 minutes at room temperature, the solution was charged to 2.95 Dans la deuxiè me partie de la thè se, une dé somatisation oxydante directe des indoles a é té ré alisé e par é lectrochimie, conduisant à des 2,3-dialcoxy ou des 2,3-diazido indolines avec une cellule non divisé e à courant constant. Cette difonctionnalisation é lectrochimique des indoles é vite l'utilisation d'un oxydant externe et pré sente une excellente compatibilité de groupes fonctionnels, ce qui devrait inspirer le dé veloppement d'autres ré actions de dé saromatisation afin d'accé der à des architectures à haute valeur ajouté e à partir de maté riaux de dé part facilement disponibles. Sur la base de l'é tude mé canistique, nous pensons que la formation des deux liaisons C-O ou C-N ré sulte de l'oxydation des indoles en un intermé diaire radical cation.

Dans la troisiè me partie de la thè se, une dé saromatisation oxydante par é lectrolyse indirecte des indoles a é té conç ue en utilisant MgBr2 comme mé diateur redox pour é viter l'oxydation directe du noyau indole à l'anode. L'oxydation de l'indole en un ion bromonium induite par la gé né ration d'un ré actif é lectrophile bromé à partir de MgBr2, conduit à des ré actions de dihydroxylation, d'hydroxycyclisation et de bromocyclisation d'indoles. Aucun sous-produit organique n'est gé né ré avec ce protocole qui ne né cessite aucun é lectrolyte supplé mentaire. L'inté rê t de cette transformation est dé montré par les applications synthé tiques.
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Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France Title : Electrochemical and non-electrochemical oxidative dearomatization reactions of indoles Keywords : Electrochemistry, dearomatization, dimethoxylation of indoles, diallylation of N-acylindoles, dihydroxylation, hydroxycyclization, bromocyclization of indoles Abstract : Electrochemistry emerged as a powerful sustainable synthetic tool in organic chemistry, which avoids the use of an external stoichiometric oxidant and enables the development of methods for the highly efficient and selective difunctionalization of indoles in mild conditions. The use of redox mediators to achieve indirect electrolysis is attaining increased significance, which offers many advantages compared to direct electrolysis. Dearomatization reactions of achiral heteroarenes and in particular of indoles, afford three-dimensional structures of high interest for total synthesis or drug discovery, through the generation of two contiguous stereogenic centers. Intensive synthetic efforts have been devoted to dearomative difunctionalization of indoles. In this context, the development of dearomatization reactions of indoles has been studied in this thesis.

In the first part of the thesis, a dearomative diallylation of N-acylindoles mediated by FeCl3 was developed to obtain selectively three-dimensional indolines possessing two contiguous-stereogenic centers. In this process, two allyl groups were introduced to N-acylindoles with allyltrimethylsilane in the presence of FeCl3, leading to the formation of two carbon-carbon bonds and two contiguousstereogenic centers. The stereoselectivity of this transformation is controlled by the substitution of the indole nucleus. Synthetic application allowed to obtain trans-tetrahydrocarbazoles and aza [4.4.3]propellane scaffolds by RCM. Selective hydration of one of the allyl group was achieved.

In the second part of the thesis, a direct oxidative dearomatization of indoles was performed with electrochemistry, leading to 2,3-dialkoxy or 2,3diazido indolines under undivided cell conditions at a constant current. This general difunctionalization of indoles avoids the use of an external oxidant and displays excellent functional group compatibility, which should inspire the development of other dearomatization reactions to access high added-value architectures from readily available starting materials. Based on the mechanistic study, the formation of the two C-O or C-N bonds is believed to arise from the oxidation of the indoles into radical cation intermediates.

In the third part of the thesis, an indirect oxidative dearomatization of indoles was devised by using MgBr2 as the redox mediator to avoid the direct oxidation of the indole nucleus at the anode. The oxidation of the indole into a bromonium ion induced by the generation of an electrophilic bromine reagent from MgBr2, and lead to dihydroxylation, hydroxycyclization and bromocyclization reactions of indoles. No organic byproducts are generated with this protocol which requires no additional electrolyte. The potential of this transformation is demonstrated by synthetic applications.
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  dimethoxylation reaction. It is unclear to us how the addition of a small amount of TEMPO slightly increase the yield and avoid decomposition of 234. It might prevent the increase of the potential at the anode and therefore the decomposition of 234 at the end of the reaction when the concentration of 234 is too low. a Cyclic voltammetry were performed with ElectraSyn 2.0 package (IKA) using the cyclic voltammetry mode. A glassy carbon disc (diameter 3 mm) working electrode, a platinum-plated plate (5.0 x 0.8 x 0.2 cm) counter electrode and a Ag wire (in a 3M KCl aqueous solution) reference electrode were used at a scan rate of 500 mV/s. The experiments were conducted in a 10 mL vial without stirring in CH3CN (5 mL) or CH3CN/MeOH (2.5 mL/2.5 mL) with n Bu4NBF4 (0.1 M) as electrolyte . . b TEMPO (0.0087 mmol); N-Ac skatole 234a (0.058 mmol); 5 mL solvent.

Figure 3 :

 3 Figure 3: Cyclic voltammetry of TEMPO in the [0V, +1.4V] range

Figure 4 :

 4 Figure 4: Cyclic voltammetry in CH3CN/MeOH (1:1) in the [0V, +2V] range

a

  Cyclic voltammetry were performed with ElectraSyn 2.0 package (IKA) using the cyclic voltammetry mode. A glassy carbon disc (diameter 3 mm) working electrode, a platinum-plated plate (5.0 x 0.8 x 0.2 cm) counter electrode and a Ag wire (in a 3M KCl aqueous solution) reference electrode were used at a scan rate of 500 mV/s. The experiments were conducted in a 10 mL vial without stirring in CH3CN (5 mL) or CH3CN/MeOH (2.5 mL/2.5 mL) with n Bu4NBF4 (0.1 M) as electrolyte . .

Figure 5 :

 5 Figure 5: Cyclic voltammetry in CH3CN/MeOH (1:1) in the [0V, -2.5V] range

  ,6), oxidative waves of methoxide or azide anions are observed at lower potentials than the oxidative wave of 234a (Figure 5,7). It indicates that the oxidation of indole and methoxide or azide anions could be involved in each process. mode. A glassy carbon disc (diameter 3 mm) working electrode, a platinum-plated plate (5.0 x 0.8 x 0.2 cm) counter electrode and a Ag wire (in a 3M KCl aqueous solution) reference electrode were used at a scan rate of 500 mV/s. The experiments were conducted in a 10 mL vial without stirring in CH3CN (5 mL) ; TMSN3 (0.285 mmol); N-Ac skatole 234a (0.057 mmol) with n Bu4NBF4 (0.1 M) as electrolyte.

Figure 6 :

 6 Figure 6: Cyclic voltammograms of reactants

Figure 7 :

 7 Figure 7: Cyclic voltammetry of TMSN3 and N-Ac skatole in the [0V, -3V] range

  Therefore, we believe that N-substituted indole 234 is oxidized directly at the anode into radical cation intermediate III. Methoxide or azide anions produced directly and indirectly at the cathode could then react at the C3-position of III accompanied by an oxidation process at the anode (Scheme 68). This process could be simultaneous or stepwise via initial addition of the nucleophile to III leading to a radical intermediate at C2 which could then be oxidized. The resulting iminium ion IV is poised to be trapped by a second molecule of methoxide or azide to eventually deliver 250 or 263 as their more stable isomers.Noteworthy, the electrolysis of 2-cyclopropyl-N-Ts-indole with MeOH led to an intricate mixture of compounds with small amounts of 2-(1,3-dimethoxypropyl)-1-tosyl-1H-indole (5%) which results from the opening of the cyclopropyl by methanol. This result may suggest the existence of a radical intermediate at C2 and a step-wise process for the formation of IV from III.

Scheme 70 .

 70 Scheme 70. Transformation of diazides 263a,f

( 1 .

 1 4 cm x 0.8 cm x 0.2 cm submerged), constant potential of 5 V between the electrodes, 269 (0.2 mmol), MgBr2 (0.05 mmol), CH3CN/H2O (3 mL/2 mL), room temperature; b isolated yields (diastereomeric ratio of the major isomer as drawn) are indicated; c anode (3.4 cm x 0.8 cm x 0.2 cm submerged), cathode (3.4 cm x 0.8 cm x 0.2 cm submerged), 269a (4.5 mmol), MgBr2 (1.125 mmol), CH3CN/H2O (10 mL/6 mL); d constant potential of 3.5 V at the anode vs a Ag/AgCl (3M aq. KCl) ref erence electrode, e constant potential of 1.9 V at the anode vs a Ag/AgCl (3M aq. KCl) ref erence electrode with n BuNBF4 (0.1 M).

  Scheme 76. Hydroxycyclization of indole derivatives containing nitrogenated nucleophile

77). 3 -

 3 bromofuranoindoline 278a was delivered in an excellent yield. Tryptophol derivatives bearing halogen and electron-donating groups led to the formation of the expected products 278b-d. Replacing MgBr2 by MgCl2 delivered the corresponding 3-chlorofuranoindoline 278e albeit in a lower yield. Moreover, bromopyrroloindolines 278f,g were formed via bromocyclisation of the corresponding tryptamines.

a

  Scheme 78. Dearomative halocyclization of tryptophan derivatives

Figure 8 .

 8 Figure 8. Recorded at 100 mV/s from 0 to 1.4 V. A glassy carbon disc (diameter 3 mm) working electrode, a platinum wire counter electrode and a saturated calomel electrode (SCE) as reference electrode were used; 0.05 mmol 296a and/or 0.025 mmol MgBr2, 1 mmol n Bu4NBF4 in 10 mL of CH3CN.

Figure 9 .

 9 Figure 9. Recorded at 100 mV/s from 0 to 1.4 V. A glassy carbon disc (diameter 3 mm) working electrode, a platinum wire counter electrode and a saturated calomel electrode (SCE) as reference electrode were used; 0.05 mmol 296a and/or 0.025 mmol MgBr2, 1 mmol n Bu4NBF4 in 10 mL of CH3CN/H2O (3:2).

Figure 10 .

 10 Figure 10. Recorded at 100 mV/s from 0 to 1.4 V. A glassy carbon disc (diameter 3 mm) working electrode, a platinum wire counter electrode and a saturated calomel electrode (SCE) as reference electrode were used; 0.05 mmol 277a and/or 0.025 mmol MgBr2, 1 mmol n Bu4NBF4 in 10 mL of CH3CN.

Figure 11 .

 11 Figure 11. Recorded at 100 mV/s from 0 to 1.4 V. A glassy carbon disc (diameter 3 mm) working electrode, a platinum wire counter electrode and a saturated calomel electrode (SCE) as reference electrode were used; 0.05 mmol 277a and/or 0.025 mmol MgBr2, 1 mmol n Bu4NBF4 in 10 mL of CH3CN/H2O (4:1).

  Scheme 79. Control experiments

allylfuranoindolineScheme 81 .Scheme 82 .Scheme 83 .

 818283 Scheme 81. Synthetic application of 3-bromoindolines

  Scheme 85. Electrochemical dearomative 2,3-difunctionalization of indoles

Scheme 87 .Scheme 84 .Scheme 85 . 2 , 3 -

 87848523 Scheme 87. Aperç u des ré sultats de cette thè se

  Dichloromethane was distilled under argon over CaH2. Unless otherwise noted, all reagentgrade chemicals and other solvents were obtained from commercial suppliers and were used as received. Reactions were visualized under UV (254 nm) and/or by staining with Phosphomolybdic Acid or KMnO4 solution followed by heating. Flash chromatography were performed on silica gel (Chromagel Si60ACC[70-200 μm]) as stationary phase.1 H NMR spectra were recorded on Bruker AC250 (250 MHz), Bruker DRX300 (300 MHz), Bruker AM360 (360 MHz) and Bruker 400 (400 MHz) instruments; chemical shifts (δ) are given in parts per million with respect to the residual protonated solvent (δ = 7.26 ppm for CDCl3), which served as an internal standard.13 C NMR spectra were recorded on Bruker AC250 (62 MHz), DRX300 (75 MHz), AM360 (90 MHz) and chemical shifts are expressed with respect to the deuterated solvent (δ = 77.16 ppm for CDCl3). Coupling constant(s) in hertz (Hz) were measured from one-dimensional spectra and multiplicities were abbreviated as following: br (broad), s (singlet), d (doublet), t (triplet), q (quadruplet), m (multiplet). High resolution mass spectra (HRMS) were recorded using Electrospray Ionization (ESI) method with a Bruker Daltonics MicrOTOF-Q instrument. Optical rotations were measured using a 10 cm quartz cell, values for [a]D T were obtained with the D-line of sodium at the indicated temperature T, using solutions of concentration (c) in units of g• 100 mL -1 . Electrochemical experiments were performed with ElectraSyn 2.0 (IKA) and cyclic voltammetry experiments in the third work were performed with AUTOLAB potentiostat/galvanostat (model: PGSTAT302N).

1 H

 1 NMR (360 MHz, CDCl3) δ (ppm): 7.05 -7.00 (m, 2H), 6.75 (dt, J = 7.5 Hz, J = 0.9 Hz, 1H), 6.65 (d, J = 7.7 Hz, 1H), 5.84 -5.70 (m, 1H), 5.09 -5.05 (m, 1H), 5.04 -5.00 (m, 1H), 4.01 -3.91 (m, 1H), 3.64 (dd, J = 9.7 Hz, J = 3.

  assignments have been proven by NMR and mass spectrometry. The remaining ones were assigned by analogy. For 3-substituted-N-acyl indoline, the two MeO 1 H NMR signals are at around 3.4 and 3.0 ppm (3.6 and 2.5 ppm for N-Ts indolines) in the case of the trans diastereoisomers while they are at around 3.4 and 3.3 ppm for the cis diastereoisomers (3.6 and 3.3 ppm for N-Ts indolines).

1-( 2 , 3 -

 23 dimethoxy-3-methylindolin-1-yl)ethanone (250a): 250a was prepared from N-acetyl-3-methylindole 234a (69.2 mg, 0.4 mmol), following general procedure A using constant current of 10 mA. After stirring 240 minutes at room temperature, the solution was charged to 3.72 F/mol followed by aqueous work-up, preparative TLC purification (PE/EtOAc 4:1) led to 250a as a mixture of diastereoisomers (84 mg, 0.356 mmol, 89%, 90:10 dr in favor of the trans diastereoisomer) as colorless oil.

1-( 2 , 3 -

 23 bis(allyloxy)-3-methylindolin-1-yl)ethanone (250c): 250c was prepared from 1-(3-methyl-1H-indol-1-yl)ethanone 234a (69.2 mg, 0.4 mmol) and prop-2-en-1-ol (l mL) and CH3CN (4 mL), following general procedure A using constant current of 10 mA. After stirring 300 minutes at room temperature, the solution was charged to 4.05 F/mol, followed by aqueous work-up, preparative TLC purification (PE/EtOAc 4:1) led to 250c (54 mg, 0.188mmol, 47%, 95:5 dr in favor of the trans diastereoisomer) as colorless oil.

1-( 2 , 3 -

 23 dimethoxy-3-methylindolin-1-yl)-2,2-dimethylpropan-1-one (250g): 250g was prepared from 2,2-dimethyl-1-(3-methyl-1H-indol-1-yl)propan-1-one 234b (86 mg, 0.4 mmol) following general procedure A using constant current of 10 mA. After stirring 240 minutes at room temperature, the solution was charged to 3.72 F/mol followed by aqueous work-up, preparative TLC purification (PE/EtOAc 5:1) led to 250g as a mixture of diastereoisomers (64 mg, 0.232 mmol, 58%, 90:10 dr in favor of the trans diastereoisomer) as colorless oil.

( 2 , 3 -

 23 dimethoxy-3-methylindolin-1-yl)(phenyl)methanone (250i): 250i was prepared from (3-methyl-1H-indol-1-yl)(phenyl)methanone 234d (94 mg, 0.4 mmol) following general procedure A using constant current of 10 mA. After stirring 240 minutes at room temperature, the solution was charged to 3.72 F/mol followed by aqueous work-up, preparative TLC purification (PE/EtOAc 4:1) led to 250i as a mixture of diastereoisomers (105 mg, 0.352 mmol, 88%, 75:25 dr in favor of the trans diastereoisomer) as colorless oil.

1-( 2 , 3 , 5 -

 235 trimethoxy-3-methylindolin-1-yl)ethanone (252a): 252a was prepared from 1-(5-methoxy-3-methyl-1H-indol-1-yl)ethanone 251a (81.2 mg, 0.4 mmol) following general procedure A using constant current of 10 mA. After stirring 300 minutes at room temperature, the solution was charged to 4.68 F/mol followed by aqueous work-up, preparative TLC purification (PE/EtOAc 4:1) led to 252a as a mixture of diastereoisomers (71 mg, 0.268 mmol, 67%, 80:20 dr in favor of the trans diastereoisomer) as yellow oil.

1-( 2 , 3 -

 23 dimethoxy-3,5-dimethylindolin-1-yl)ethanone (252b): 252b was prepared from 1-(3,5-dimethyl-1H-indol-1-yl)ethanone 251b (74.8 mg, 0.4 mmol) following general procedure A using constant current of 10 mA. After stirring 180 minutes at room temperature, the solution was charged to 2.85 F/mol followed by aqueous work-up, preparative TLC purification (PE/EtOAc 4:1) led to 252b as a mixture of diastereoisomers (76 mg, 0.304 mmol, 76%, 75:25 dr in favor of the trans diastereoisomer) as yellow oil. Data for the mixture of diastereoisomers (75:25) Rf: 0.52 (PE/EtOAc 4:1).major diastereoisomer: due to the slow rotation of the N-(CO) bond the NMR spectra show a mixture of two rotamers in a 75:25 ratio in CDCl3 at 300K.

1-( 2 , 3 -

 23 dimethoxy-3,7-dimethylindolin-1-yl)ethanone (252e): 252e was prepared from 1-(3,7-dimethyl-1H-indol-1-yl)ethanone 251e (74.8 mg, 0.4 mmol) following general procedure A using constant current of 10 mA. After stirring 160 minutes at room temperature, the solution was charged to 2.50 F/mol followed by aqueous work-up, preparative TLC purification (PE/EtOAc 3:1) led to 252e as a mixture of diastereoisomers (58 mg, 0.232 mmol, 58%, 85:15 dr in favor of the trans diastereoisomer) as colorless oil. Data for the mixture of diastereoisomers (dr 85:15) Rf: 0.31 (PE/EtOAc 3:1).

252g was prepared from 1 -

 1 (6-fluoro-3-methyl-1H-indol-1-yl)ethanone 251g (76.4 mg, 0.4 mmol) following general procedure A using constant current of 10 mA. After stirring 240 minutes at room temperature, the solution was charged to 3.72 F/mol followed by aqueous work-up, preparative TLC purification (PE/EtOAc 4:1) led to 252g as a mixture of diastereoisomers (75 mg, 0.296 mmol, 74%, 70:30 dr in favor of the trans diastereoisomer) as yellow oil.

13 C

 13 NMR: (100 MHz, DMSO-d6, 340 K) δ (ppm) 169.8 (minor), 169.3, 162.7 (d, J = 242.1 Hz), 143.6 (d, J = 12.9 Hz), 127.1, 125.3 (d, J = 10.2 Hz), 124.3 (d, J = 10.1 Hz) (minor), 109.6 (d, J = 22.4 Hz) (minor), 109.2 (d, J = 22.4 Hz), 103.7 (d, J = 29.1 Hz), 102.9 (d, J = 29.1 Hz) (minor), 97.1, 95.8 (minor), 82.3, 80.5 (minor), 55.9, 54.9 (minor), 52.9 (minor), 49.4, 26.5 (minor), 22.6, 15.3. HRMS-ESI: m/z 276.1001 ([M+Na] + , C13H16FNNaO3 + calcd. 276.1006). 1-(6-chloro-2,3-dimethoxy-3-methylindolin-1-yl)ethanone (252h): 252h was prepared from 1-(6-chloro-3-methyl-1H-indol-1-yl)ethanone 251h (82.8 mg, 0.4 mmol) following general procedure A using constant current of 10 mA. After stirring 240 minutes at room temperature, the solution was charged to 3.72 F/mol followed by aqueous work-up, preparative TLC purification (PE/EtOAc 4:1) led to 252h as a mixture of diastereoisomers (69 mg, 0.256 mmol, 64%, 70:30 dr in favor of the trans diastereoisomer) as yellow oil. Data for the mixture of diastereoisomers (dr 70:30) Rf: 0.19 (PE/EtOAc 4:1).major diastereoisomer: due to the slow rotation of the N-(CO) bond the NMR spectra show a mixture of two rotamers in a 85:15 ratio in CDCl3 at 300K.

  : m/z 292.0716 ([M+Na] + , C13H16ClNNaO3 + calcd. 292.0711). 1-(6-bromo-2,3-dimethoxy-3-methylindolin-1-yl)ethanone (252i): 252i was prepared from 1-(6-bromo-3-methyl-1H-indol-1-yl)ethanone 251i (100.3 mg, 0.4 mmol) following general procedure A using constant current of 10 mA. After stirring 240 minutes at room temperature, the solution was charged to 3.70 F/mol followed by aqueous work-up, preparative TLC purification (PE/EtOAc 4:1) led to 252i as a mixture of diastereoisomers (100 mg, 0.320 mmol, 80%, 85:15 dr in favor of the trans diastereoisomer) as yellow oil. Data for the mixture of diastereoisomers (dr 85:15) Rf: 0.30 (PE/EtOAc 4:1).

1-( 2 , 3 -

 23 dimethoxy-3-methyl-6-nitroindolin-1-yl)ethanone (252j): 252j was prepared from 1-(3-methyl-6-nitro-1H-indol-1-yl)ethanone 251j (92.7 mg, 0.4 mmol) following general procedure A using constant current of 10 mA. After stirring 240 minutes at room temperature, the solution was charged to 3.72 F/mol, followed by aqueous work-up, preparative TLC purification (PE/EtOAc 2:1) led to 252j as a mixture of diastereoisomers (53 mg, 0.188 mmol, 47%, 85:15 dr in favor of the trans diastereoisomer) as yellow oil. Data for the mixture of diastereoisomers (dr 85:15) Rf: 0.51 (PE/EtOAc 2:1).

1-( 2 , 3 -

 23 dimethoxy-3-propylindolin-1-yl)ethanone (252l): 252l was prepared from 1-(3-propyl-1H-indol-1-yl)ethanone 251l (80.4 mg, 0.4 mmol) following general procedure A using constant current of 10 mA. After stirring 170 minutes at room temperature, the solution was charged to 2.65 F/mol followed by aqueous work-up, preparative TLC purification (PE/EtOAc 4:1) led to 252l as a mixture of diastereoisomers (89 mg, 0.34 mmol, 85%, 90:10 dr in favor of the trans diastereoisomer) as colorless oil. Data for the mixture of diastereoisomers (dr 90:10) Rf: 0.57 (PE/EtOAc 3:1).

1-( 3 -

 3 butyl-2,3-dimethoxyindolin-1-yl)ethanone (252m): 252m was prepared from 1-(3-butyl-1H-indol-1-yl)ethanone 251m (86.1 mg, 0.4 mmol) following general procedure A using constant current of 10 mA. After stirring 220 minutes at room temperature, the solution was charged to 3.47 F/mol followed by aqueous work-up, preparative TLC purification (PE/EtOAc 4:1) led to 252m as a mixture of diastereoisomers (82 mg, 0.296 mmol, 74%, 80:20 dr in favor of the trans diastereoisomer) as yellow oil. Data for the mixture of diastereoisomers (dr 80:20) Rf: 0.45 (PE/EtOAc 4:1).

  , J = 14.7 Hz, 1H), 3.35 (d, J = 14.8 Hz, 1H),

1-( 2 , 3 -

 23 dimethoxy-3-phenylindolin-1-yl)ethanone (252o): 252o was prepared from 1-(3-phenyl-1H-indol-1-yl)ethanone 251o (94 mg, 0.4 mmol) following general procedure A using constant current of 10 mA. After stirring 250 minutes at room temperature, the solution was charged to 3.90 F/mol followed by aqueous work-up, preparative TLC purification (PE/EtOAc 4:1) led to 252o (75 mg, 0.248 mmol, 62%, 95:5 dr in favor of the trans diastereoisomer) as colorless solid. Rf: 0.40 (PE/EtOAc 5:1).

  : m/z 320.1253 ([M+Na] + , C18H19NNaO3 + calcd. 320.1257). 1-(5-bromo-3-butyl-2,3-dimethoxyindolin-1-yl)ethanone (252p): 252p was prepared from 1-(3-butyl-1H-indol-1-yl)ethanone 251p (117.2 mg, 0.4 mmol) following general procedure A using constant current of 10 mA. After stirring 280 minutes at room temperature, the solution was charged to 4.40 F/mol, followed by aqueous work-up, preparative TLC purification (PE/EtOAc 4:1) led to 252p as a mixture of diastereoisomers (122 mg, 0.344 mmol, 86%, 85:15 dr in favor of the trans diastereoisomer) as yellow oil. Data for the mixture of diastereoisomers (dr 85:15) Rf: 0.52 (PE/EtOAc 4:1).

2-( 1 -

 1 acetyl-2,3-dimethoxyindolin-3-yl)acetonitrile (254a): 254a was prepared from 2-(1-acetyl-1H-indol-3-yl)acetonitrile 253a (79.2 mg, 0.4 mmol) following general procedure A using constant current of 10 mA. After stirring 250 minutes at room temperature, the solution was charged to 3.90 F/mol, followed by aqueous work-up, preparative TLC purification (PE/EtOAc 2:1) led to 254a (41 mg, 0.156 mmol, 39%, 95:5 dr in favor of the trans diastereoisomer) as colorless oil. Rf: 0.61 (PE/EtOAc 2:1).1 H NMR: (400 MHz, DMSO-d6, 340 K) δ (ppm) 7.84 (br, 1H), 7.54 (d, J = 7.2 Hz, 1H), 7.43 (d, J = 7.6 Hz, 1H), 7.18 (d, J = 7.2 Hz, 1H),

  , J = 17.0 Hz, 1H), 2.37 (s, 3H).

13 C

 13 NMR: (100 MHz, DMSO-d6, 340 K) δ (ppm) 169.0, 142.4, 130.4, 127.7, 124.7, 123.2, 117.2, 116.7, 95.4, 82.4, 56.6, 50.3, 22.9, 19.3. HRMS-ESI: m/z 283.1047 ([M+Na] + , C14H16N2NaO3 + calcd. 283.1053). 1-(3-(2-bromoethyl)-2,3-dimethoxyindolin-1-yl)ethanone (254b): 254b was prepared from 1-(3-(2-bromoethyl)-1H-indol-1-yl)ethanone 253b (106 mg, 0.4 mmol) following general procedure A using constant current of 10 mA. After stirring 220 minutes at room temperature, the solution was charged to 3.42 F/mol, followed by aqueous work-up, preparative TLC purification (PE/EtOAc 4:1) led to 254b (82 mg, 0.252mmol, 63%, 95:5 dr in favor of the trans diastereoisomer) as colorless oil. Rf: 0.41 (PE/EtOAc 4:1). Due to the slow rotation of the N-(CO) bond the NMR spectra show a mixture of two rotamers in a 70:30 ratio in DMSO at 300K.

  : m/z 353.1465 ([M+Na] + , C18H22N2NaO4 + calcd. 353.1472) 256d' were prepared from ethyl tert-butyl 3-(3-hydroxy-3-methylbutyl) -1Hindole-1-carboxylate 255d (60.6 mg, 0.2 mmol) following general procedure A using constant current of 10 mA. After stirring 100 minutes at room temperature, the solution was charged to 3.10 F/mol, followed by aqueous work-up, preparative TLC purification (PE/EtOAc 4:1) led to 256d and 256d' as a mixture (48.0 mg, 0.143 mmol, 72%, 70:30 rr in favor of 256d) as yellow oil. Data for the mixture of 256d and 256d' (rr 70:30) Rf: 0.58 (PE/EtOAc 4:1).

:

  Most of the dihydroxyindolines are obtained as a mixture of trans and cis diastereoisomers. The 13 C NMR signals of C2 and C3 are deshielded (downfield) of approximately 5 ppm for the trans isomer in comparison to the cis isomer. The 1 H NMR signal of the proton at C2 is deshielded (downfield) of approximately 0.2 ppm for the trans isomer in comparison to the cis isomer.

13 C

 13 NMR: (75 MHz, CDCl3, 300 K) δ (ppm) 170.0, 151.4, 142.2, 131.4, 130.7, 124.1, 123.1, 116.1, 95.8, 83.2, 75.8, 29.5, 28.4, 27.9. HRMS-ESI: m/z 328.1152 ([M+Na] + , C16H19NNaO5 + calcd. 328.1155). tert-butyl 4a-hydroxy-6-methyl-2-oxo-2,3,4,4a-tetrahydropyrano[2,3-b]indole-9(9aH)carboxylate (274f): 274f was prepared from 3-(1-(tert-butoxycarbonyl)-5-methyl-1H-indol-3-yl)propanoic acid 273f (60.6 mg, 0.2 mmol), following general procedure A using constant voltage of 5.00 V.After stirring 160 minutes at room temperature, the solution was charged to 3.25 F/mol followed by aqueous work-up, preparative TLC purification (PE/EtOAc 6:4) led to 274f (36 mg, 0.094 mmol, 47%, 95:5 dr) as colorless oil. was prepared from tert-butyl 2-(1-tosyl-1H-indol-3-yl)ethanol 277a (63 mg, 0.2 mmol), following general procedure B using constant voltage of 5.00 V. After stirring 108 minutes at room temperature, the solution was charged to 3.00 F/mol followed by aqueous work-up, preparative TLC purification (DCM/MeOH 100:1) led to 278a (73 mg, 0.186 mmol, 93%, >95:5 dr) as colorless solid.Rf: 0.55 (PE/EtOAc 5:1).

3a-bromo- 5 -

 5 chloro-8-tosyl-3,3a,8,8a-tetrahydro-2H-furo[2,3-b]indole (278b): 278b was prepared from 2-(5-chloro-1-tosyl-1H-indol-3-yl)ethanol 277b (69.8 mg, 0.2 mmol), following general procedure B using constant voltage of 5.00 V. After stirring 80 minutes at room temperature, the solution was charged to 2.50 F/mol followed by aqueous ethyl 3a-bromo-8-tosyl-3,3a,8,8a-tetrahydropyrrolo[2,3-b]indole-1(2H)-carboxylate (278g): 278g was prepared from ethyl (2-(1-tosyl-1H-indol-3-yl)ethyl)carbamate 277g (77.2 mg, 0.2 mmol), following general procedure B using constant voltage of 5.00 V. After stirring 83 minutes at room temperature, the solution was charged to 2.55 F/mol followed by aqueous work-up, preparative TLC purification (PE/EtOAc 7:3) led to 278g (76 mg, 0.164 mmol, 82%, >95:5 dr) as colorless oil.

8 -

 8 (tert-butyl) 2-methyl (2S)-3a-bromo-1-tosyl-2,3,3a,8a-tetrahydropyrrolo[2,3b]indole-2,8(1H)-dicarboxylate (280a): 280a was prepared from (S)-tert-butyl 3-(3-methoxy-2-(4-methylphenylsulfonamido)-3oxopropyl)-1H-indole-1-carboxylate 279a (47.2 mg, 0.1 mmol), following general procedure B using constant voltage of 5.00 V. After stirring 61 minutes at room temperature, the solution was charged to 2.78 F/mol followed by aqueous work-up, preparative TLC purification (PE/EtOAc 8:2) led to 280a (48 mg, 0.087 mmol, 87%, 90:10 dr in favor of the exo isomer) as colorless oil. Data for the mixture of diastereoisomers (dr 90:10). Rf: 0.65 (PE/EtOAc 7:3). [α]D 25 = +99.5 (c = 0.5, CHCl3).

  from ethyl benzyl (S)-3-(2-((tert-butoxycarbonyl)amino)-3-methoxy-3oxopropyl)-1H-indole-1-carboxylate 279b (90.4 mg, 0.2 mmol), following general procedure B using constant voltage of 5.00 V. After stirring 145 minutes at room temperature, the solution was charged to 3.42 F/mol followed by aqueous work-up, preparative TLC purification (PE/EtOAc 7:3) led to 280b (76 mg, 0.144 mmol, 72%, 90:10 dr in favor of the exo isomer) as colorless oil. Data for the mixture of diastereoisomers (dr 90:10). Rf: 0.34 (PE/EtOAc 7:3). [α]D 25 = -91.2 (c = 0.5, CHCl3).

1 H

 1 NMR: (300 MHz, CDCl3, 300 K) δ (ppm) 7.63 (br, 1H), 7.46 (d, J = 6.0 Hz, 2H), 7.41-7.28 (m, 5H), 7.15 (t, J = 7.6 Hz, 1H), 6.50 (s, 0.1H), 6.46 (s, 0.9H), 5.46 (d, J = 12.4 Hz, 1H), 5.25 (br, 1H), 3.93 (dd, J = 10.5 Hz, J = 6.5 Hz, 1H), 3.75 (s, 3H), 3.24 (dd, J = 12.1 Hz, J = 6.5 Hz, 1H), 2.82 (dd, J = 12.3 Hz, J = 10.4 Hz, 1H), 1.43 (s, 1H), 1.38 (s, 8H).

  from methyl 1-acetyl-N a -(tert-butoxycarbonyl)-L-tryptophanate 279c (72 mg, 0.2 mmol), following general procedure B using constant voltage of 5.00 V. After stirring 68 minutes at room temperature, the solution was charged to 2.50 F/mol followed by aqueous work-up, preparative TLC purification (PE/EtOAc 8:2) led to 280c (84 mg, 0.192 mmol, 96%, 90:10 dr in favor of the exo isomer) as white solid. Data for the mixture of diastereoisomers (dr 90:10). Rf: 0.46 (PE/EtOAc 8:2), [α]D 25 = -200.8 (c = 0.5, CHCl3).

  methyl (2R)-3a-bromo-1,8-ditosyl-1,2,3,3a,8,8a-hexahydropyrrolo[2,3-b]indole-2carboxylate (280d): 280d was prepared from (S)-methyl 2-(4-methylphenylsulfonamido)-3-(1-tosyl-1H-indol-3yl)propanoate 279d (52.6 mg, 0.1 mmol), following general procedure B using constant voltage of 5.00 V. After stirring 111 minutes at room temperature, the solution was charged to 3.69 F/mol followed by aqueous work-up, preparative TLC purification (PE/EtOAc 6:4) led to 280d (33 mg, 0.055 mmol, 55%, 95:5 dr in favor of the exo isomer) as colorless solid. Rf: 0.53 (PE/EtOAc 6:4). [α]D 25 = +215.7 (c = 0.5, CHCl3).

1 H

 1 NMR: (300 MHz, CDCl3, 300 K) δ (ppm) 7.75 (d, J = 8.3 Hz, 2H), 7.50 (d, J = 8.4 Hz, 2H), 7.19 (d, J = 8.1 Hz, 2H), 7.15-7.03 (m, 6H), 6.24 (s, 1H), 3.84 (dd, J = 8.9 Hz, J = 6.3Hz, 1H), 3.80 (s, 3H), 3.05 (dd, J = 12.6 Hz, J = 6.2 Hz, 1H), 2.88 (dd, J = 13.0 Hz, J = 9.4 Hz, 1H), 2.39 (s, 3H), 2.26 (s, 3H).

  F/mol followed by aqueous work-up, preparative TLC purification (PE/EtOAc 75:25) led to 280e (270 mg, 0.504 mmol, 84%, dr 95:5 in favor of the exo isomer) as white foam. Rf: 0.33 (PE/EtOAc 3:1). [α]D 25 = +232.8 (c = 0.15, CHCl3).

  As described by Ye 92c : To a solution of indole (23.4mg, 0.2 mmol) and bromopyrroloindoline 280e (192mg, 1.8 equiv) in THF (0.05 M based on indole) at 0 °C was added triethylborane (1.5 equiv), which was followed by dropwise addition of a solution of potassium tertbutoxide in THF (3.5 equiv, 1 M solution). The reaction mixture was stirred at 0 °C. After complete consumption of starting material was observed by TLC analysis, the reaction was quenched by addition of saturated aqueous solution of NH4Cl and diluted with ethyl acetate.Layers were separated. The organic phase was washed with brine, dried over anhydrous Na2SO4 and concentrated under reduced pressure. Preparative TLC purification (PE/EtOAc 65:35) led to 282 (90 mg, 0.158 mmol, 79%, dr 95:5 in favor of the endo isomer) as white solid. Rf: 0.27 (PE/EtOAc 65:35). [α]D 25 = -70.1 (c = 0.1, CHCl3).

  

  (a) Ueda, H.; Satoh, H.; Matsumoto, K.; Sugimoto, K.; Fukuyama, T.; Tokuyama, H. Angew. Chem., Int. Ed.

	2009, 48, 7600-7603. (b) Denizot, N.; Pouilhè s, A.; Cucca, M.; Beaud, R.; Guillot, R.; Kouklovsky, C.;

Vincent, G. Org. Lett. 2014, 16, 5752-5755.
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Liang, X.-W.; Zheng, C.; You, S.-L. Chem. -Eur. J. 2016,

22, 11918-11933. 

Scheme 25. Oxidative halocyclization of indoles mediated by oxone

  

32 

(a)

Shibata

, N.; Tarui, T.; Doi, Y.; Kirk, K. L.; Angew. Chem. Int. Ed. 2001, 40, 4461-4463. (b) Xie, W.; Jiang, G.; Liu, H.; Hu, J.; Pan, X.; Zhang, H.; Wan, X.; Lai, Y.; Ma, D. Angew. Chem. Int. Ed. 2013, 52, 12923-12927. 33 Xu, J.; Tong, R. Green Chem. 2017, 19, 2952-2956.

  Lecourt, C.; Dhambri, S.; Allievi, L.; Sanogo, Y.; Zeghbib, N.; Othman, R. B.; Lannou, M.-I.; Sorin, G.;

Ardisson, J. Nat. Prod. Rep. 2018, 35, 105-124. 38 (a) Beller, M.; Seayad, J.; Tillack, A.; Jiao, H. Angew. Chem. Int. Ed. 2004, 43, 3368-3398. (b) McDonald, R. I.; Liu, G.; Stahl, S. S. Chem. Rev. 2011, 111, 2981-3019. 39 Lan, X.-W.; Wang, N.-X.; Xing, Y. Eur. J. Org. Chem. 2017, 2017, 5821-5851.

Electrochemical oxidative sulfenylation of alkenes

  ).In 2018, an electrochemical trifluoromethylative difunctionalization of alkenes was disclosed by the same group.47 Under constant current electrolysis, trifluoromethylative products 140 were obtained in good yields by using sodium trifluoromethanesulfinate (Langlois' reagent) as the trifluoromethyl source and a wide range of styrene derivatives were examined, showing a good functional group tolerance. It is likely that the Langlois' reagent is oxidized into a CF3 radical that adds to the double band of the styrenes. Noteworthy, the

	Lewis acid Y(OTf)3 can improve the yields by 20% in this electrochemical protocol (Scheme
	33).		
	However, based on	Yoshida group's	work, 44 the pathway involving

arylbis(arylthio)sulfonium ion 135 related to 124, could not be completely ruled out. A similar work was also described by the Pan's group in the same year.

46 

Scheme 32.

Scheme 33. Electrochemical trifluoromethylation of alkenes

Plausible mechanism for the electrochemical synthesis of aziridines catalyzed by iodine

  

35

. Initially, molecular iodine was generated by anodic oxidation of iodide 146, followed by the reaction with n Bu4NI to generate ammonium triiodide ( n Bu4NI3 142) in equilibrium with I2 and n Bu4NI. 51b,c Subsequently, reactive intermediates 144 and 145 were delivered from excited 143 after irradiation of 142 by visible light. Aminyl radical 147, formed via hydrogen atom abstraction by 144 or 145 from Pht-NH2, was trapped by the alkene to generate the carbon-center radical 148. Finally, aziridine 150 was obtained by a second hydrogen and intramolecular cyclization. 51 (a) Chen, J.; Yan, W. Q.; Lam, C. M.; Zeng, C. C.; Hu, L. M.; Little, R. D. Org. Lett. 2015, 17, 986-989. (b) Gardner, J. M.; Abrahamsson, M.; Farnum, B. H.; Meyer, G. J. J. Am. Chem. Soc. 2009, 131, 16206-16214. (c) Boschloo, G.; Hagfeldt, A. Acc. Chem. Res. 2009, 42, 1819-1826. Scheme 35.

Scheme 41. Ruthenium-catalyzed electrochemical annulation with alkynes

  

	Besides the direct redox regeneration of active catalysts by electricity, electrolysis
	enables to employ catalytic amounts of co-oxidants. In 2007, the Amatore's group reported
	a Pd-catalyzed C-H activation Heck-type reaction (scheme 42). 59 In contrast to classical
	conditions, only a catalytic amount of the quinone oxidant was used to recycle the active
	Pd(II) species, leading to the functionalized arenes 177 in good yields from anilides 175.
	Mechanism investigations demonstrated that benzoquinone rather than palladium acetate was
	oxidized at the anode, since the yield decreased dramatically in absence of benzoquinone.

Xu, F.; Li, Y.-J.; Huang, C.; Xu, H.-C. ACS Catal. 2018, 8, 3820-3824.

Scheme 42. Electrochemical Pd(II)-catalyzed C-H activation Heck-type reaction 59

  

Amatore, C.; Cammoun, C.; Jutand, A. Adv. Synth. Catal. 2007, 349, 292-296.

Scheme 44. TEMPO-mediated electrochemical azidooxygenation of alkenes

  Trost, B. M. Proc. Natl Acad. Sci. USA, 2004, 101, 5348-5355.

	intermediate was oxidized electrochemically rather than the enol ether. The mechanism
	proposed by the author is shown in scheme 43. Initially, under activation of the catalyst, the
	rhodium-bound substrate 182 was formed, followed by deprotonation to give the key
	rhodium enolate intermediate 183, which was oxidized into radical intermediate 185 via
	anodic oxidation. Attack from electron-rich silyl enol ether 179 afforded the secondary ketyl
	radical species 185, which was oxidized by a second anodic oxidation to give intermediate
	186. Finally, non-racemic 1,4-dicarbonyl 181 was obtained via desilylation.
	N-oxyl radicals have been widely used as mediators in electrosynthesis, particularly,
	2,2,6,6-tetramethylpiperidinyl-N-oxyl (TEMPO) which has been studied for a long time. For
	instance, a TEMPO-N3 charge-transfer complex 189 was described by the Lin's group during
	the N-alkoxy azidation of alkenes (scheme 44). 62 A detailed mechanism studies including
	DFT calculations, spectroscopic characterization, kinetic and kinetic isotopic effect studies
	were conducted by the authors. The results revealed that reversible dissociation of TEMPO-
	N3 into TEMPO• and azidyl radical, precedes the addition of these radicals across alkenes to
	form 188.
	62 Siu, J. C.; Sauer, G. S.; Saha, A.; Macey, R. L.; Fu, N.-K.; Chauvire, T.; Lancaster, K. M.; Lin, S. J. Am.
	Chem. Soc. 2018, 140, 12511-12520.
	61 Huang, X.-Q.; Zhang, Q.; Lin, J.; Harms, K.; Meggers, E. Nature Catal., 2019, 2, 34-40.

Scheme 50. Anodic dearomatization of a furan to close the seven-membered ring of guanacastepene E

  

	Miller, A. K.; Hughes, C. C.; Kennedy-Smith, J. J.; Gradl, S. N.; Trauner, D. J. Am. Chem. Soc. 2006, 128,
	17057-17062.
	74 (a) Mihelcic, J.; Moeller, K. D. J. Am. Chem. Soc. 2004, 126, 9106-9111. (b) Mihelcic, J.; Moeller, K. D. J.
	Am. Chem. Soc. 2003, 125, 36-37. (c) Wright, D. L.; Whitehead, C. R.; Sessions, E. H.; Ghiviriga, I.; Frey,
	D. A. Org. Lett. 1999, 1, 1535-1538. (d) Whitehead, C. R.; Sessions, E. H.; Ghiviriga, I.; Wright, D. L. Org.
	Lett. 2002, 4, 3763-3765. (e) Sperry, J. B.; Whitehead, C. R.; Ghiviriga, I.; Walczak, R. M.; Wright, D. L. J.
	Org. Chem. 2004, 69, 3726-3734.

Scheme 53. Dearomative allylation of indoles

  

	yield with an 85:15 diastereoselectivity.
	(a) Bubnov, Y. N.; Zhun', I. V.; Klimkina, E. V.; Ignatenko, A. V.; Starikova, Z. A. Eur. J. Org. Chem. 2000,
	3323-3327. (b) Nowrouzi, F.; Batey, R. A. Angew. Chem. Int. Ed. 2013, 52, 892-895. (c) Alam, R.; Diner, C.;
	Jonker, S.; Eriksson, L.; Szabó, K. J. Angew. Chem. Int. Ed. 2016, 55, 14417-14421.

Table 1 . Optimization of diallylation of 234a Entry a Promotor (equiv.) M (equiv) Atmosphere 241a, Yield b

 1 

		FeCl3 (2.4)	SiMe3 (2)	air	14%
		FeCl3 (3)	SiMe3 (10)	air	20%
		FeCl3 (3)	SiMe3 (10)	sealed	24%
		FeCl3 . 6H2O (3)	SiMe3 (10)	sealed	0%
		FeCl2 (3)	SiMe3 (10)	sealed	0%
		TfOH (3)	SiMe3 (10)	sealed	0%
		FeCl3 (3) 4Å MS	SiMe3 (10)	sealed	15%
		FeCl3 (5)	SiMe3 (10)	sealed	63%
		FeCl3 (7)	SiMe3 (10)	sealed	86%
	10	FeCl3 (7)	SiMe3 (10)	air	62%
	11	FeCl3 (7)	SiEt3 (10)	sealed	29%
	12	FeCl3 (7)	SiPh3 (10)	sealed	19%
	13	FeCl3 (7)	BF3K (10)	sealed	0%
	14	FeCl3 (7)	Bpin (10)	sealed	0%
	a Reactions conditions: 0.2 mmol of 234a in CH2Cl2 at rt for 16 h; b Isolated yield of 241a (85:15 dr).

Scheme 55. Diallylation of N-Ac indoles: effect of the substitution on the benzene ring

  

	indoline 245f (18%, 95:5 dr). The formation of 246f is thought to afford via an intermolecular
	[2+2] annulation between the C2=C3 double bond of indole and allylsilane (Scheme 56). We
	have already observed such a [2+2] annulation of N-Ac indole in the presence of FeCl3 but
	in the intramolecular mode. 77b
	Reactions conditions: 242 (0.2 mmol), allyltrimethylsilane (2 mmol), FeCl3 (1.4 mmol) in CH2Cl2 (1
	mL) were stirred in a sealed vial at rt for 5 to 16 h; isolated yields of 243 as a mixture of diastereomers (dr are
	the same as the crude mixture).
	In contrast, in the cases of 2,3-disubstituted indoles, the two allyl groups born by the
	two contiguous tetrasubstituted stereo-genic centers, are in a cis relationship. The exact
	reasons of this switch of diastereoselectivity is not clear. It could be the consequence of the
	interaction between the C2-substituent and the N-acyl group which should influence the
	conformation of the N(CO) amide bond and it could depend whether the first allylation occurs
	at the C2-or C3-position of the indole. Indolines 245a (45%, 95:5 dr) and 245b (31%, 95:5
	dr) were obtained from 2,3-dimethylindole derivatives. Determined by a noesy experiment,
	a connectivity was observed between the two methyls of 245a. Cis indolines 245c (39%, 95:5
	dr), 245d (38%, 95:5 dr) and 245e (28%, 95:5 dr) were generated from tetrahydrocarbazole
	derivatives. Even though the yields decreased, excellent diastereoselectivities were obtained
	in these cases. To our surprise, the reaction with cyclopentaindole 244f resulted in the
	formation of cyclobutane-containing indoline 246f (34%, 2:1 dr), alongside the diallylated

Table 2 . Optimization of the dearomative dimethoxylation of N-Ac indole 234a Entry Variation to the classical conditions Time

 2 

	1	no TEMPO	90	2.50	77 a
	2	none	180	5.44	89 b
	3	TEMPO (5 mol%)	90	2.85	83 a
	4	(4-BrPh)3N instead of TEMPO	90	2.80	82 a
	5	n Bu4NBF4 (0.5 equiv.) TEMPO (5 mol%)	90	2.53	81 a
	6	graphite cathode (C-)	80	2.50	79 b
	7	graphite cathode (C-), TEMPO (5 mol%)	90	2.48	77 a
	8	Pt plated anode (C+) and graphite cathode (C-)	80	2.50	57 a
	9	234a (0.4 mmol), TEMPO (5 mol%)	240	3.72	89 b

/(min) Charge/(F/mol) Yield/(%)

Scheme 72. Indirect oxidation of the indole at the anode

  

	2019. 21, 3167-3171.
	90 (a) Sun, L.; Zhang, X.; Li, Z.; Ma, J.; Zeng, Z.; Jiang, H. Eur. J. Org. Chem. 2018, 4949-4952. (b) Sun, L.;
	Zhang, X.; Wang, C.; Teng, H.; Ma, J.; Li, Z.; Chen, H.; Jiang, H. Green Chem. 2019. 21, 2731-2738.
	91 (a) Okimoto, M.; Yamamori, H.; Ohashi, K.; Nishikawa, S.; Hoshi, M.; Yoshida, T. Synlett 2012, 23, 2544-
	2548. (b) Gao, H.; Zha, Z.; Zhang, Z.; Ma, H.; Wang, Z. Chem. Commun. 2014, 50, 5034-5036. (c) Liang,

89 (a) Ye, K.-Y.; Pombar, G.; Fu, N.; Sauer, G. S.; Keresztes, I.; Lin, S. J. Am. Chem. Soc. 2018, 140, 2438-2441. (b) Yuan, Y.; Yao, A.; Zheng, Y.; Gao, M.; Zhou, Z.; Qiao, J.; Hu, J.; Ye, B.; Zhao, J.; Wen, H.; et al. iScience 2019, 12, 293-303. (c) Yang, Q.-L.; Wang, X.-Y.; Wang, T.-L.; Yang, X.; Liu, D.; Tong, X.; Wu, X.-Y.; Mei, T.-S. Org. Lett. 2019, 21, 2645-2649. (d) Sun, X.; Ma, H.-X.; Mei, T.-S.; Fang, P.; Hu, Y. Org. Lett. S.; Zeng, C.-C.; Tian, H.-Y.; Sun, B.-G.; Luo, X.-G.; Ren, F. J. Org. Chem. 2016, 81, 11565-11573. (d) Qian, P.; Su, J.-H.; Wang, Y.; Bi, M.; Zha, Z.; Wang, Z. J. Org. Chem. 2017, 82, 6434-6440. (e) Zhang, S.; Lian, F.; Xue, M.; Qin, T.; Li, L.; Zhang, X.; Xu, K. Org. Lett. 2017, 19, 6622-6625. (f) Wang, Q.-Q.; Xu, K.; Jiang, Y.-Y.; Liu, Y. -G.; Sun, B.-G.; Zeng, C.-C. Org. Lett. 2017, 19, 5517-5520.

Table 3 . Optimization of the electrochemical dihydroxylation of 269a

 3 

	Entry	Additive (equiv.)	Current density/potential	CH3CN/H2O	Yield c
			between electrodes b		
		n Bu4NBF4 (1)	8.9 mA/cm 2	4/1	49 %
		n Bu4NBF4 (1)	8.9 mA/cm 2	3/2	50 %
		MgCl2 (1)	8.9 mA/cm 2	4/1	34 %
		NaCl (1)	8.9 mA/cm 2	4/1	28 %
		MgBr2 (1)	8.9 mA/cm 2	4/1	47 %
		NaBr (1)	8.9 mA/cm 2	4/1	33 %
		KBr (1)	8.9 mA/cm 2	4/1	34 %
		n Bu4NBr	8.9 mA/cm 2	4/1	11%
		MgI2 (1)	8.9 mA/cm 2	4/1	NR
	10	NaI (1)	8.9 mA/cm 2	4/1	NR
	11	MgBr2 (0.25)	8.9 mA/cm 2	4/1	60 %
	12	MgBr2 (0.25)	4.5 V	4/1	60 %
	13	MgBr2 (0.25)	5 V	4/1	71 %
	14	MgBr2 (0.25)	6 V	4/1	64 %
	15	MgBr2 (0.25)	5 V	3/2	74 %
	a Undivided cell, graphite-SK50 anode (1.4 cm x 0.8 cm x 0.2 cm submerged), platinum plated cathode
	(1.4 cm x 0.8 cm x 0.2 cm submerged), 269a (0.2 mmol), additive, 5 mL of CH3CN/H2O, room temperature; b
	Isolated yield.			

  1 de l'ICMMO est le dé veloppement de ré actions de dé saromatisation du noyau indolique. Notre é quipe de recherche s'est efforcé e d'é laborer des straté gies efficaces et durables pour atteindre cet objectif depuis plusieurs anné es.

L'indole est l'un des composé s aromatiques les plus é tudié s dans le cadre de ré actions de dé saromatisation en raison des proprié té s biologiques importantes de ce noyau et de l'accè s unique au squelette tridimensionnel indoline, que l'on retrouve dans de nombreux alcaloïdes.

La recherche de nouvelles approches simples de dé saromatisation des indoles, applicables à la synthèse totale d'alcaloï des indoliques, nous inté resse ainsi particuliè rement. L'objectif de ce projet de thèse était d'explorer de nouvelles ré activité s du noyau indolique afin de gé né rer des structures tridimensionnelles d'un grand inté rê t pour la synthè se totale de substances naturelles ou la dé couverte de molé cules d'intérêt en chimie médicinale, tout en respectant des concepts de chimie durable. Pour ré aliser ce processus difficile de désaromatisation, l'électrochimie a été utilisée comme méthode principale pour assurer la difonctionnalisation des indoles (scheme 87).

acetyl-2,3-diallyl-3-propylindoline (241d):

  

	13 C NMR (75 MHz, CDCl3) δ (ppm): 168.9, 168.7, 141.2, 138.7, 135.3, 134.2, 128.0, 127.8, N-carbethoxy-2,3-diallyl-3-methylindoline (241c): major diastereoisomer: due to the slow rotation of the N-(CO) bond the NMR spectra show a general procedure A using allyltrimethylsilane (228 mg, 2.0 mmol) and FeCl3 (225 mg, 1.4
	124.3, 124.2, 122.5, 118.9, 118.4, 116.7, 115.7, 68.8, 67.8, 47.8, 47.5, 35.9, 35.1, 27.3, 24.1, mixture of two rotamers in a 60:40 ratio in CDCl3 at 300K. mmol) in CH2Cl2 (1.0 ml). After stirring 5 hours at room temperature followed by aqueous
	18.5. 1 H NMR (250 MHz, CDCl3) δ (ppm): 8.00 (d, J = 7.0 Hz, 0.6H), 7.27 -7.16 (m, 1.4H), 7.15 work-up, preparative TLC purification (PE/EtOAc 4:1) led to 241g (21.0 mg, 0.064 mmol,
	HRMS-ESI: m/z 278.1530 ([M+Na] + , C17H21NNaO + calcd. 278.1515). -6.99 (m, 2H), 5.82 -5.65 (m, 1H), 5.54 -5.37 (m, 1H), 5.12 -4.80 (m, 4H), 4.67 (br, 0.4H), 32%, 90:10 dr) as a white solid.
	3.99 (br, 0.6H), 2.40 -2.14 (m, 6H), 1.97 -1.85 (m, 1H), 1.72 -1.22 (m, 4H), 0.99 (t, J = Rf: 0.21 (PE/EtOAc 9:1).
	mg, 0.2 mmol) following 241c was prepared from N-carbethoxy-3-methylindole 234c (40.6 mg, 0.2 mmol) following N-formyl-2,3-diallyl-3-methylindoline (241b): 6.8 Hz, 3H). major diastereoisomer: due to the slow rotation of the N-(CO) bond the NMR spectra show a
	general procedure A using allyltrimethylsilane (228 mg, 2.0 mmol) and FeCl3 (225 mg, 1.4 general procedure A using allyltrimethylsilane (228 mg, 2.0 mmol) and FeCl3 (225 mg, 1.4 13 C NMR (62 MHz, CDCl3) δ (ppm): 168.8, 141.1, 134.6, 133.7, 127.9, 123.8, 118.9, 118.8, mixture of two rotamers in a 60:40 ratio in CDCl3 at 300K.
	mmol) in CH2Cl2 (1.0 ml). After stirring 10 hours at room temperature followed by aqueous mmol) in CH2Cl2 (1.0 ml). After stirring 16 hours at room temperature followed by aqueous 117.9, 116.4, 69.9, 68.8, 50.7, 42.6, 35.2, 32.6, 24.2, 18.0, 14.9. 1 H NMR (300 MHz, CDCl3) δ (ppm): 8.17 (br, 0.6H), 7.40 -7.25 (m, 3.4H), 7.22 -7.07 (m,
	work-up, preparative TLC purification (PE/EtOAc 4:1) led to 241a (43.8 mg, 0.172 mmol, work-up, preparative TLC purification (PE/EtOAc 4:1) led to 241c (18 mg, 0.064 mmol, HRMS-ESI: m/z 306.1838 ([M+Na] + , C19H25NNaO + calcd. 306.1828). 4H), 5.52 -5.21 (m, 2H), 4.97 -4.72 (m, 4H), 4.64 (br, 0.4H), 4.09 (br, 0.6H), 2.95 (dd, J =
	86%, 85:15 dr) as a yellow oil. 241b was prepared from N-formyl-3-methylindole 234b (31.8 mg, 0.2 mmol) following 32%, 90:10 dr) as a yellow oil. 13.8 Hz, J = 6.0 Hz, 1H), 2.70 -2.53 (m, 1H), 2.43 -2.31 (m, 4H), 2.30 -2.21 (m, 1H), 1.89
	general procedure A using allyltrimethylsilane (228 mg, 2.0 mmol) and FeCl3 (225 mg, 1.4 Rf: 0.60 (PE/EtOAc 4:1). (br, 1H), 1.78 (br, 2H).
	major diastereoisomer:
	13 C NMR (75 MHz, CDCl3) δ (ppm): 153.7, 141.0, 138.6, 135.1, 133.9, 128.0, 122.9, 118.5,
	1 H NMR (300 MHz, CDCl3) δ (ppm): 8.84 (s, 0.5H), 8.39 (s, 0.5H), 7.99 (d, J = 8.0 Hz, 117.1, 115.9, 67.4, 61.6, 48.2, 46.7, 35.5, 18.6, 14.8.
	0.5H), 7.28 -7.19 (m, 1H), 7.15 -7.08 (m, 2.5H), 5.77-5.68 (m, 1H), 5.66 -5.51 (m, 1H),
	5.21 -5.15 (m, 0.5H), 5.12 -5.08 (m, 0.5H), 5.08 -5.00 4.94 (m, 3H), 4.52 (t, J = 6.1 Hz,
	0.5H), 3.98 (dd, J = 9.9 Hz, J = 3.6 Hz, 0.5H), 2.64 -2.49 (m, 1H), 2.42 -2.35 (m, 0.5H),
	Rf: 0.42 (PE/EtOAc 4:1). 2.33 -2.27 (m, 0.5H), 2.25 -2.20 (m, 1H), 2.19 -2.14 (m, 1H), 1.37 (s, 3H).
	minor diastereoisomer (key signals): 13 C NMR (75 MHz, CDCl3) δ (ppm): 160.1, 158.5, 140.0, 139.3, 134.7, 133.8, 133.6, 133.3,
	1 H NMR (300 MHz, CDCl3) δ (ppm): 6.06-5.89 (m, 1H), 5.24 (d, J = 9.3 Hz, 1H). 128.2, 128.1, 124.9, 124.7, 124.1, 123.0, 120.1, 119.1, 118.9, 117.5, 110.3, 67.0, 65.1, 48.0, 1 H NMR (360 MHz, CDCl3) δ (ppm): 8.00 (br, 0.6H), 7.26 -7.19 (m, 1H), 7.08 -7.01 (m,
	major diastereoisomer: due to the slow rotation of the N-(CO) bond the NMR spectra show a mixture of two rotamers in a 70:30 ratio in CDCl3 at 300K. 2.4H), 5.80 -5.66 (m, 1H), 5.53 -5.39 (m, 1H), 5.05 -4.86 (m, 4H), 4.68 (br, 0.4H), 4.00 47.3, 47.0, 46.8, 36.1, 34.9, 18.7. 241d was prepared from N-acetyl-3-propylindole 234d (40.2 mg, 0.2 mmol) following (br, 0.6H), 2.43 -2.15 (m, 6H), 1.98 -1.88 (m, 1H), 1.65 -1.48 (m, 2H), 1.47 -1.23 (m, HRMS-ESI: m/z 264.1372 ([M+Na] + , C16H19NNaO + calcd. 264.1359). general procedure A using allyltrimethylsilane (228 mg, 2.0 mmol) and FeCl3 (225 mg, 1.4 4H), 0.99 (t, J = 7.1 Hz, 3H). 1 H NMR (300 MHz, CDCl3) δ (ppm): 8.03 (d, J = 8.1 Hz, 0.7H), 7.24 -7.19 (m, 1H), 7.15 mmol) in CH2Cl2 (1.0 ml). After stirring 16 hours at room temperature followed by aqueous 13 C NMR (90 MHz, CDCl3) δ (ppm): 168.9, 141.1, 134.2, 133.7, 127.9, 123.8, 118.9, 118.0,

2 mmol scale experiment: To a 100 mL bottle with a stir bar (WITHOUT stirring), were successively added the substituted N-acetylindole 234a (346 mg, 2.0 mmol), 10 mL of CH2Cl2 (0.2 M), 2.27 g of anhydrous FeCl3 (14.0 mmol) followed by 2.28 g of allyltrimethylsilane (20.0 mmol). The vial was then immediately sealed with a screw-cap and then the reaction mixture was stirred (370 -450 rpm) at room temperature. After 24 hours, the screw-cap was then removed carefully. The reaction was then quenched with a saturated NaCl aqueous solution and diluted with AcOEt. The organic and aqueous phases were separated. The aqueous phase was then extracted twice with AcOEt. The combined organic phases were then dried over MgSO4, filtered and concentrated under vacuum. The crude was then purified by flash column chromatography (15% AcOEt/ petroleum ether), which led to 241a (356 mg, 1.4 mmol, 70%, 85:15 dr) as a yellow oil.

-7.12 (m, 0.3H), 7.07-6.99 (m, 2H), 5.78 -5.64 (m, 1H), 5.
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-5.49 (m, 1H), 5.08 -4.89 (m, 4H), 4.66 (br, 0.3H), 4.05 (br, 0.7H), 2.47 -2.38 (m, 1H), 2.35 -2.12 (m, 6H), 1.35 (s, 3H).

mmol) in CH2Cl2 (1.0 ml). After stirring 12 hours at room temperature followed by aqueous work-up, preparative TLC purification (PE/EtOAc 4:1) led to 241b (27 mg, 0.112 mmol, 56%, 90:10 dr) as a yellow oil. Rf: 0.36 (PE/EtOAc 9:1). major diastereoisomer: due to the slow rotation of the N-(CO) bond the NMR spectra show a mixture of two rotamers in a 50:50 ratio in CDCl3 at 300K. 1 H NMR (300 MHz, CDCl3) δ (ppm): 7.66 (br, 1H), 7.20 (t, J = 7.4 Hz, 1H), 7.05 -6.97 (m, 2H), 5.77-5.65 (m, 1H), 5.62 -5.51 (m, 1H), 5.03 -4.91 (m, 4H), 4.32-4.18 (m, 3H), 2.51 -2.41 (m, 1H), 2.27 -2.20 (m, 1H), 2.17

-2.12 (m, 2H), 1.34 (t, J = 7.4 Hz, 3H), 1.33 (s, 3H). HRMS-ESI: m/z 308.1625 ([M+Na] + , C18H23NNaO2 + calcd. 308.1621). Nwork-up, preparative TLC purification (PE/EtOAc 4:1) led to 241d (23.8 mg, 0.086 mmol, 42%, 85:15 dr) as a yellow oil. Rf: 0.33 (PE/EtOAc 4:1).

N-acetyl-2,3-diallyl-3-butylindoline (241e):

241e was prepared from N-acetyl-3-butylindole 234e (43.0 mg, 0.2 mmol) following general procedure A using allyltrimethylsilane (228 mg, 2.0 mmol) and FeCl3 (225 mg, 1.4 mmol) in CH2Cl2 (1.0 ml). After stirring 14 hours at room temperature followed by aqueous work-up, preparative TLC purification (PE/EtOAc 4:1) led to 241e

(19.3 

mg, 0.068 mmol, 34%, 90:10 dr) as a yellow oil. Rf: 0.60 (PE/EtOAc 4:1). major diastereoisomer: due to the slow rotation of the N-(CO) bond the NMR spectra show a mixture of two rotamers in a 60:40 ratio in CDCl3 at 300K. 116.3, 69.9, 68.2, 50.5, 49.4, 42.5, 35.1, 31.1, 29.9, 26.8, 23.6, 14.2. HRMS-ESI: m/z 320.1991 ([M+Na] + , C20H27NNaO + calcd. 320.1985). 13 C NMR (75 MHz, CDCl3) δ (ppm): 168.9, 142.4, 137.2, 135.8, 135.5, 135.2, 134.1, 133.6, 129.2, 128.9, 128.2, 126.6, 123.5, 118.9, 118.6, 118.3, 116.3, 72.2, 70.6, 57.0, 55.8, 45.5, 37.9, 24.5, 21.1. HRMS-ESI: m/z 354.1826 ([M+Na] + , C23H25NNaO + calcd. 354.1828).

  NMR (360 MHz, CDCl3) δ (ppm): 7.53 (br, 1H), 7.22 -7.13 (m, 2H), 7.05 (t, J = 7.6 Hz, 1H), 5.74 (d, J = 2.9 Hz, 2H), 3.70 (dd, J = 11.4 Hz, J = 4.9 Hz, 1H), 3.17 (d, J = 15.6 Hz, 1H), 2.61 -2.47 (m, 1H), 2.46 -2.41 (m, 2H), 2.37 (s, 3H), 1.00 (s, 3H).

	248c was prepared from N-acetyl-2,3-dimethyl-2,3-dimethylindoline 247c (53.8 mg, 0.2
	mmol) following general procedure B using Grubbs-Hoveyda II catalyst (6.2 mg, 0.01 mmol)
	and 1,4-Benzoquinone (2.16 mg, 0.02 mmol) in CH2Cl2 (0.9 ml). After stirring 24 hours at
	13 C NMR (90 MHz, CDCl3) δ (ppm): 170.3, 142.3, 141.4, 127.4, 125.9, 125.5, 123.9, 121.7, 40 o C followed by aqueous work-up, preparative TLC purification (PE/EtOAc 4:1) led to
	116.3, 67.7, 42.2, 35.5, 28.1, 25.5, 20.2. 248c (38 mg, 0.158 mmol, 79%) as a white solid.
	HRMS-ESI: m/z 250.1205 ([M+Na] + , C15H17NNaO + calcd. 250.1202). Rf: 0.44 (PE/EtOAc 4:1).
	1 H NMR (360 MHz, CDCl3) δ (ppm): 7.33 -7.08 (m, 4H), 5.86 -5.72 (m, 2H), 3.28 -3.06
	N-acetyl-4a,7-dimethyl-4,4a-dihydro-1H-carbazole (248b):
	(m, 1H), 2.92 -2.71 (m, 1H), 2.55 -2.37 (m, 5H), 1.16 (s, 3H), 1.14 (s, 3H).
	13 C NMR (90 MHz, CDCl3) δ (ppm): 169.2, 141.7, 127.4, 126.0, 124.9, 123.8, 122.1, 118.7,
	115.9, 71.1, 45.8, 34.5, 31.5, 25.2, 24.3, 19.0.
	248b was prepared from N-acetyl-2,3-diallyl-3,6-dimethylindoline 247b (53.8 mg, 0.2 mmol)
	3.16 (d, J = 16.5 Hz, 1H), 2.58 -2.48 (m, 1H), 2.43 -2.40 (m, 2H), 2.37 (s, 3H), 2.36 (s,
	3H), 0.99 (s, 3H).
	13 C NMR (90 MHz, CDCl3) δ (ppm): 170.4, 142.6, 138.8, 137.3, 125.9, 125.6, 124.6, 121.3,
	117.2, 68.0, 42.0, 35.7, 28.3, 25.6, 22.0, 20.3. 1 H NMR (360 MHz, CDCl3) δ (ppm): 7.23 (br, 1H), 7.18 -7.11 (m, 2H), 7.03 (t, J = 7.3 Hz,
	HRMS-ESI: m/z 264.1370 ([M+Na] + , C16H19NNaO + calcd. 264.1359). 1H), 5.68 -5.56 (m, 2H), 2.64 -2.55 (m, 1H), 2.53 -2.43 (m, 1H), 2.43 -2.36 (m, 5H), 2.35
	-2.31 (m, 1H), 1.76 -1.68 (m, 1H), 1.59 -1.42 (m, 5H), 1.41 -1.31 (m, 1H).
	N-acetyl-4a,9a-dimethyl-4,4a-dihydro-1H-carbazole (248c): 13 C NMR (90 MHz, CDCl3) δ (ppm): 169.9, 141.9, 141.7, 127.2, 125.5, 124.3, 123.5, 121.7,
	116.6, 71.6, 45.4, 36.4, 33.4, 31.2, 30.1, 25.9, 21.9, 21.8.

1 H

following general procedure B using Grubbs-Hoveyda II catalyst (6.2 mg, 0.01 mmol) and 1,4-Benzoquinone (2.16 mg, 0.02 mmol) in CH2Cl2 (0.9 ml). After stirring 24 hours at 40 o C followed by aqueous work-up, preparative TLC purification (PE/EtOAc 4:1) led to 248b (22 mg, 0.092 mmol, 46%) as a white solid. Rf: 0.60 (PE/EtOAc 4:1). 1 H NMR (360 MHz, CDCl3) δ (ppm): 7.39 (br, 1H), 7.03 (d, J = 7.5 Hz, 1H), 6.88 (d, J = 7.5 Hz, 1H), 5.73 (dd, J = 16.5 Hz, J = 10.2 Hz, 2H), 3.69 (dd, J = 11.9 Hz, J = 4.7 Hz, 1H), HRMS-ESI: m/z 264.1368 ([M+Na] + , C16H19NNaO + calcd. 264.1359).

N-acetyl-4,9-dihydro-1H-4a,9a-butanocarbazole (248d):

248d was prepared from N-acetyl-2,3-diallyl-tetrahydroacarbazole 247d (59 mg, 0.2 mmol) following general procedure B using Grubbs-Hoveyda II catalyst (6.2 mg, 0.01 mmol) and 1,4-Benzoquinone (2.16 mg, 0.02 mmol) in CH2Cl2 (0.9 ml). After stirring 24 hours at 40 o C followed by aqueous work-up, preparative TLC purification (PE/EtOAc 4:1) led to 248d (40 mg, 0.138 mmol, 69%) as a white solid. Rf: 0.48 (PE/EtOAc 4:1). HRMS-ESI: m/z 290.1513 ([M+Na] + , C18H21NNaO + calcd. 290.1515).

  124.0, 123.0, 116.2, 116.1, 115.1, 95.4, 82.6, 69.1, 63.1, 22.8, 16.3.

	HRMS-ESI: m/z 310.1401 ([M+Na] + , C17H21NNaO3 + calcd.310.1414).
	1-(2,3-bis(cyclopropylmethoxy)-3-methylindolin-1-yl)ethanone (250d):
	250d was prepared from N-acetyl-3-methylindole 234a (34.6 mg, 0.2 mmol) following
	general procedure A using constant current of 10 mA in CH3CN (3.5 ml) and
	cyclopropylmethanol (1.62 ml). After stirring 75 minutes at room temperature, the solution
	was charged to 2.36 F/mol, followed by aqueous work-up, preparative TLC purification
	9 Hz,
	1H), 7.27-7.22 (m, 1H), 7.18-7.11 (m, 0.3H), 7.07 (t, J = 7.4 Hz, 1H), 5.66 (s, 0.2H), 5.22 (s,
	0.7H), 5.09 (s, 0.1H), 3.71-3.49 (m, 0.5H), 3.46-3.31 (m, 1.5H), 3.27-3.14 (m, 0.1H), 3.03-
	2.84 (m, 1.9H), 2.36 (s, 3H), 1.63 (s, 3H), 1.09-0.97 (m, 1H), 0.87-0.77 (m, 1H), 0.56-0.46
	(m, 2H), 0.45-0.35 (m, 2H), 0.24-0.11 (m, 2H), 0.06-0.02 (m, 2H).
	Hz, 1H), 7.32 (t, J = 7.3 Hz, 1H), 7.09 (t, J = 7.4 Hz, 1H), 5.33 (s, 1H), 3.56-3.43 (m, 2H),
	3.05-2.92 (m, 2H), 2.31 (s, 3H), 1.56 (s, 3H), 1.07-0.96 (m, 1H), 0.82-0.72(m, 1H), 0.48-0.41
	(m, 2H), 0.37-0.29 (m, 2H), 0.22-0.12 (m, 2H), 0.05--0.08 (m, 2H).
	1 H NMR: (400 MHz, DMSO-d6, 340 K) δ (ppm) 7.89 (br, 1H), 7.43 (d, J = 7.0 Hz, 1H), 13 C NMR: (100 MHz, DMSO-d6, 340K) δ (ppm) 169.0, 142.2, 131.8, 129.3, 123.9, 122.9,
	7.35 (t, J = 7.2 Hz, 1H), 7.12 (t, J = 6.5 Hz, 1H), 5.93-5.84 (m, 1H), 5.75-5.66 (m, 1H), 5.47 115.9, 95.5, 82.4, 72.9, 66.3, 22.9, 16.5, 10.6, 10.3, 2.52, 2.41, 2.31.
	HRMS-ESI: m/z 338.1723 ([M+Na] + , C19H25NNaO3 + calcd. 338.1727).

(s, 1H), 5.26-4.98 (m, 4H), 4.27-4.15 (m, 2H), 3.86-3.79 (m, 1H), 3.72-3.65 (m, 1H), 2.31 (s, 3H), 1.61 (s, 3H).

13 C NMR: (100 MHz, DMSO-d6, 340 K) δ (ppm) 168.9, 142.2, 135.1, 133.9, 131.6, 129.4, (PE/EtOAc 4:1) led to 250d as a mixture of diastereoisomers (31 mg, 0.098 mmol, 49%, 90:10 dr in favor of the trans diastereoisomer) as colorless oil. Data for the mixture of diastereoisomers (dr 90:10). Rf: 0.43 (PE/EtOAc 4:1).

1 H NMR: (300 MHz, CDCl3, 300K) δ (ppm) 8.17 (d, J = 6.6 Hz, 0.7H), 7.31 (t, J = 7.

1 H NMR: (400 MHz, DMSO-d6, 340K) δ (ppm) 8.01 (d, J = 5.6 Hz, 1H), 7.39 (d, J = 7.4

  /mol, followed by aqueous work-up, preparative TLC purification (PE/EtOAc 4:1) led to 250e as a mixture of diastereoisomers (15 mg, 0.048 mmol, 24%, 85:15 dr in favor of the trans diastereoisomer) as colorless oil.

	1-(9b-methyl-2H-[1,4]dioxino[2,3-b]indol-5(3H,4aH,9bH)-yl)ethanone (250f):
	250f was prepared from N-acetyl-3-methylindole 234a (34.6 mg, 0.2 mmol) following
	general procedure A using constant current of 10 mA in DMF (3.5 ml) and ethane-1,2-diol
	(1.5 ml). After stirring 190 minutes at room temperature, the solution was charged to 5.91
	F/mol, followed by aqueous work-up, preparative TLC purification (PE/EtOAc 3:1) led to
	250f (20 mg, 0.086 mmol, 43%) as white solid.
	1 H NMR: (400 MHz, DMSO-d6, 350K) δ (ppm) 7.88 (br, 1H), 7.43-7.22 (m, 2H), 7.12 (t, J
	= 7.2 Hz, 1H), 5.44 (s, 1H), 3.80-3.65 (m, 2H), 3.53-3.17 (m, 2H overlapped with H2O), 2.67
	(s, 1H), 2.60 (s, 1H), 2.47-2.39 (m, 3H), 2.34 (s, 3H), 2.28-2.17 (m, 1H), 1.61 (s, 3H).
	13 C NMR: (100 MHz, DMSO-d6, 350K) δ (ppm) 169.0, 142.1, 131.4, 129.4, 128.7 (minor),
	123.9, 123.3 (minor), 123.0, 116.0, 115.3 (minor), 95.3, 94.1 (minor), 82.7, 81.3, 81.2, 71.4,
	71.0, 66.5, 65.4 (minor), 63.4 (minor), 60.7, 26.4 (minor), 22.9, 19.7 (minor), 19.4, 19.2
	(minor), 19.0, 16.3.
	HRMS-ESI: m/z 334.1409 ([M+Na] + , C19H21NNaO3 + calcd. 334.1414).

Data for the mixture of diastereoisomers (dr 85

:15)

. Rf: 0.47 (PE/EtOAc 4:1). 1 H NMR: (300 MHz, CDCl3, 300k) δ (ppm) 8.18 (br, 1H), 7.35 (td, J = 7.8 Hz, J = 1.3 Hz, 1H), 7.28 (d, J = 7.0 Hz, 1H), 7.11 (td, J = 7.4 Hz, J = 0.8 Hz, 1H), 5.67 (s, 0.27H), 5.30 (s, 0.58H), 5.16 (s, 0.15H), 3.98-3.08 (m, 4H), 2.52-2.36 (m, 5H), 2.29-2.21 (m, 2H), 2.00-1.93 (m, 1H), 1.91 (s, 0.6H), 1.65 (s, 3H), 1.54 (s, 0.4H). Rf: 0.32 (PE/EtOAc 3:1).

1 H NMR: (300 MHz, CDCl3) δ (ppm) 8.14 (d, J = 6.6 Hz, 1H), 7.32-7.27 (m, 2H), 7.12 (t, J = 7.2 Hz, 1H), 5.10 (s, 1H), 3.79-3.71 (m, 1H), 3.68-3.57 (m, 3H), 2.36 (s, 3H), 1.43 (s, 3H).

13 C NMR: (75 MHz, CDCl3) δ (ppm) 170.1, 141.4, 132.2, 129.7, 124.6, 122.8, 117.3, 89.5, 78.1, 61.6, 61.0, 27.2, 23.4. HRMS-ESI: m/z 256.0942 ([M+Na] + , C13H15NNaO3 + calcd. 256.0944).

  1H), 7.45 (d, J = 8.1 Hz, 0.1H), 7.34 (t, J = 7.8 Hz, 1H), 7.25 (d, J = 7.5 Hz, 1H), 7.10 (t, J = 7.5 Hz, 1H), 5.63 (s, 1H), 3.08 (s, 3H), 3.00 (s, 3H), 1.60 (s, 3H), 1.40 (s, 9H).

	13 C NMR: (75 MHz, CDCl3, 300K) δ (ppm) 178.2, 145.7, 130.6, 130.2, 123.7, 123.6, 118.9,
	95.2, 83.0, 52.6, 50.3, 41.2, 28.6, 15.2.
	HRMS-ESI: m/z 300.1560 ([M+Na] + , C16H23NNaO3 + calcd. 300.1570).
	2,3-dimethoxy-3-methylindoline-1-carbaldehyde (250h):
	250h was prepared from 3-methyl-1H-indole-1-carbaldehyde 234c (63.6 mg, 0.4 mmol)

1 H NMR: (300 MHz, CDCl3, 300K) δ (ppm) 8.14 (d, J = 8.1 Hz, 0.8H), 8.05 (d, J = 8.3 Hz, 0.following general procedure A using constant current of 10 mA. After stirring 240 minutes at room temperature, the solution was charged to 3.72 F/mol followed by aqueous work-up, preparative TLC purification (PE/EtOAc 4:1) led to trans-250h (56 mg, 0.253 mmol, 63.3%) as colorless oil and cis-250h (16 mg, 0.072 mmol, 18.1%) as colorless oil. The diastereomeric ratio (dr) is therefore 77:23 in favor of the trans diastereoisomer.

  Hz, 1H), 7.37 (t, J = 7.6 Hz, 1H), 7.16 (d, J = 7.6 Hz, 1H), 5.29 (s, 1H), 3.47 (s, 3H), 3.00 (s, 3H), 1.55 (s, 3H).

	13 C NMR: (100 MHz, DMSO-d6, 360K) δ (ppm) 159.9, 140.3, 131.7, 129.4, 124.3, 123.5,
	115.7, 95.5, 82.5, 55.7, 49.4, 15.1.
	HRMS-ESI: m/z 244.0941 ([M+Na] + , C12H15NNaO3 + calcd. 244.0944).
	minor diastereoisomer cis-250h
	Rf: 0.20 (PE/EtOAc 5:1).
	13 C NMR: (75 MHz, CDCl3, 300K) δ (ppm) 160.1, 159.6, 139.1, 138.7, 135.1, 133.6, 129.8,
	129.6, 125.4, 125.3, 124.9, 123.9, 116.7, 110.6, 96.2, 93.4, 82.4, 81.8, 58.3, 56.4, 54.2, 26.2,
	25.4.
	1 H NMR: (400 MHz, DMSO-d6, 360K) δ (ppm) 8.78 (br, 1H), 7.76 (br, 1H), 7.32-7.26 (m,
	2H), 7.14 (d, J = 7.4 Hz, 1H), 5.25 (s, 1H), 3.48 (s, 3H), 3.29 (s, 3H), 1.43 (s, 3H).
	13 C NMR: (100 MHz, DMSO-d6, 360K) δ (ppm) 159.8, 138.5, 133.8, 128.5, 123.9, 123.4,
	114.6, 94.4, 80.9, 55.8, 52.6, 24.9.
	HRMS-ESI: m/z 244.0942 ([M+Na] + , C12H15NNaO3 + calcd. 244.0944).
	1 H NMR: (300 MHz, CDCl3, 300K) δ (ppm) 8.94 (s, 0.5H), 8.68 (s, 0.5H), 8.04 (d, J = 7.9
	Hz, 0.5H), 7.40-7.27 (m, 2H), 7.22-7.13 (m, 1.5H), 5.45 (s, 0.5H), 5.01 (s, 0.5H), 3.58 (s,
	1.5H), 3.45 (s, 1.5H), 3.05 (s, 1.5H), 3.04 (s, 1.5H), 1.60 (s, 1.5H), 1.58 (s, 1.5H).
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C NMR: (75 MHz, CDCl3, 300K) δ (ppm) 159.9, 159.

6, 141.1, 140.8, 132.4, 132.0, 130.4, 125.6, 124.7, 117.7, 111.2, 97.4, 93.8, 83.5, 83.4, 58.5, 56.3, 50.7, 50.6, 16.1, 15.

8. 1 H NMR: (400 MHz, DMSO-d6, 360K) δ (ppm) 8.85 (br, 1H), 7.87 (br, 1H), 7.42 (d, J = 7.3 Due to the slow rotation of the N-(CO) bond the NMR spectra show a mixture of two rotamers in a 50:50 ratio in CDCl3 at 300K.

1 H NMR: (300 MHz, CDCl3, 300K) δ (ppm) 8.96 (s, 0.5H), 8.65 (s, 0.5H), 8.03 (d, J = 8.0 Hz, 0.5H), 7.35-7.27 (m, 2H), 7.18-7.14 (m, 1.5H), 5.30 (s, 0.36H), 5.00 (s, 0.62H), 3.61 (s, 1.53H), 3.55 (s, 1.65H), 3.44 (s, 1.35H), 3.37 (s, 1.65H), 1.53 (s, 1.6H), 1.46 (s, 1.4H).

  HRMS-ESI: m/z 272.1252 ([M+Na] + , C14H19NNaO3 + calcd. 272.1257).

	1 H NMR: (300 MHz, CDCl3, 300K) δ (ppm) 8.07 (d, J = 8.2 Hz, 0.75H), 7.17-7.08 (m,
	2.25H), 5.60 (s, 0.19H major diast-rotamer2), 5.14 (s, 0.56H major diast-rotamer1), 5.00 (s,
	0.25H minor diast), 3.54-3.38 (m, 3.75H), 3.03 (s, 2.25H), 2.42 (s, 0.75H), 2.36 (s, 5.25H),

1.83 (s, 1.75H), 1.55 (s, 0.5H), 1.50 (s, 0.75H). 13 C NMR: (75 MHz, CDCl3, 300K) δ (ppm) 170.1, 169.6, 141.0, 133.4, 131.0, 130.4, 130.2, 124.6, 123.7, 117.3, 116.5, 98.0, 96.5, 83.6, 81.8, 55.6, 50.5, 23.5, 21.3, 16.3.

  (400 MHz, CDCl3, 300K) δ (ppm) 7.62 (d, J = 8.3Hz, 2H), 7.51 (d, J = 7.9Hz, 1H), 7.27-7.22 (m, 1H), 7.20 (d, J = 7.9Hz, 3H), 7.07 (t, J = 7.4Hz, 1H), 5.45 (d, J = 5.5Hz, 3H), 4.40 (d, J = 5.4Hz, 1H), 3.51 (s, 3H), 3.50 (s, 3H), 2.36 (s, 3H).

	13 C NMR: (100 MHz, CDCl3, 300 K) δ (ppm) 144.4, 139.0, 136.3, 132.1, 129.9, 129.5, 126.9,
	125.3, 124.7, 117.1, 92.2, 81.2, 58.8, 56.1, 21.7.
	HRMS-ESI: m/z 356.0921 ([M+Na] + , C17H19NNaO4S + calcd. 356.0927)

1 H NMR:

methoxy-9-tosyl-2,3,4,9-tetrahydro-1H-carbazole (261b):

  

	to 3.89 F/mol, followed by aqueous work-up, preparative TLC purification (PE/EtOAc 7:3) II.1.2 Alpha-alkoxylation of 2,3-disubstituted indoles 1-methoxy-9-tosyl-2,3,4,9-tetrahydro-1H-carbazole-6-carbonitrile (261g):
	led to 256f (49 mg, 0.106 mmol, 53%). Rf: 0.51 (PE/EtOAc 10:1). Rf: 0.42 (PE/EtOAc 10:1).
	1 H NMR: (300 MHz, CDCl3, 300K) δ (ppm) 8.07 (d, J = 8.3 Hz, 1H), 7.89 (d, J = 8.4 Hz, 1 H NMR: (300 MHz, CDCl3, 300K) δ (ppm) 7.94 (d, J = 8.8 Hz, 1H), 7.85 (d, J = 8.5 Hz,
	1-(1-methoxy-3,4-dihydro-1H-carbazol-9(2H)-yl)ethanone (261a):
	Rf: 0.52 (PE/EtOAc 7:3). 2H), 2H),
	1 H NMR: (300 MHz, CDCl3) δ (ppm) 7.70 (d, J = 8.3 Hz, 1H), 7.01-6.95 (m, 4H), 6.77 (dd, 7.40 (d, J = 7.8 Hz, 1H), 7.32-7.27 (m, 1H), 7.23-7.16 (m, 3H), 4.98 (t, J = 2.7 Hz, 1H), 3.53 7.51 (d, J = 1.9 Hz, 1H), 7.37 (dd, J = 8.8 Hz, J = 1.9 Hz, 1H), 7.18 (d, J = 8.2 Hz, 2H), 4.95
	J = 8.8 Hz, J = 2.6 Hz, 1H), 5.85 (br, 1H), 5.78 (s, 1H), 4.43-4.30 (m, 2H), 4.00-3.92 (m, (s, 3H), 2.80-2.74 (m, 1H), 2.56-2.47 (m, 1H), 2.37-2.31 (m, 1H), 2.30 (s, 3H), 2.02-1.94 (m, (t, J = 2.6 Hz, 1H), 3.52 (s, 3H), 2.73-2.66 (m, 1H), 2.52-2.41 (m, 1H), 2.39-2.34 (m, 1H), 261g was prepared from 9-tosyl-2,3,4,9-tetrahydro-1H-carbazole-6-carbonitrile 257g (70 mg,
	1H), 3.58 (s, 3H), 3.53-3.47 (m, 1H), 3.45 (s, 3H), 2.89-2.80 (m, 1H), 2.33 (s, 3H), 2.05-1.89 1H), 1.86-1.82 (m, 1H), 1.66-1.57 (m, 1H). 2.32 (s, 3H), 2.00-1.80 (m, 2H), 1.65-1.58 (m, 1H). 0.2 mmol) and following general procedure B using constant current of 10 mA. After stirring
	(m, 3H), 1.49 (t, J = 7.1 Hz, 3H). 261a was prepared from 1-(3,4-dihydro-1H-carbazol-9(2H)-yl)ethanone 257a (42.6 mg, 0.2 13 C NMR: (62 MHz, CDCl3, 300K) δ (ppm) 144.4, 136.5, 136.4, 134.8, 129.6, 129.4, 127.1, 13 C NMR: (62 MHz, CDCl3, 300K) δ (ppm) 144.7, 136.2, 136.1, 135.1, 131.1, 129.7, 127.9, 250 minutes at room temperature, the solution was charged to 7.92 F/mol, followed by
	13 C NMR: (62 MHz, CDCl3) δ (ppm) 155.7, 154.4, 142.4, 137.6, 137.1, 130.6, 129.0, 126.9, mmol) following general procedure B using constant current of 10 mA. After stirring 250 125.2, 123.2, 121.3, 119.2, 114.7, 70.1, 56.5, 26.7, 21.7, 21.4, 16.9. 127.1, 122.0, 120.5, 116.6, 116.2, 69.9, 56.5, 26.6, 21.7, 21.2, 16.7. aqueous work-up, preparative TLC purification (PE/EtOAc 5:1) led to 261g (30 mg, 0.078
	117.8, 115.6, 109.2, 98.6, 73.9, 62.1, 58.1, 55.1, 50.9, 35.2, 24.3, 21.5, 14.8. minutes at room temperature, the solution was charged to 7.92 F/mol followed by aqueous HRMS-ESI: m/z 378.1117 ([M+Na] + , C20H21NNaO3S + calcd.378.1134). HRMS-ESI: m/z 456.0220 ([M+Na] + , C20H20BrNNaO3S + calcd.456.0239). mmol, 39%) as white solid.
	HRMS-ESI: m/z 483.1545 ([M+Na] + , C21H28N2NaO6S + calcd. 483.1560) work-up, preparative TLC purification (PE/EtOAc 10:1) led to 261a (27 mg, 0.110 mmol,
	55%) as white solid. 1-methoxy-6-methyl-9-tosyl-2,3,4,9-tetrahydro-1H-carbazole (261c): 6-chloro-1-methoxy-9-tosyl-2,3,4,9-tetrahydro-1H-carbazole (261f): Rf: 0.43 (PE/EtOAc 5:1).
	ethyl 2-methoxy-5-methyl-1'-tosylspiro[indoline-3,2'-pyrrolidine]-1-carboxylate 1 H NMR: (300 MHz, CDCl3, 300K) δ (ppm) 8.13 (d, J = 8.6 Hz, 1H), 7.89 (d, J = 8.0 Hz,
	(256g):
	Rf: 0.47 (PE/EtOAc 10:1). 2H), 7.74 (s, 1H), 7.53 (d, J = 8.7 Hz, 1H), 7.23 (d, J = 7.9 Hz, 2H), 4.98 (t, J = 2.6 Hz, 1H),
	1 H NMR: (300 MHz, CDCl3, 300K) δ (ppm) 8.04 (d, J = 8.0 Hz, 1H), 7.46 (d, J = 7.6 Hz, 3.52 (s, 3H), 2.76 (dd, J = 16.5 Hz, J = 4.8 Hz, 1H), 2.57-2.48 (m, 1H), 2.41-2.36 (m, 1H),
	1H), 7.32 (t, J = 8.1 Hz, 1H), 7.24 (t, J = 7.4 Hz, 1H), 3.46 (s, 3H), 2.86-2.79 (m, 1H), 2.77 261c was prepared from 6-methyl-9-tosyl-2,3,4,9-tetrahydro-1H-carbazole 257c (67.8 mg, 261f was prepared from 6-chloro-9-tosyl-2,3,4,9-tetrahydro-1H-carbazole 257f (71.8 mg, 0.2 2.34 (s, 3H), 2.00-1.81 (m, 2H), 1.67-1.59 (m, 1H).
	(s, 3H), 2.62-2.51 (m, 1H), 2.37-2.29 (m, 1H), 2.00-1.79 (m, 2H), 1.76-1.70 (m, 1H). 0.2 mmol) and following general procedure B using constant current of 10 mA. After stirring mmol) and following general procedure B using constant current of 10 mA. After stirring 13 C NMR: (62 MHz, CDCl3, 300K) δ (ppm) 145.3, 138.2, 137.3, 136.1, 129.9, 129.5, 128.2,
	256g was prepared from ethyl 3-(3-hydroxypropyl)-1H-indole-1-carboxylate 255g (82.8 mg, 13 C NMR: (75 MHz, CDCl3, 300K) δ (ppm) 170.1, 136.6, 134.1, 129.5, 125.4, 123.1, 121.7, 130 minutes at room temperature, the solution was charged to 4.07 F/mol, followed by 240 minutes at room temperature, the solution was charged to 7.42 F/mol, followed by 127.2, 124.2, 120.6, 119.6, 115.4, 106.7, 69.8, 56.6, 26.5, 21.8, 21.2, 16.7.
	0.2 mmol) following general procedure A using constant current of 10 mA. After stirring 91 119.1, 115.9, 71.4, 56.1, 26.9, 26.6, 21.4, 17.1. aqueous work-up, preparative TLC purification (PE/EtOAc 10:1) led to 261c (40 mg, 0.108 aqueous work-up, preparative TLC purification (PE/EtOAc 10:1) led to 261f (48 mg, 0.124 HRMS-ESI: m/z 403.1075 ([M+Na] + , C21H20N2NaO3S + calcd.403.1087).
	HRMS-ESI: m/z 266.1144 ([M+Na] + , C15H17NNaO2 + calcd. 266.1151). mmol, 54%) as white solid. mmol, 62%) as white solid. minutes at room temperature, the solution was charged to 2.84 F/mol, followed by aqueous 1-
	1 H NMR: (300 MHz, CDCl3) δ (ppm) 7.83 (br, 1H), 7.32 (td, J = 7.8 Hz, J = 1.2 Hz, 1H), 7.27-7.23 (m, 1H), 7.04 (t, J = 7.6 Hz, 1H), 5.47 (s, 0.7H), 5.30 (s, 0.3H), 3.53 (s, 0.7H), 3.02 (s, 2.3H), 2.38-2.27 (m, 0.2H), 2.23-2.15 (m, 0.8H), 2.09-1.93 (m, 1H), 1.78-1.69 (m, 1H), 1.59 (s, 2.6H), 1.57 (s, 0.4H), 1.49-1.41 (m, 1H), 1.37 (s, 3H), 1.31 (s, 0.8H), 1.15 (s, 2.2H). 13 C NMR: (62 MHz, CDCl3) δ (ppm) 152.5(minor), 151.6, 143.4, 141.9(minor), 133.3, 129.9, 129.6(minor), 124.3, 123.2(minor), 123.1(minor), 122.3, 116.2(minor), 115.6, 97.0, 88.8, 82.4(minor), 81.1, 71.9, 57.4, 50.3, 39.6, 31.7, 29.4(minor), 29.2, 29.0(minor), 28.9(minor), 28.2, 25.7, 24.9. work-up, preparative TLC purification (PE/EtOAc 4:1) led to 256g (48 mg, 0.108 mmol, 54%). Rf: 0.39 (PE/EtOAc 4:1). 1 H NMR: (300 MHz, CDCl3) δ (ppm) 7.65 (br, 1H), 7.00 (d, J = 8.3 Hz, 1H), 7.00-6.94 (s, Rf: 0.53 (PE/EtOAc 10:1). 1 H NMR: (300 MHz, CDCl3, 300K) δ (ppm) 7.93 (d, J = 8.5 Hz, 1H), 7.86 (d, J = 8.4 Hz, 2H), 7.18-7.15 (m, 3H), 7.10 (dd, J = 8.6 Hz, J = 1.5 Hz, 1H), 4.95 (t, J = 2.8 Hz, 1H), 3.52 (s, Rf: 0.41 (PE/EtOAc 10:1). 1 H NMR: (300 MHz, CDCl3, 300K) δ (ppm) 7.99 (d, J = 8.8 Hz, 1H), 7.85 (d, J = 8.3 Hz, 2H), 7.36 (d, J = 1.9 Hz, 1H), 7.24 (dd, J = 8.8 Hz, J = 1.9 Hz, 1H), 7.18 (d, J = 8.2 Hz, 2H), 4.95 1-261b was prepared from 9-tosyl-2,3,4,9-tetrahydro-1H-carbazole 257b (65 mg, 0.2 mmol) 3H), 2.73 (dd, J = 16.8 Hz, J = 5.9 Hz, 1H), 2.53-2.43 (m, 1H), 3.39 (s, 3H), 2.35-2.32 (m, (t, J = 2.7 Hz, 1H), 3.51 (s, 3H), 2.73-2.67 (m, 1H), 2.52-2.43 (m, 1H), 2.38-2.33 (m, 1H), 4H), 6.13 (s, 1H), 5.76 (s, 1H), 4.40-4.30 (m, 2H), 3.97-3.90 (m, 1H), 3.57 (s, 3H), 3.53-3.47 and following general procedure B using constant current of 10 mA. After stirring 160 1H), 2.31 (s, 3H), 2.05-1.91 (m, 1H), 1.84-1.80 (m, 1H), 1.64-1.55 (m, 1H). 2.32 (s, 3H), 2.00-1.89 (m, 1H), 1.87-1.79 (m, 1H), 1.64-1.55 (m, 1H). (m, 1H), 2.86-2.79 (m, 1H), 2.31 (s, 3H), 2.02-1.93 (m, 6H), 1.39 (t, J = 7.1 Hz, 3H). minutes at room temperature, the solution was charged to 5.00 F/mol, followed by aqueous 13 C NMR: (62 MHz, CDCl3, 300K) δ (ppm) 144.3, 136.6, 134.9, 134.7, 132.8, 129.6, 127.1, 13 C NMR: (62 MHz, CDCl3, 300K) δ (ppm) 144.7, 136.3, 136.2, 134.7, 130.7, 129.7, 128.9, 13 C NMR: (62 MHz, CDCl3) δ (ppm) 154.2, 142.2, 141.2, 137.4, 132.2, 130.3, 129.5, 128.8, work-up, preparative TLC purification (PE/EtOAc 10:1) led to 261b (47 mg, 0.132 mmol, 126.6, 121.2, 119.2, 114.4, 70.1, 56.5, 26.8, 21.7, 21.4, 16.9. 127.1, 125.3, 120.6, 118.9, 115.8, 69.9, 56.5, 26.6, 21.7, 21.2, 16.7. 126.8, 124.9, 116.6, 98.6, 73.8, 62.0, 58.1, 50.8, 35.2, 24.3, 21.4, 20.7, 14.7. HRMS-ESI: m/z 467.1592 ([M+Na] + , C23H28N2NaO5S + calcd. 467.1611) 66%) as white solid. HRMS-ESI: m/z 392.1270 ([M+Na] + , C21H23NNaO3S + calcd.392.1291). HRMS-ESI: m/z 412.0728 ([M+Na] + , C20H20ClNNaO3S + calcd.412.0745).

methoxy-6-nitro-9-tosyl-2,3,4,9-tetrahydro-1H-carbazole (261h):

  

	1,4-diethoxy-9-tosyl-2,3,4,9-tetrahydro-1H-carbazole (261j): II.1.3 Dearomative diazidation of indoles
	1-(2,3-diazido-3-methylindolin-1-yl)ethanone (263a):
	261j was prepared from 9-tosyl-2,3,4,9-tetrahydro-1H-carbazole 257j (65 mg, 0.2 mmol) and
	following general procedure B using constant current of 10 mA. After stirring 295 minutes
	at room temperature, the solution was charged to 9.20 F/mol, followed by aqueous work-up, 263a was prepared from N-acetyl-3-methylindole 262a (34.6 mg, 0.2 mmol), following
	preparative TLC purification (PE/EtOAc 4:1) led to 261j as one isomer (19 mg, 0.046 mmol, general procedure C using constant current of 10 mA. After stirring 90 minutes at room
	23%) as pale yellow solid. temperature, the solution was charged to 2.80 F/mol followed by aqueous work-up,
	preparative TLC purification (PE/EtOAc 9:1) led to 263a (38 mg, 0.148 mmol, 74%, 95:5
	Rf: 0.56 (PE/EtOAc 9:1). dr in favor of the trans diastereoisomer) as colorless oil.
	1 H NMR: (300 MHz, CDCl3, 300K) δ (ppm) 7.97-7.91 (m, 3H), 7.51 (dd, J = 7.0 Hz, J =
	1.3 Hz, 1H), 7.28-7.17 (m, 4H), 5.12 (t, J = 2.3 Hz, 1H), 4.64-4.62 (m, 1H), 3.80-3.71 (m, Rf: 0.43 (PE/EtOAc 9:1).
	3H), 3.66-3.58 (m, 1H), 2.32 (s, 3H), 2.20-2.03 (m, 4H), 1.25 (t, J = 7.1 Hz, 3H), 1.20 (t, J = 1 H NMR: (400 MHz, DMSO-d6, 340 K) δ (ppm) 7.87 (br, 1H), 7.53 (d, J = 7.3 Hz, 1H),
	7.0 Hz, 3H). 7.45 (t, J = 7.8 Hz, 1H), 7.24 (d, J = 7.3 Hz, 1H), 5.99 (s, 1H), 2.42 (s, 3H), 1.75 (s, 3H).
	13 C NMR: (62 MHz, CDCl3, 300K) δ (ppm) 144.6, 137.0, 136.7, 136.5, 129.7, 128.6, 127.3, 13 C NMR: (100 MHz, DMSO-d6, 340 K) δ (ppm) 168.6, 140.5, 130.5, 129.7, 124.2, 123.2,
	125.4, 123.4, 120.1, 119.7, 114.6, 69.1, 68.6, 64.8, 64.6, 22.7, 22.1, 21.7, 15.9, 15.8. 116.1, 81.9, 78.8, 22.8, 16.7.
	HRMS-ESI: m/z 436.1536 ([M+Na] + , C23H27NNaO4S + calcd.436.1553). HRMS-ESI: m/z 280.0917 ([M+Na] + , C11H11N7NaO + calcd. 280.0917).
	2-(
	261h was prepared from 6-nitro-9-tosyl-2,3,4,9-tetrahydro-1H-carbazole 257h (74 mg, 0.2
	mmol) and following general procedure B (DCM/MeOH 4.0 ml:1.0 ml) using constant
	current of 10 mA. After stirring 240 minutes at room temperature, the solution was charged
	to 7.62 F/mol, followed by aqueous work-up, preparative TLC purification (PE/EtOAc 5:1)
	led to 261h (36 mg, 0.09 mmol, 45%) as white solid.

1-acetyl-2,3-diazidoindolin-3-yl)acetonitrile (263b):

  

	Rf: 0.56 (PE/EtOAc 5:1). 1-acetyl-2,3-diazido-3-methylindoline-5-carbonitrile (263d):
	1 H NMR: (400 MHz, DMSO-d6, 340 K) δ (ppm) 7.90 (br, 1H), 7.68 (d, J = 7.3 Hz, 1H),
	7.53 (t, J = 7.7 Hz, 1H), 7.29 (t, J = 7.6 Hz, 1H), 6.15 (s, 1H), 3.77 (d, J = 17.3 Hz, 1H), 3.40
	(d, J = 17.1 Hz, 1H), 2.47 (s, 3H).
	13 C NMR: (100 MHz, DMSO-d6, 340 K) δ (ppm) 168.7, 140.6, 131.5, 126.2, 124.3, 123.9, 263d was prepared from 1-acetyl-3-methyl-1H-indole-5-carbonitrile 262d (39.6 mg, 0.2
	116.4, 116.2, 81.3, 69.6, 22.9, 21.5. mmol), following general procedure C using constant current of 10 mA. After stirring 100
	HRMS-ESI: m/z 305.0860 ([M+Na] + , C12H10N8NaO + calcd. 305.0870). minutes at room temperature, the solution was charged to 3.16 F/mol followed by aqueous
	work-up, preparative TLC purification (PE/EtOAc 5:1) led to 263d (27 mg, 0.096 mmol,
	1-(2,3-diazido-5-methoxy-3-methylindolin-1-yl)ethanone (263c): 48%, 95:5 dr in favor of the trans diastereoisomer) as colorless oil.
	Rf: 0.33 (PE/EtOAc 5:1).
	Due to the slow rotation of the N-(CO) bond the NMR spectra show a mixture of two rotamers
	263c was prepared from 1-(5-methoxy-3-methyl-1H-indol-1-yl)ethanone 262c (40.6 mg, 0.2 in a 70:30 ratio in CDCl3 at 300K.
	mmol), following general procedure C using constant current of 10 mA. After stirring 84 1 H NMR: (300 MHz, CDCl3, 300K) δ (ppm) 8.31 (br, 0.7H), 7.73 (td, J = 8.5 Hz, J = 1.7
	minutes at room temperature, the solution was charged to 2.60 F/mol followed by aqueous Hz, 1H), 7.58 (d, J = 1.6 Hz, 1H), 7.35 (br, 0.3H), 5.89 (br, 0.3H), 5.21 (s, 0.7H), 2.46 (s,
	work-up, preparative TLC purification (PE/EtOAc 6:1) led to 263c (33 mg, 0.106 mmol, 3H), 1.80 (s, 3H).
	57%, 95:5 dr in favor of the trans diastereoisomer) as colorless oil. 13 C NMR: (75 MHz, CDCl3, 300K) δ (ppm) 169.1, 144.8, 136.1, 130.6, 126.6, 118.3, 108.2,
	83.4, 70.1, 23.8, 17.5.
	Rf: 0.31 (PE/EtOAc 6:1). HRMS-ESI: m/z 305.0858 ([M+Na] + , C12H10N8NaO + calcd. 305.0870).
	Due to the slow rotation of the N-(CO) bond the NMR spectra show a mixture of two rotamers
	1-(
	in a 60:40 ratio in CDCl3 at 300K.
	1 H NMR: (300 MHz, CDCl3, 300K) δ (ppm) 8.11 (d, J = 8.8 Hz, 0.6H), 7.15 (d, J = 8.5 Hz,
	0.4H), 6.93 (dd, J = 8.5 Hz, J = 1.8 Hz, 1H), 6.85 (s, 1H), 5.92 (s, 0.4H), 5.09 (s, 0.6H), 3.82
	(s, 3H), 2.46 (s, 1.3H), 2.38 (s, 1.7H), 1.77 (s, 1.7H), 1.65 (s, 1.3H).
	263b was prepared from 2-(1-acetyl-1H-indol-3-yl)acetonitrile 262b (39.6 mg, 0.2 mmol), 13 C NMR: (75 MHz, CDCl3, 300K) δ (ppm) 169.2, 168.2, 157.3, 157.0, 135.0, 133.5, 133.3,
	following general procedure C using constant current of 10 mA. After stirring 117 minutes 130.5, 118.9, 116.2, 115.8, 115.6, 110.1, 108.9, 83.6, 83.0, 70.9, 68.5, 56.0, 23.8, 23.4, 17.9,
	at room temperature, the solution was charged to 3.66 F/mol followed by aqueous work-up, 17.7.
	preparative TLC purification (PE/EtOAc 5:1) led to 263b (23 mg, 0.082 mmol, 41%, 95:5 HRMS-ESI: m/z 310.1008 ([M+Na] + , C12H13N7NaO2 + calcd. 310.1023).
	dr in favor of the trans diastereoisomer) as colorless oil.

2,3-diazido-6-chloro-3-methylindolin-1-yl)ethanone (263e):

  59%, 95:5 dr in favor of the cis diastereoisomer) as colorless oil.

	4a,9a-diazido-9-tosyl-2,3,4,4a,9,9a-hexahydro-1H-carbazole-6-carbonitrile (263j):
	Rf: 0.31 (PE/EtOAc 9:1).
	1 H NMR: (400 MHz, DMSO-d6, 340 K) δ (ppm) 7.96 (br, 1H), 7.60 (d, J = 8.0 Hz, 1H),
	7.30 (d, J = 8.0 Hz, 1H), 6.12 (s, 1H), 2.42 (s, 3H), 1.76 (s, 3H).
	13 C NMR: (100 MHz, DMSO-d6, 340 K) δ (ppm) 168.8, 141.7, 134.9, 128.7, 124.7, 124.0,
	116.0, 82.2, 69.5, 22.8, 16.5. 263j was prepared from 9-tosyl-2,3,4,9-tetrahydro-1H-carbazole-6-carbonitrile 262j (70 mg,
	HRMS-ESI: m/z 314.0515 ([M+Na] + , C11H10ClN7NaO + calcd. 314.0528). 0.2 mmol), following general procedure C using constant current of 10 mA. After stirring
	137 minutes at room temperature, the solution was charged to 4.20 F/mol followed by
	4a,9a-diazido-9-tosyl-2,3,4,4a,9,9a-hexahydro-1H-carbazole (263f): aqueous work-up, preparative TLC purification (PE/EtOAc 5:1) led to 263j (51 mg, 0.118
	mmol, Rf: 0.49 (PE/EtOAc 5:1).
	263f was prepared from 9-tosyl-2,3,4,9-tetrahydro-1H-carbazole 262f (65 mg, 0.2 mmol),
	following general procedure C using constant current of 10 mA. After stirring 122 minutes
	at room temperature, the solution was charged to 3.82 F/mol followed by aqueous work-up,
	preparative TLC purification (PE/EtOAc 9:1) led to 263f (57 mg, 0.140 mmol, 70%, 95:5 dr 13 C NMR: (75 MHz, CDCl3, 300K) δ (ppm) 145.3, 144.2, 136.7, 135.4, 130.1, 129.8, 127.4,
	in favor of the cis diastereoisomer) as colorless oil. 126.5, 118.4, 115.7, 107.3, 91.9, 71.3, 33.4, 30.7, 21.8, 21.2, 21.1.
	Rf: 0.53 (PE/EtOAc 9:1)
	1 H NMR: (300 MHz, CDCl3, 300K) δ (ppm) 7.89 (d, J = 8.4 Hz, 2H), 7.62 (d, J = 8.2 Hz,
	1H), 7.34 (td, J = 8.0 Hz, J = 1.3 Hz, 1H), 7.28 (d, J = 8.2 Hz, 2H), 7.24 (dd, J = 3.8 Hz, J =
	1.1 Hz, 1H), 7.12 (td, J = 7.6 Hz, J = 0.8 Hz, 1H), 2.67-2.61 (m, 1H), 2.38 (s, 3H), 2.24-2.17
	(m, 1H), 2.14-2.05 (m, 1H), 1.94-1.86 (m, 1H), 1.74-1.62 (m, 2H), 1.52-1.42 (m, 1H), 1.35-
	1.24 (m, 1H).
	263e was prepared from 1-(6-chloro-3-methyl-1H-indol-1-yl)ethanone 262e (41.4 mg, 0.2 13 C NMR: (75 MHz, CDCl3, 300K) δ (ppm) 144.5, 140.7, 137.3, 130.8, 129.8, 128.1, 127.3,
	mmol), following general procedure C using constant current of 10 mA. After stirring 64 124.0, 122.8, 115.6, 91.1, 72.4, 33.6, 30.7, 21.7, 21.4, 21.3.
	minutes at room temperature, the solution was charged to 2.05 F/mol followed by aqueous HRMS-ESI: m/z 432.1231 ([M+Na] + , C19H19N7NaO2S + calcd. 432.1213).
	work-up, preparative TLC purification (PE/EtOAc 9:1) led to 263e (32 mg, 0.110 mmol,
	55%, 95:5 dr in favor of the trans diastereoisomer) as colorless oil.

1 H NMR: (300 MHz, CDCl3, 300K) δ (ppm) 7.87 (d, J = 8.4 Hz, 2H), 7.71 (d, J = 8.5 Hz, 1H), 7.64 (dd, J = 8.6 Hz, J = 1.7 Hz, 1H), 7.49 (d, J = 1.5 Hz, 1H), 7.32 (d, J = 8.1 Hz, 2H), 2.72-2.63 (m, 1H), 2.41 (s, 3H), 2.19-2.04 (m, 2H), 2.00-1.89 (m, 1H), 1.81-1.66 (m, 2H), 1.58-1.44 (m, 1H), 1.37-1.27 (m, 1H). HRMS-ESI: m/z 457.1160 ([M+Na] + , C20H18N8NaO2S + calcd. 457.1166).

3a,8b-diazido-4-tosyl-1,2,3,3a,4,8b-hexahydrocyclopenta[b]indole (263k):

  

	Rf: 0.51 (PE/EtOAc 9:1).
	1 H NMR: (300 MHz, CDCl3, 300K) δ (ppm) 7.90 (d, J = 8.3 Hz, 2H), 7.34 (d, J = 8.0 Hz,
	1H), 7.28-7.22 (m, 4H), 7.06 (td, J = 7.4 Hz, J = 0.7 Hz, 1H), 3.04-2.97 (m, 1H), 2.43-2.33
	(m, 4H), 2.10-2.02 (m, 2H), 1.89-1.82 (m, 1H), 1.58-1.49 (m, 1H).
	13 C NMR: (75 MHz, CDCl3, 300K) δ (ppm) 144.6, 140.9, 137.0, 130.7, 129.9, 128.3, 127.6,
	124.5, 124.1, 113.1, 97.0, 80.1, 40.6, 38.6, 22.6, 21.7.
	HRMS-ESI: m/z 418.1047 ([M+Na] + , C18H17N7NaO2S + calcd. 418.1057).
	3-cyclopropyl-2,3-dimethoxy-1-tosylindoline (263l):
	major diastereoisomer trans-263l
	263k was prepared from 4-tosyl-1,2,3,4-tetrahydrocyclopenta[b]indole 262k (62.2 mg, 0.2 Rf: 0.67 (PE/EtOAc 9:1).
	mmol), following general procedure C using constant current of 10 mA. After stirring 110
	minutes at room temperature, the solution was charged to 3.42 F/mol followed by aqueous

work-up, preparative TLC purification (PE/EtOAc 9:1) led to 263k (40 mg, 0.102 mmol, 51%, 95:5 dr in favor of the cis diastereoisomer) as colorless oil.

263l was prepared from 3-cyclopropyl-1-tosyl-1H-indole 262l (62.2 mg, 0.2 mmol) following general procedure C using constant current of 10 mA. After stirring 90 minutes at room temperature, the solution was charged to 2.80 F/mol, followed by aqueous work-up, preparative TLC purification (PE/EtOAc 9:1) led to trans-263l (43 mg, 0.108 mmol, 54%) as colorless oil and cis-263l (4 mg not pure, 0.01 mmol, 5%) as colorless oil. The diastereomeric ratio (dr) is therefore 91:9 in favor of the trans diastereoisomer.

  to room temperature and stirred for 7 hours before a solution of saturated NH4Cl was added. The aqueous layer was separated and extracted with diethyl ether. The combined organic layer were washed with brine, dried, filtered and evaporated. The crude residue was purified via column chromatography and led to 262m (203.5 mg, 0.332 mmol, 83%). , 123.4, 118.1, 118.0, 114.6, 56.5, 66.4, 53.9, 42.7, 42.6, 40.1, 39.7, 36.3, 35.9, 35.8, 35.5, 35.4, 31.8, 29.6, 29.2, 28.4, 28.2, 24.4, 24.0, 23.0, 22.9, 21.7, 21.4, 18.9, 12.2, 11.7.

	HRMS-ESI: m/z 418.1045 ([M+Na] + , C18H17N7NaO2S + calcd. 418.1057) For analytical purposes, these three products were separated upon careful purification by
	preparative TLC (Pentane/Et2O 9:1 to separate 263n from 263m and 263o and
	minor diastereoisomer cis-263l
	Pentane/CH2Cl2 4:1 to separate 263m from 263o).
	Rf: 0.54 (PE/EtOAc 19:1).
	Rf: 0.62 (PE/EtOAc 9:1). 1 H NMR: (300 MHz, CDCl3, 300K) δ (ppm) 8.13 (d, J = 8.0 Hz, 1H), 7.62 (d, J = 7.9 Hz,
	2H), 7.32 (d, J = 7.1 Hz, 1H), 7.21 (d, J = 8.2 Hz, 2H), 7.14 (d, J = 8.0 Hz, 2H), 3.06 (dd, J 1 H NMR: (400 MHz, CDCl3,300K) δ (ppm) 7.82 (d, J = 8.3Hz, 2H), 7.76 (d, J = 8.4Hz, 1H), Rf: 0.51 (PE/EtOAc 19:1). = 18.3 Hz, J = 2.8 Hz, 1H), 2.61 (d, J = 16.1 Hz, 1H), 2.29 (s, 3H), 2.15 (d, J = 15.6 Hz, 1H), 7.61-7.56 (m, 2H), 7.28 (d, J = 8.3Hz, 2H), 7.12 (t, J = 7.0Hz, 1H), 5.60 (s, 1H), 2.38 (s, 3H), 1 H NMR: (400 MHz, CDCl3, 300K) δ (ppm) 7.88 (d, J = 8.1 Hz, 2H), 7.48 (d, J = 8.3 Hz, 2.04 (d, J = 12.0 Hz, 1H), 1.91-0.97 (m, 27H), 0.94 (d, J = 5.8 Hz, 3H), 0.88 (d, J = 6.5 Hz, 0.70-0.61 (m, 1H), 0.43-0.32 (m, 2H), 0.07-0.05 (m, 1H), 0.16-0.25 (m, 1H). 1H), 7.34-7.22 (m, 4H), 7.08 (t, J = 7.5 Hz, 1H), 2.56-2.49 (m, 2H), 2.38 (s, 3H), 2.04-1.77 6H), 0.81 (s, 1H), 0.69 (s, 3H). 13 C NMR: (100 MHz, CDCl3 300 K) δ (ppm) 145.2, 139.8, 135.6, 130.9, 130.2, 128.9, 127.5, (m, 3H), 1.74-1.70 (m, 1H), 1.67-0.97 (m, 23H), 0.91 (d, J = 7.0 Hz, 3H), 0.86 (dd, J = 7.0; 13 C NMR: (75 MHz, CDCl3, 300K) δ (ppm) 144.5, 136.7, 136.3, 134.1, 131.0, 128.8, 126.4, 127.0, 125.6, 115.1, 86.3, 72.9, 21.7, 19.1, 1.06, 0.59. 1.8 Hz, 6H), 0.63 (s, 3H), 0.58 (s, 3H). 13 C NMR: (75 MHz, CDCl3, 300K) δ (ppm) 144.5, 139.9, 137.5, 131.0, 130.0, 128.3, 127.4, 124.1, 123.6, 115.1, 91.2, 72.8, 56.4, 55.0, 42.7, 41.3, 41.1, 39.9, 39.7, 37.7, 36.4, 35.9, 34.8, 31.7, 28.4, 28.2, 27.1, 24.3, 24.0, 23.0, 22.8, 21.8, 21.3, 18.9, 13.8, 12.3. 123.9(3aS,3bR,5aS,12aS,12bS,14aR)-6a,11b-diazido-12a,14a-dimethyl-1-((R)-6-HRMS-ESI: m/z 720.4026 ([M+Na] + , C40H55N7NaO2S + calcd. 720.4030).
	methylheptan-2-yl)-7-tosyl-1,2,3,3a,3b,4,5,5a,6,6a,7,11b,12,12a,12b,13,14,14a-
	octadecahydrocyclopenta[5,6]naphtho[2,1-b]carbazole (263m):
	To a stirred solution of tetrahydrocarbazole (183.6 mg, 0.4 mmol, prepared according to 263m was prepared from 9-tosyl-2,3,4,9-tetrahydro-1H-carbazole 262m (80 mg, 0.14 mmol),
	Chen 95 ) in anhydrous THF (4 ml) at -78 o C was added dropwise a solution of n BuLi (380 uL n Bu4NBF4 (0.14 mmol, 1.0 equiv), TMSN3 (0.7 mmol, 5 equiv) and TEMPO (0.014 mmol,
	of a 1.6 M solution in hexanes, 0.6 mmol). The resulting solution was stirred at -78 o C for a 0.1 equiv) following general procedure C (DCM 5 ml) using constant current of 10 mA. After 1 H NMR: (400 MHz, CDCl3,300K) δ (ppm) 7.75-7.70 (m, 3H), 7.44 (t, J = 7.9Hz, 1H), 7.36 (d, J = 7.5Hz, 1H), 7.23 (d, J = 8.0Hz, 2H), 7.18 (t, J = 7.4Hz, 1H), 5.33 (s, 1H), 2.34 (s, 3H), further hour, before TsCl (114 mg, 0.6 mmol) was added at once. The mixture was warmed-stirring 96 minutes at room temperature, the solution was charged to 4.36 F/mol followed by
	1.29-1.23 (m, 1H), 0.78-0.72 (m, 1H), 0.58-0.49 (m, 3H). aqueous work-up, preparative TLC purification (PE/EtOAc 19:1) led to a 8:1:1 mixture of
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C NMR: (100 MHz, CDCl3 300 K) δ (ppm) 145.0, 140.9, 134.9, 131.6, 130.3, 129.9, 127.9, 127.4, 125.2, 116.6, 86.1, 73.2, 21.7, 12.9, 1.4, -0.3. HRMS-ESI: m/z 418.1047 ([M+Na] + , C18H17N7NaO2S + calcd. 418.1057).

(3aS,3bR,5aS,12aS,12bS,14aR)-12a,14a-dimethyl-1-((R)-6-methylheptan-2-yl)-7-tosyl-1,2,3,3a,3b,4,5,5a,6,7,12,12a,12b,13,14,14a-hexadecahydrocyclopenta[5,6]naphtho[2,1b]carbazole (262m): 95 Chen, C.-Y.; Lieberman, D. R.; Larsen, R. D.; Verhoeven, T. R.; Reider, P. J. J. Org. Chem. 1997, 62, 2676-2677. up HRMS-APCI: m/z 614.3987 ([M+H] + , C40H56NNaO2S + calcd. 614.4032).

263m/263n/263o (39 mg) as colorless oil which corresponds to 32% of 263m (43% brsm), 4% of 263n and 4% of 263o. In addition 26% of the starting indole 262m was recovered.

Rf: 0.50 (PE/EtOAc 19:1).

9-tosyl-2,3,4,4a,9,9a-hexahydro-1H-carbazole-4a,9a-diamine (265):

  The headspace of the flask was briefly evacuated and backfilled with H2 twice. Then, the reaction mixture was vigorously stirred under H2 (1 atm, hydrogen-filled balloon) at room temperature until the reduction completed. The mixture was concentrated in vacuo and the residue was subsequently purified through a silica gel column to yield 265 (56 mg, 0.156 mmol, 78%, 95:5 dr) as colorless oil.

	II.2 Synthetic transformations 9-tosyl-1-(2,4,6-trimethoxyphenyl)-2,3,4,9-tetrahydro-1H-carbazole (264d):
	1-azido-9-tosyl-2,3,4,9-tetrahydro-1H-carbazole (264a):
	2H),
	1 H NMR: (400 MHz, CDCl3, 300K) δ (ppm) 7.95 (d, J = 7.9 Hz, 2H), 7.79 (s, 1H), 7.32-7.24 (m, 4H), 2.59-2.52 (m, 2H), 2.41 (s, 3H), 2.06-1.84 (m, 3H), 1.75-1.70 (m, 1H), 1.73-1.01 (m, 23H), 0.94 (d, J = 7.0 Hz, 3H), 0.89 (dd, J = 7.0; 1.8 Hz, 6H), 0.67 (s, 3H), 0.65 (s, 3H). 264a was prepared from 1-methoxy-9-tosyl-2,3,4,9-tetrahydro-1H-carbazole 261b (71 mg, 0.2 mmol) and following general procedure D using trimethylsilylazide (48 mg, 0.3 mmol) and TMSOTf (8.9 mg, 0.04 mmol), followed by aqueous work-up, preparative TLC purification (PE/EtOAc 10:1) led to 264a (65 mg, 0.180 mmol, 90%) as white solid. 2H), 7.41(d, J = 7.8 Hz, 1H), 7.35(td, J = 8.4 Hz, J = 1.3 Hz, 1H), 7.25(t, J = 7.2 Hz, 1H), 7.19(d, J = 8.2 Hz, 2H), 5.32 (t, J = 3.0 Hz, 1H), 2.84-2.76 (m, 1H), 2.58-2.49 (m, 1H), 2.32 (s, 3H), 2.30-2.26 (m, 1H), 1.97-1.93 (m, 3H). 13 C NMR: (62 MHz, CDCl3, 300K) δ (ppm) 144.9, 136.6, 135.9, 132.0, 129.9, 129.3, 126.7, 125.8, 123.7, 122.4, 119.4, 114.9, 54.2, 30.6, 21.7, 21.0, 17.2. HRMS-ESI: m/z 389.1034 ([M+Na] + , C19H18N4NaO2S + calcd.389.1043). 9-tosyl-2,3,4,9-tetrahydro-1H-carbazole-1-carbonitrile (264b): 264b was prepared from 1-methoxy-9-tosyl-2,3,4,9-tetrahydro-1H-carbazole 261b (71 mg, 0.2 mmol) and following general procedure D using trimethylsilylcyanide (30 mg, 0.3 mmol) 7.39(d, J = 7.7 Hz, 1H), 7.34(td, J = 7.9 Hz, J = 1.2 Hz, 1H), 7.24(t, J = 7.5 Hz, 1H), 7.21(d, J = 8.2 Hz, 2H), 4.64 (t, J = 2.3 Hz, 1H), 2.84-2.78 (m, 1H), 2.65-2.55 (m, 1H), 2.43-2.38 (m, 1H), 2.31 (s, 3H), 2.16-2.03 (m, 2H), 2.01-1.91 (m, 1H). 13 C NMR: (62 MHz, CDCl3, 300K) δ (ppm) 145.3, 136.2, 135.4, 130.0, 129.3, 127.6, 127.1, 125.7, 123.8, 121.7, 120.4, 119.2, 114.6, 28.4, 27.1, 21.7, 20.7, 18.9. HRMS-ESI: m/z 373.0972 ([M+Na] + , C20H18N2NaO2S + calcd.373.0981). 1-allyl-9-tosyl-2,3,4,9-tetrahydro-1H-carbazole (264c): 264c was prepared from 1-methoxy-9-tosyl-2,3,4,9-tetrahydro-1H-carbazole 261b (71 mg, 0.2 mmol) and following general procedure D using trimethylsilane (34.8 mg, 0.3 mmol) and TMSOTf (8.9 mg, 0.04 mmol), followed by aqueous work-up, preparative TLC purification 1 H NMR: (300 MHz, CDCl3, 300K) δ (ppm) 8.16 (d, J = 7.5 Hz, 1H), 7.54 (d, J = 8.3 Hz, 2H), 7.29 (t, J = 8.2 Hz, 1H), 7.27-7.19 (m, 2H), 7.11 (d, J = 8.1 Hz, 2H), 6.03-5.89 (m, 1H), 5.16-5.08 (m, 2H), 3.45 (d, J = 10.1 Hz, 1H), 2.92 (d, J = 13.9 Hz, 1H), 2.72-2.64 (m, 1H), 2.52-2.41 (m, 1H), 2.29 (s, 3H), 2.25-2.14 (m, 1H), 2.06-2.02 (m, 1H), 1.85-1.67 (m, 3H). 13 C NMR: (62 MHz, CDCl3, 300K) δ (ppm) 144.5, 139.6, 137.5, 137.1, 135.7, 131.0, 129.7, 264d was prepared from 1-methoxy-9-tosyl-2,3,4,9-tetrahydro-1H-carbazole 261b (71 mg, 0.2 mmol) and following general procedure D using 1,3,5-trimethoxybenzene (50.4 mg, 0.3 mmol) and TMSOTf (8.9 mg, 0.04 mmol), followed by aqueous work-up, preparative TLC purification (PE/EtOAc 6:1) led to 264d (77 mg, 0.156 mmol, 78%) as colorless oil. 13 C NMR: (62 MHz, CDCl3, 300K) δ (ppm) 159.6, 159.0 (br), 143.4, 139.5, 137.1, 136.8, 131.0, 129.2, 126.3, 123.4, 123.0, 119.6, 117.9, 114.9. 114.7, 91.3, 55.9 (br), 55.3, 32.0, 30.9, 21.8, 21.6, 20.6. To an ovendried three neck round bottom flask (5 mL) equipped with a magnetic stirbar was added Pd/C (21.2 mg, 10 wt%, 0.02 mmol). After the flask was evacuated and back filled with H2, a solution of the 263f (81.8 mg, 0.2 mmol) in MeOH (1.5 mL) was added to the 1 H NMR: (300 MHz, CDCl3, 300K) δ (ppm) 7.79 (d, J = 8.4 Hz, 2H), 7.48 (d, J = 8.0 Hz, 1H), 7.28-7.17 (m, 4H), 7.02 (t, J = 7.2 Hz, 1H), 2.80-2.29 (m, 6H), 2.21-2.11 (m, 1H), 1.69-1.45 (m, 6H), 1.27-1.08 (m, 2H). 13 C NMR: (75 MHz, CDCl3, 300K) δ (ppm) 143.6, 140.5, 139.3, 135.6, 129.9, 129.1, 126.6, 123.6, 122.1, 115.6, 92.4, 61.1, 38.2, 32.3, 22.9, 22.3, 21.7. HRMS-ESI: m/z 380.1389 ([M+Na] + , C19H23N3NaO2S + calcd. 380.1403). flask via syringe. Rf: 0.23 (PE/EtOAc 1:1). 1-(3
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C NMR: (75 MHz, CDCl3, 300K) δ (ppm) 144.7, 143.0, 140.6, 137.

4, 130.1, 128.1, 127.4, 124.4, 122.5, 113.8, 91.5, 72.5, 56.4, 55.0, 42.8, 41.4, 41.2, 40.0, 39.7, 37.9, 36.5, 36.4, 36.

0, Rf: 0.51 (PE/EtOAc 10:1). 1 H NMR: (300 MHz, CDCl3, 300K) δ (ppm) 8.13 (d, J = 8.4 Hz, 1H), 7.76 (d, J = 8.4 Hz, and TMSOTf (8.9 mg, 0.04 mmol), followed by aqueous work-up, preparative TLC purification (PE/EtOAc 7:1) led to 264b (60 mg, 0.172 mmol, 86%) as white solid. (PE/EtOAc 10:1) led to 264c (59 mg, 0.162 mmol, 81%) as white solid. Rf: 0.61 (PE/EtOAc 10:1). 126.4, 124.4, 123.7, 120.1, 118.4, 116.5, 115.6, 39.4, 33.8, 26.2, 21.7, 21.2, 17.3. HRMS-ESI: m/z 388.1329 ([M+Na] + , C22H23NNaO2S + calcd.388.1342). Rf: 0.42 (PE/EtOAc 6:1).

1 H NMR: (300 MHz, CDCl3, 300K) δ (ppm) 8.13-8.11 (m, 1H), 7.38 (dd, J = 4.7 Hz, J = 1.5 Hz, 1H), 7.34 (d, J = 8.4 Hz, 2H), 7.26-7.22 (m, 2H), 7.00 (d, J = 8.1 Hz, 2H), 6.16 (br, 1H), 5.78 (br, 1H), 5.00 (t, J = 5.7 Hz, 1H), 3.92 (br, 3H), 3.77 (s, 3H), 3.01 (br, 3H), 2.66 (td, J = 6.0 Hz, J = 1.4 Hz, 2H), 2.29 (s, 3H), 2.14-2.05 (m, 1H), 1.94-1.80 (m, 2H), 1.76-1.69 (m, 1H). HRMS-ESI: m/z 514.1639 ([M+Na] + , C28H29NNaO5S + calcd.514.1659).

-methyl-2,3-bis(4-phenyl-1H-1,2,3-triazol-1-yl)indolin-1-yl)ethanone (266):

  

	To a solution of 263a (51.4 mg, 0.2 mmol) in t-BuOH/H2O (0.5 mL/0.5 mL) at room
	temperature was added CuSO4• 5H2O (3.0 mg, 0.02 mmol), sodium ascorbate (8.9 mg, 0.04
	mmol) and ethynylbenzene (51.2 mg, 0.5 mmol) under Ar, the mixture was stirred for 24h at
	room temperature. The solvent was removed under reduced pressure. The residue was
	purified by silica gel column chromatography using petroleum ether-AcOEt as the eluent to
	lead to 266 (63 mg, 0.136 mmol, 68%, 95:5 dr) as colorless oil.
	Rf: 0.17 (PE/EtOAc 3:1).
	major diastereoisomer: due to the slow rotation of the N-(CO) bond the NMR spectra show
	a mixture of two rotamers in a 60:40 ratio in CDCl3 at 300K.

1 H NMR: (300 MHz, CDCl3, 300K) δ (ppm) 8.43 (d, J = 4.3 Hz, 0.6H), 7.80 (d, J = 7.5 Hz, 2H), 7.70 (d, J = 7.4 Hz, 2H), 7.64 (t, J = 7.7 Hz, 1H), 7.58-7.48 (m, 2.4H), 7.45-7.23 (m, 9H), 2.44 (br, 0.4H), 2.16 (s, 2.6H), 1.77 (s, 3H).

  (75 MHz, CDCl3, 300K) δ (ppm) 169.0, 149.2, 147.8, 143.2, 132.6, 130.0, 129.6, 129.1,129.0, 128.7, 126.0, 125.8, 124.6, 118.4, 117.1, 82.0, 71.3, 23.6, 20.0.

	1 H NMR: (400 MHz, DMSO-d6, 340 K) δ (ppm) 8.72 (s, 1H), 8.53 (s, 1H), 8.10 (br, 1H),
	7.88 (t, J = 6.1 Hz, 4H), 7.65 (d, J = 7.6 Hz, 1H), 7.57 (t, J = 7.6 Hz, 2H), 7.49-7.43 (m, 4H),
	7.36 (t, J = 7.5 Hz, 2H), 7.30 (t, J = 7.6 Hz, 1H), 2.21 (s, 3H), 1.74 (s, 3H).
	13 C NMR: (100 MHz, DMSO-d6, 340 K) δ (ppm) 168.3, 146.6, 146.4, 142.2, 130.7, 130.1,
	129.9, 129.7, 128.5, 128.4, 127.9, 127.7, 125.2, 125.1, 124.6, 124.2, 120.7, 119.2, 116.2, 80.3,
	70.1, 22.8, 18.6.
	HRMS-ESI: m/z 484.1836 ([M+Na] + , C27H23N7NaO + calcd. 484.1856).

13 C NMR:

propyl-1-tosylindoline-2,3-diol (270l):

  58%, 80:20 dr in favor of the cis isomer) as colorless oil. , preparative TLC purification (PE/EtOAc 1:1) led to 270h as a mixture of diastereoisomers (44 mg, 0.128 mmol, 64%, 80:20 dr in favor of the cis isomer) as colorless oil. 62%, 90:10 dr in favor of the cis isomer) as colorless oil. was prepared from 6-methyl-9-tosyl-2,3,4,9-tetrahydro-1H-carbazole 271b (67.8 mg, 0.2 mmol), following general procedure A using constant voltage of 5.00 V. After stirring 90 minutes at room temperature, the solution was charged to 2.47 F/mol followed by aqueous work-up, preparative TLC purification (PE/EtOAc 7:3) led to 272b(38 mg, 0.102 mmol, 51%, 95:5 dr in favor of the cis isomer) as colorless oil. (300 MHz, CDCl3, 300 K) δ (ppm) 7.80 (d, J = 8.4 Hz, 2H), 7.44 (d, J = 8.7 Hz, 1H), 7.22 (d, J = 8.0 Hz, 2H), 7.11-7.08 (m, 2H), 4.43 (s, 1H), 2.51-2.43 (m, 1H), 2.35 (s, 3H), 2.33-2.26 (m, 4H), 2.22 (s, 3H), 1.76-1.63 (m, 3H), 1.49-1.41 (m, 2H), 1.20-1.05 (m, 1H). (75 MHz, CDCl3, 300 K) δ (ppm) 143.8, 138.4, 138.1, 133.6, 131.5, 131.1, 129.7, 127.0, 123.7, 115.4, 98.9, 77.6, 37.4, 31.6, 22.3, 21.6, 21.3, 21.1.

	270g was prepared from 5-fluoro-3-methyl-1-tosyl-1H-indole 269g (60.6 mg, 0.2 mmol), 270k was prepared from 3-ethyl-1-tosyl-1H-indole 269k (59.8 mg, 0.2 mmol), following
	following general procedure A using constant voltage of 5.00 V. After stirring 176 minutes Data for the mixture of diastereoisomers (dr 80:20) general procedure A using constant voltage of 5.00 V. After stirring 160 minutes at room
	at room temperature, the solution was charged to 3.38 F/mol followed by aqueous work-up, Rf: 0.33 (PE/EtOAc 1:1). temperature, the solution was charged to 2.66 F/mol followed by aqueous work-up,
	preparative TLC purification (PE/EtOAc 6:4) led to 270g as a mixture of diastereoisomers 1 H NMR: (300 MHz, CDCl3, 300 K) δ (ppm) 9.78 (s, 0.8H), 9.77 (s, 0.2H), 7.82-7.77 (m, preparative TLC purification (PE/EtOAc 8:2) led to 270k as a mixture of diastereoisomers
	(39 mg, 0.116 mmol, Data for the mixture of diastereoisomers (dr 80:20) 3H), 7.72 (dd, J = 8.4 Hz, J = 1.6 Hz, 1H), 7.49 (d, J = 8.4 Hz, 0.2H), 7.46 (d, J = 8.2 Hz, 0.8H), 7.26 (d, J = 8.1 Hz, 0.8H), 7.22 (d, J = 8.2 Hz, 0.4H), 5.69 (s, 0.2H), 5.45 (s, 0.8H), 5.05 (br, 1H), 3.76 (br, 1H), 2.36 (s, 2.4H), 2.32 (s, 0.6H), 1.63 (s, 0.6H), 1.28 (s, 2.4H). (41 mg, 0.124 mmol, Data for the mixture of diastereoisomers (dr 90:10)
	Rf: 0.43 (PE/EtOAc 6:4). 13 C NMR: (75 MHz, CDCl3, 300 K) δ (ppm) 191.0, 145.2, 145.1 (minor), 143.7, 136.5, 135.6 Rf: 0.22 (PE/EtOAc 7:3).
	(minor), 135.5, 135.0 (minor), 134.1 (minor), 133.3, 132.9, 132.6 (minor), 130.1, 127.4
	(minor), 127.3, 125.2, 124.7 (minor), 113.8 (minor), 113.6, 94.9 (minor), 90.8, 78.5 (minor),
	76.0, 26.8, 21.7, 20.5 (minor).
	13 C NMR: (75 MHz, CDCl3, 300 K) δ (ppm) 160.2 (d, J = 241.2 Hz), 144.8, 137.8 (d, J = 6-chloro-3-methyl-1-tosylindoline-2,3-diol (270i): 13 C NMR: (75 MHz, CDCl3, 300 K) δ (ppm) 144.5, 139.9 (minor), 138.8, 135.9, 135.0
	7.4 Hz), 135.3, 134.6 (minor), 134.1, 130.0, 127.4 (minor), 127.2, 117.2 (d, J = 23.8 Hz) (minor), 134.0, 130.4 (minor), 129.8, 129.7, 127.3, 124.7, 124.0, 114.7 (minor), 113.8, 93.8
	(minor), 116.4 (d, J = 24.0 Hz), 115.6 (d, J = 8.3 Hz), 111.3 (d, J = 24.2 Hz), 111.0 (d, J = (minor), 88.3, 81.1 (minor), 79.2, 32.3, 31.0 (minor), 26.7 (minor), 21.6, 8.3 (minor), 7.3.
	24.5 Hz) (minor), 94.7 (minor), 90.4, 79.1 (minor), 77.7 (overlapped by CDCl3), 26.7, 21.7, HRMS-ESI: m/z 356.0925 ([M+Na] + , C17H19NNaO4S + calcd. 356.0927).
	20.4 (minor).
	HRMS-ESI: m/z 360.0670 ([M+Na] + , C16H16FNNaO4S + calcd. 360.0676). 2,3-dihydroxy-3-methyl-1-tosylindoline-5-carbaldehyde (270h): 270i was prepared from 6-chloro-3-methyl-1-tosyl-1H-indole 269i (61 mg, 0.2 mmol), following general procedure A using constant voltage of 5.00 V. After stirring 181 minutes at room temperature, the solution was charged to 3.21 F/mol followed by aqueous work-up, preparative TLC purification (PE/EtOAc 1:1 in favor of the trans isomer) led to 270i (52 mg, 0.148 mmol, 74%, 95:5 dr) as colorless oil. 3-270l was prepared from 3-propyl-1-tosyl-1H-indole 269l (62.6 mg, 0.2 mmol), following
	general procedure A using constant voltage of 5.00 V. After stirring 180 minutes at room
	Data for the mixture of diastereoisomers (dr 95:5).

1 H NMR: (300 MHz, CDCl3, 300 K) δ (ppm) 7.78 (d, J = 8.3 Hz, 1.6H), 7.74 (d, J = 8.3 Hz, 0.4H), 7.50 (d, J = 8.0 Hz, 0.2H), 7.42 (d, J = 8.0 Hz, 0.8H), 7.31-7.20 (m, 4H), 7.05 (td, J = 1 H NMR: (300 MHz, CDCl3, 300 K) δ (ppm) 7.73 (d, J = 8.1 Hz, 2H), 7.45 (dd, J = 8.9 Hz, J = 4.1 Hz, 0.2H), 7.39 (dd, J = 8.5 Hz, J = 4.2 Hz, 0.8H), 7.26-7.20 (m, 2H), 6.96-6.88 (m, 2H), 5.54 (s, 0.2H), 5.31 (s, 0.8H), 4.71 (br, 1H), 3.57 (br, 1H), 2.37 (s, 2.3H), 2.33 (s, 0.7H), 1.55 (s, 0.6H), 1.09 (s, 2.4H). 270h was prepared from 3-methyl-1-tosyl-1H-indole-5-carbaldehyde 269h (62 mg, 0.198 mmol), following general procedure A using constant voltage of 5.00 V. After stirring 380 minutes at room temperature, the solution was charged to 5.40 F/mol followed by aqueous work-upHRMS-ESI: m/z 370.0716 ([M+Na] + , C17H17NNaO5S + calcd. 370.0720). Rf: 0.15 (PE/EtOAc 1:1).

1 H NMR: (300 MHz, CDCl3, 300 K) δ (ppm) 7.79 (d, J = 8.3 Hz, 1.8H), 7.74 (d, J = 8.4 Hz, 0.2H), 7.48 (dd, J = 8.0 Hz, J = 4.0 Hz, 0.1H), 7.39 (dd, J = 8.2 Hz, J = 3.6 Hz, 0.9H), 7.25-7.18 (m, 4H), 7.02 (td, J = 7.5 Hz, J = 2.5 Hz, 1H), 5.39 (s, 1H), 4.43 (br, 1H), 3.32 (br, 1H), 2.35 (s, 3H), 1.58-1.48 (m, 1H), 1.43-1.33 (m, 1H), 0.73 (t, J = 7.3 Hz, 3H). temperature, the solution was charged to 2.85 F/mol followed by aqueous work-up, preparative TLC purification (PE/EtOAc 8:2) led to 270l as a mixture of diastereoisomers (38 mg, 0.110 mmol, 55%, 95:5 dr in favor of the cis isomer) as colorless oil.

272b Rf: 0.38 (PE/EtOAc 7:3).

1 H NMR: 13 C NMR: HRMS-ESI: m/z 396.1224 ([M+Na] + , C20H23NNaO4S + calcd. 396.1240).

6-

chloro-9-tosyl-2,3,4,4a,9,9a-hexahydro-1H-carbazole-4a,9a-diol (272c): 272c was

  prepared from 6-chloro-9-tosyl-2,3,4,9-tetrahydro-1H-carbazole 271c (71.8 mg, 0.2 mmol), following general procedure A using constant voltage of 5.00 V. After stirring 69 minutes at room temperature, the solution was charged to 2.03 F/mol followed by aqueous work-up, preparative TLC purification (PE/EtOAc 7:3) led to 272c(75 mg, 0.190 mmol, (300 MHz, CDCl3, 300 K) δ (ppm) 7.78 (d, J = 8.3 Hz, 2H), 7.46 (d, J = 9.3 Hz, 1H), 7.24-7.21 (m, 4H), 4.54 (s, 1H), 2.66 (s, 1H), 2.46-2.38 (m, 1H), 2.35 (s, 3H), 2.20-2.14 (m, 1H), 1.80-1.61 (m, 3H), 1.47-1.35 (m, 2H), 1.18-1.04 (m, 1H). (75 MHz, CDCl3, 300 K) δ (ppm) 144.1, 139.2, 137.6, 133.5, 130.2, 129.7, 128.7, 127.1, 123.6, 116.4, 99.1, 77.3, 36.9, 31.9, 21.9, 21.6, 21.0. HRMS-ESI: m/z 416.0680 ([M+Na] + , C19H20ClNNaO4S + calcd. 416.0694). -bromo-9-tosyl-2,3,4,9-tetrahydro-1H-carbazole 271d (71.8 mg, 0.2 mmol), following general procedure A using constant voltage of 5.00 V. After stirring 87 minutes at room temperature, the solution was charged to 2.06 F/mol followed by aqueous work-up, preparative TLC purification (PE/EtOAc 7:3) led to 272d (83 mg, 0.190 mmol, 95%, 95:5 dr in favor of the cis isomer) as colorless oil. (300 MHz, CDCl3, 300 K) δ (ppm) 7.78 (d, J = 8.3 Hz, 2H), 7.42-7.35 (m, 3H), 7.21 (d, J = 8.2 Hz, 2H), 4.56 (br, 1H), 2.71 (br, 1H), 2.45-2.38 (m, 1H), 2.34 (s, 3H), 2.19-2.12 (m, 1H), 1.79-1.61 (m, 3H), 1.46-1.36 (m, 2H), 1.17-1.04 (m, 1H). (75 MHz, CDCl3, 300 K) δ (ppm) 144.1, 139.7, 137.6, 133.8, 133.1, 129.7, 127.0, 126.4, 116.7, 116.1, 99.1, 77.2, 36.9, 31.9, 21.9, 21.6, 21.1. HRMS-ESI: m/z 460.0169 ([M+Na] + , C19H20BrNNaO4S + calcd. 460.0189). .2 mmol), following general procedure A using constant voltage of 5.00 V. After stirring 85 minutes at room temperature, the solution was charged to 2.06 F/mol followed by aqueous work-up, preparative TLC purification (PE/EtOAc 8:2) led to 272e (72 mg, 0.188 mmol, 94%, 95:5 dr in favor of the cis isomer) as colorless oil. (300 MHz, CDCl3, 300 K) δ (ppm) 7.81 (d, J = 8.4 Hz, 2H), 7.59-7.50 (m, 3H), 7.24 (d, J = 8.3 Hz, 2H), 4.65 (br, 1H), 3.07 (br, 1H), 2.52-2.44 (m, 1H), 2.35 (s, 3H), 2.22-2.17 (m, 1H), 1.82-1.64 (m, 3H), 1.47-1.41 (m, 2H), 1.16-1.09 (m, 1H). (75 MHz, CDCl3, 300 K) δ (ppm) 144.6, 144.4, 137.2, 134.9, 132.8, 129.8, 127.2, 127.1, 118.7, 114.9, 106.0, 99.8, 76.7, 36.6, 32.1, 21.7, 21.6, 20.8. HRMS-ESI: m/z 407.1018 ([M+Na] + , C20H20N2NaO4S + calcd. 407.1036). using constant voltage of 5.00 V. After stirring 260 minutes at room temperature, the solution was charged to 3.07 F/mol followed by aqueous work-up, preparative TLC purification (PE/EtOAc 7:3) led to 272f (60 mg, 0.148 mmol, 74%, 95:5 dr in favor of the cis isomer) as colorless oil. (300 MHz, CDCl3, 300 K) δ (ppm) 8.18 (dd, J = 8.8 Hz, J = 2.4 Hz, 1H), 8.15 (d, J = 2.2 Hz, 1H), 7.84 (d, J = 8.4 Hz, 2H), 7.59 (d, J = 8.9 Hz, 1H), 7.28 (d, J = 8.1 Hz, 2H), 4.52 (br, 1H), 2.75 (br, 1H), 2.60-2.53 (m, 1H), 2.39 (s, 3H), 2.36-2.30 (m, 1H), 1.85-1.71 (m, 3H), 1.52-1.46 (m, 2H), 1.25-1.11 (m, 1H). 127.0, 119.5, 114.3, 100.2, 76.9, 37.3, 32.2, 22.0, 21.7, 20.9. HRMS-ESI: m/z 427.0921 ([M+Na] + , C19H20N2NaO6S + calcd. 427.0934).

	tert-
	Rf: 0.14 (PE/EtOAc 7:3).
	6-bromo-9-tosyl-2,3,4,4a,9,9a-hexahydro-1H-carbazole-4a,9a-diol (272d):
	272d was prepared from 64a,9a-dihydroxy-9-tosyl-2,3,4,4a,9,9a-hexahydro-1H-carbazole-6-carbonitrile (272e): Rf: 0.36 (PE/EtOAc 7:3).

95%, >95:5 dr in favor of the cis isomer) as colorless oil.

Rf: 0.36 (PE/EtOAc 7:3). 1 H NMR: 13 C NMR: Rf: 0.31 (PE/EtOAc 7:3).

1 H NMR: 13 C NMR: 272e was prepared from 9-tosyl-2,3,4,9-tetrahydro-1H-carbazole-6-carbonitrile 271e (70 mg, 01 H NMR: 13 C NMR: 6-nitro-9-tosyl-2,3,4,4a,9,9a-hexahydro-1H-carbazole-4a,9a-diol (272f): 272f was prepared from 6-nitro-9-tosyl-2,3,4,9-tetrahydro-1H-carbazole 271f (74 mg, 0.2 mmol), following general procedure A 1 H NMR:

butyl 4a-hydroxy-2-oxo-3,4,4a,9a-tetrahydropyrano[2,3-b]indole-9(2H)- carboxylate (274e): 274e was

  prepared from 3-(1-(tert-butoxycarbonyl)-1H-indol-3-yl)propanoic acid 273e (57.8 mg, 0.2 mmol), following general procedure A using constant voltage of 5.00 V. After stirring 120 minutes at room temperature, the solution was charged to 2.43 F/mol followed by aqueous work-up, preparative TLC purification (PE/EtOAc 6:4) led to 274e (33 mg, 0.108 mmol, 54%, 95:5 dr) as colorless oil.

Rf: 0.17 (PE/EtOAc 7:3). 1 H NMR: (300 MHz, CDCl3, 300 K) δ (ppm) 7.76 (br, 1H), 7.36 (t, J = 7.6 Hz, 1H), 7.31 (d, J = 7.4 Hz, 1H), 7.10 (t, J = 7.4 Hz, 1H), 6.07 (s, 1H), 2.77 (br, 1H), 2.62-2.46 (m, 2H), 2.37-2.30 (m, 1H), 2.25-2.16 (m, 1H), 1.57 (s, 9H).

  (300 MHz, CDCl3, 300 K) δ (ppm) 7.79(d, J = 8.3 Hz, 2H), 7.45 (d, J = 8.2 Hz, 1H), 7.33 (d, J = 7.6 Hz, 1H), 7.28-7.22 (m, 3H), 7.08 (t, J = 7.5 Hz, 1H), 6.23 (s, 1H), 3.99 (t, J = 8.2 Hz, 1H), 3.46-3.38 (m, 1H), 2.88-2.78 (m, 1H), 2.74-2.69 (m, 1H), 2.36 (s, 3H). (75 MHz, CDCl3, 300 K) δ (ppm) 144.5, 140.7, 135.8, 132.6, 130.7, 129.8, 127.5, 125.4, 124.9, 114.3, 103.4, 68.1, 61.5, 44.8, 21.7. HRMS-ESI: m/z 415.9926 ([M+Na] + , C17H16BrNNaO3S + calcd. 415.9926).

1 H NMR:

13 C NMR:

  (300 MHz, CDCl3, 300 K) δ (ppm) 7.67(d, J = 7.8 Hz, 2H), 7.59 (d, J = 8.2 Hz, 1H), 7.33-7.26 (m, 2H), 7.16 (d, J = 7.6 Hz, 3H), 6.27 (s, 1H), 4.24 (q, J = 7.2 Hz, 2H), 3.81-3.76 (m, 1H), 2.83-2.62 (m, 3H), 2.32 (s, 3H), 1.36 (t, J = 6.6 Hz, 3H). (75 MHz, CDCl3, 300 K) δ (ppm) 154.2, 144.4, 141.3, 135.6, 133.7, 130.8, 129.5, 128.0, 126.1, 124.3, 118.1, 86.8, 62.3, 61.9, 45.9, 42.2, 21.6, 14.6.

1 H NMR: 13 C NMR: HRMS-ESI: m/z 487.0289 ([M+Na] + , C20H21BrN2NaO4S + calcd. 487.0298).

  (300 MHz, CDCl3, 300 K) δ (ppm) 7.93 (d, J = 7.8 Hz, 0.2H), 7.52 (br, 1.8H), 7.29-7.00 (m, 6H), 6.48 (s, 0.1H), 6.37 (s, 0.9H), 4.03-3.90 (m, 1H), 3.79 (s, 2.7H), 3.22 (dd, J = 12.9 Hz, J = 6.3 Hz, 1H), 3.14 (s, 0.3H), 2.96(t, J = 10.6 Hz, 1H), 2.40 (s, 0.3H), 2.35 (s, 2.7H), 1.63 (s, 8H), 1.44 (s, 1H). (75 MHz, CDCl3, 300 K) δ (ppm) 171.2, 151.8, 143.6, 140.4 (minor), 136.9, 131.2 (minor), 130.4, 129.5 (minor), 129.4 (two C), 127.3 (two C), 124.8, 124.2 (minor), 122.9, 117.9, 117.4 (minor), 85.5, 83.2, 61.9, 61.6 (minor), 59.9, 53.1, 52.4 (minor), 44.9 (minor), 42.1, 28.3, 28.1 (minor), 21.6.

1 H NMR: 13 C NMR: HRMS-ESI: m/z 573.0658 ([M+Na] + , C24H27BrN2NaO6S + calcd. 573.0665).

  (75 MHz, CDCl3, 300 K) δ (ppm) 171.5, 153.4, 153.3, 142.0 (minor), 140.9, 135.9, 132.8, 132.5 (minor), 131.0, 128.7, 128.3, 128.0, 124.9, 124.4 (minor), 124.0 (minor), 123.5, 118.4, 84.6, 83.8, 81.9, 68.2, 59.6, 52.6, 52.2 (minor), 41.7, 28.4 (minor), 28.3. HRMS-ESI: m/z 553.0921 ([M+Na] + , C25H27BrN2NaO6 + calcd.553.0950).

13 C NMR:

  (300 MHz, CDCl3, 300 K) δ (ppm) 7.98 (br, 1H), 7.39-7.33 (m, 2H), 7.17 (t, J = 7.6 Hz, 1H), 6.14 (s, 1H), 3.89 (t, J = 7.6 Hz, 1H), 3.74 (s, 3H), 3.25 (dd, J = 12.6 Hz, J = 6.5 Hz, 1H), 2.81(t, J = 11.2 Hz, 1H), 2.64 (s, 3H), 1.32 (s, 9H). (75 MHz, CDCl3, 300 K) δ (ppm) 171.7, 170.9, 151.7, 141.5, 132.4, 130.9, 125.3, 123.1, 119.9, 85.4, 81.9, 59.9, 59.7, 52.6, 42.1, 28.1, 23.7. HRMS-ESI: m/z 439.0846 ([M+H] + , C19H24BrN2O5 + calcd. 439.0863).

1 H NMR:

13 

C NMR:

(tert-butyl) 2-methyl (2R,3aS,8aS)-3a-bromo-8-(phenylsulfonyl)-3,3a,8,8a- tetrahydropyrrolo[2,3-b]indole-1,2(2H)-dicarboxylate (280e):

  (75 MHz, CDCl3, 300 K) δ (ppm) 170.8, 144.8, 143.6, 139.5, 136.8, 135.4, 134.2, 130.6, 129.5, 129.3, 128.2, 128.1, 126.9, 123.5, 118.9, 87.9, 61.6, 59.1, 53.1, 43.2, 21.6 (two C).

13 C NMR:

HRMS-ESI: m/z 627.0212 ([M+Na] + , C26H25BrN2NaO6S2 + calcd. 627.0230).

1-

  (300 MHz, CDCl3, 300 K) δ (ppm) 7.89-7.70 (m, 2H), 7.56 (d, J = 7.9 Hz, 1H), 7.45 (t, J = 7.3 Hz, 1H), 7.36-7.24 (m, 4H), 7.16 (t, J = 7.5 Hz, 1H), 6.30 (s, 1H), 3.81 (dd, J = 10.4 Hz, J = 5.8 Hz, 1H), 3.72 (s, 3H), 3.06 (dd, J = 12.6 Hz, J = 6.0 Hz, 1H), 2.75 (t, J = 11.6 Hz, 1H), 1.53 (br, 9H). (75 MHz, CDCl3, 300 K) δ (ppm) 171.0, 153.3, 140.5, 138.5, 134.2, 133.6, 131.1, 128.8, 128.5, 126.5, 124.0, 118.9, 86.8, 83.0, 59.6, 59.5, 52.6, 43.2, 28.4.

1 H NMR: 13 C NMR: HRMS-ESI: m/z 537.0672 ([M+H] + , C23H26BrN2O6S + calcd. 537.0689).

  (300 MHz, CDCl3, 300 K) δ (ppm) 7.84 (br, 1H), 7.58 (br, 1H), 7.47(d, J = 7.8 Hz, 1H), 7.35-7.26 (m, 5H), 7.24-7.19 (m, 2H), 7.17-7.09 (m, 2H),6.99 (t, J = 7.6 Hz, 2H), 6.59 (s, 1H), 6.00 (s, 1H), 5.02-4.67 (m, 1H), 3.25-3.06 (m, 4H), 2.78 (d, J = 13.2 Hz, 1H), 1.52 (br, 9H). (75 MHz, CDCl3, 300 K) δ (ppm) 171,8, 154.2, 142.3, 139.5, 137.2, 135.3, 132.3, 129.4, 128.2, 126.8, 125.1, 124.9, 124.4, 123.3, 122.7, 120.3, 119.0, 118.4, 116.0, 111.9, 84.7, 82.6, 60.2, 57.1, 52.1, 40.3, 28.5. HRMS-ESI: m/z 596.1807 ([M+Na] + , C31H31N3NaO6S + calcd. 596.1831).The spectral data matched the reported data by Ye. Ré actions é lectrochimiques et non é lectrochimiques de dé saromatisations oxydantes d'indoles Mots clé s : é lectrochimie, dé saromatisation, dimé thoxylation des indoles, diallylation des N-acylindoles, dihydroxylation, hydroxycyclisation, bromocyclisation des indoles Ré sumé : L'é lectrochimie est apparue comme un puissant outil de synthè se durable en chimie organique, qui é vite l'utilisation d'un oxydant stoechiomé trique externe et permet le dé veloppement de mé thodes de difonctionnalisation trè s efficaces et sé lectives des indoles dans des conditions douces. L'utilisation de mé diateurs redox pour ré aliser l'é lectrolyse indirecte a gagné en importance ces derniè res anné e, ce qui offre de nombreux avantages par rapport à l'é lectrolyse directe. Les ré actions de dé saromatisation des hé té roarè nes achiraux, et en particulier des indoles, donnent des structures tridimensionnelles d'un grand inté rê t pour la synthè se totale ou la dé couverte de mé dicaments, via la gé né ration de deux centres sté ré ogé niques contigus. Ainsi des efforts de synthè se intensifs ont é té consacré s à la difonctionnalisation dé saromatisante d'indoles. Dans ce contexte, le dé veloppement de ré actions de dé saromatisation des indoles a é té é tudié au cours de cette thè se.Dans la premiè re partie de la thè se, une diallylation dé saromatisante de N-acylindoles mé dié e par FeCl3 a é té dé veloppé e pour obtenir des indolines tridimensionnelles sé lectives possé dant deux centres sté ré ogé niques contigus. Dans ce procé dé , deux groupes allyle ont é té introduits sur des N-acylindoles avec de l'allyltrimé thylsilane en pré sence de FeCl3, conduisant à la formation de deux liaisons carbonecarbone et de deux centres sté ré ogé niques contigus. La sté ré osé lectivité de cette transformation est contrôlé e par la substitution du noyau indole. Des applications synthé tiques ont permis d'obtenir des squelettes transté trahydrocarbazoles et aza[4.4.3]propellanes par RCM. L'hydratation sé lective de l'un des groupes allyliques a é galement é té ré alisé e.

1 H NMR:

13 
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a Cyclic voltammetry were performed with ElectraSyn 2.0 package (IKA) using the cyclic voltammetry

C NMR (75 MHz, CDCl3) δ (ppm): 169.6 (Major), 169.5 (minor),

146.0 (minor), 145.1

Rf: 0.32 (PE/EtOAc 7:1). 1 H NMR: (300 MHz, CDCl3, 300K) δ (ppm) 8.04 (d, J = 8.4 Hz, 1H), 7.84 (d, J = 8.5 Hz,

H NMR: (300 MHz, DMSO, 300 K) δ (ppm) 7.86 (d, J = 8.3 Hz,

2H), 7.38 (d, J = 8.2 Hz,

H NMR: (300 MHz, DMSO, 300 K) δ (ppm) 8.01 (d, J = 8.2 Hz, 1H), 7.47 (d, J = 7.6 Hz,

C NMR: (75 MHz, CDCl3, 300 K) δ (ppm)

146.0, 144.9, 143.6, 137.1, 132.8, 130.0, 127.2,

Data for the mixture of diastereoisomers (dr 70 :30).

Rf: 0.34 (DCM/MeOH 9:1).

derivatives also proved to be suitable in this process.

Scheme 48. Electrooxidative cycloaddition of indoles and furans with diazaoxyallyl cations

The enormous potential of the electrochemical dearomatization of indoles is well illustrated by the synthesis of the macrolactam core 218 of the natural products diazonamides, providing a concise, scalable preparation of the drug candidate DZ-2384. 72a This remarkable intramolecular oxidative coupling between an indole and a phenol was reported by the Harran's group in 2015, via anodic oxidation under constant voltage (Scheme 49). The initial oxidation occurred on the indole ring rather than the phenol and generated an indolyl radical cation at C3. The imine of this radical was captured by the oxygen of the phenol and was followed by a 5-exo-trig cyclization to construct the key core of DZ-2384. This reaction was performed on 60 grams. 72b Furthermore hundreds of diazonamide analogs were prepared by 72 

Scheme 68. Mechanistic proposal

In the case of 3-substituted indoles, the methoxy or azides are trans to each other to avoid electronic repulsion, while 5,6 or 5,5-fused ring systems greatly favor the cis isomer.

The present diazidation reaction is in contrast with the electrochemical diazidation of alkenes developed by Lin, in which oxidation of NaN3 delivers catalytically an azide-manganese radical which adds to the alkene followed by trapping of the subsequent carbon radical by a second azide-manganese radical species. 54 1.56 (s, 0.45H), 1.46 (s, 2.55H).

13 C NMR: (100 MHz, DMSO-d6, 340 K) δ (ppm) 168.9, 141.9, 134.0, 130.9, 124. After stirring 99 minutes at room temperature, the solution was charged to 3.10 F/mol, followed by aqueous work-up, preparative TLC purification (PE/EtOAc 4:1) led to 256c and 256c' as a mixture (50.0 mg, 0.152 mmol, 76%, 90:10 rr in favor of 256c) as yellow oil.

Data for the mixture of 256c and 256c' (rr 90 :10) Rf: 0.41 (PE/EtOAc 4:1). 

1-(3-methoxy-2,3-dihydrocyclopenta[b]indol-4(1H)-yl)ethanone (261i):

261i was prepared from 1-(2,3-dihydrocyclopenta [b]indol-4(1H)-yl)ethanone 257i (79.6 mg, 0.4 mmol) following general procedure B using constant current of 10 mA. After stirring 210 minutes at room temperature, the solution was charged to 2.90 F/mol followed by aqueous work-up, preparative TLC purification (PE/EtOAc 4:1) led to 261i (42 mg, 0.184 mmol, 46%) as colorless oil.

Rf: 0.52 (PE/EtOAc 4:1). minutes at room temperature, the solution was charged to 2.98 F/mol followed by aqueous work-up, preparative TLC purification (PE/EtOAc 1:1) led to 270d as a mixture of diastereoisomers and rotamers (34 mg, 0.126 mmol, 63%, 80:20 dr in favor of the trans isomer) as white solid.

Data for the mixture of diastereoisomers and rotamers (dr 80 :20).

Rf: 0.13 (PE/EtOAc 1:1). 

HRMS-ESI

5-chloro-3-methyl-1-tosylindoline-2,3-diol (270f):

270f was prepared from 5-chloro-3-methyl-1-tosyl-1H-indole 269f (63.8 mg, 0.2 mmol), following general procedure A using constant voltage of 5.00 V. After stirring 185 minutes at room temperature, the solution was charged to 3.71 F/mol followed by aqueous work-up, preparative TLC purification (PE/EtOAc 1:1) led to 270f as a mixture of diastereoisomers (49 mg, 0.138 mmol, 69%, 80:20 dr in favor of the cis isomer) as colorless oil.

Data for the mixture of diastereoisomers (dr 80:20)

Rf: 0.28 (PE/EtOAc 6:4). 

5-fluoro-3-methyl-1-tosylindoline-2,3-diol (270g):

Data for the mixture of diastereoisomers (dr 95:5) Rf: 0.27 (PE/EtOAc 7:3). 

3-cyclopropyl-1-tosylindoline-2,3-diol (270m):

270m was prepared from 3-cyclopropyl-1-tosyl-1H-indole 269m (62.2 mg, 0.2 mmol), following general procedure A using constant voltage of 5.00 V. After stirring 500 minutes at room temperature, the solution was charged to 3.97 F/mol followed by aqueous work-up, preparative TLC purification (PE/EtOAc 1:1) led to 270m as a mixture of diastereoisomers (35mg, 0.102 mmol, 51%, 95:5 dr in favor of the cis isomer) as colorless oil and 270mm (6 mg, 0.0148 mmol, 7.4%) as colorless oil.

Data for 270m the mixture of diastereoisomers (dr 95:5)

Rf: 0.56 (PE/EtOAc 6:4). To a 10 mL vial with a stir bar were successively added Boc-protected tryptophan dimer (57.2 mg, 0.1 mmol), MgBr2 (0.2mmol, 2.0 equiv), 1.0 mL of distilled H2O and 4.0 mL of DCM (0.02 M), The vial was covered with a screw-cap. The electrolysis was carried out at RT using a constant voltage of 5.00 V between a graphite anode and a platinum plate cathode (1.4 x 0.8 x 0.2 cm submerged in solution) with stirring (400 rpm). The complete consumption of the starting indole derivative was checked by TLC (30% to 50% toluene/AcOEt). The reaction was then quenched with H2O and diluted with DCM. The organic and aqueous phases were separated. The aqueous phase was then extracted twice with DCM. The combined organic phases were then dried over MgSO4, filtered and concentrated under vacuum. The crude was then purified by preparative TLC (80% to 70% toluene/AcOEt) and led to 284 (13 mg, 0.018 mmol, 18%) as white solid, to 285 (10 mg, 0.014 mmol, 14%) as white solid and to 286 (17 mg, 0.026 mmol, 26%, dr 50:50) as white foam. The spectral data matched the reported data by Tokuyama. 92d

Bis

Mono-bromopyrroloindoline product (286):

Data for the mixture of diastereoisomers (dr 50 :50).

Rf: 0.31 (toluene/EtOAc 2:1). The spectral data matched the reported data by Tokuyama. 92